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The efficiency of targeted knock-in for cell therapeutic applications is
generally low, and the scale is limited. In this study, we developed CLASH, a
system that enables high-efficiency, high-throughput knock-in engineering.
In CLASH, Cas12a/Cpfl mRNA combined with pooled adeno-associated
viruses mediate simultaneous gene editing and precise transgene knock-in
using massively parallel homology-directed repair, thereby producing a
pool of stably integrated mutant variants each with targeted gene editing.
We applied this technology in primary human T cells and performed
time-coursed CLASH experiments in blood cancer and solid tumor models
using CD3, CD8 and CD4 T cells, enabling pooled generation and unbiased
selection of favorable CAR-T variants. Emerging from CLASH experiments,
aunique CRISPR RNA (crRNA) generates an exon3 skip mutant of PRDM1

in CAR-Ts, whichleads to increased proliferation, stem-like properties,
central memory and longevity in these cells, resulting in higher efficacy
invivo across multiple cancer models, including a solid tumor model. The
versatility of CLASH makes it broadly applicable to diverse cellular and
therapeutic engineering applications.

Precise genomic engineering enables diverse molecular, cellular lentiviral or retroviral vectors into human T cells (CAR-Ts) have been
and therapeutic applications, including cell therapy'. Cell therapies  approved by the US Food and Drug Administration (FDA) for the treat-
that involve chimeric antigen receptor (CAR) transgene deliveryvia mentof hematological cancers, such as B cell malignancies and multiple
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myeloma®*, A rapid emergence of CAR-T and other forms of adoptive
T celltherapies are underway, currently with over 1,100 active clinical
trials (https://clinicaltrials.gov/) and numerous studies in pre-clinical
stages’. There is a broad landscape of cell-based immunotherapies
across awide range of oncology indications®’, all of which can benefit
from next-generation cellular engineering approaches.

However, despite the recent success, there are still major hurdles
for CAR-T therapy'. So far, no CAR-T therapy has been approved by the
FDA for solid tumors. Evenin hematological malignancies, despite high
responserates, alarge fraction of patients are either refractory or can
quickly relapse®’. Multiple fundamental challenges exist in the current
forms of CAR-T therapy, including antigen loss, metabolic suppression
in the tumor microenvironment, insufficient T cell trafficking to the
cancer site, lack of effective cancer cell killing, severe toxicity espe-
cially in the form of cytokine release syndrome, suboptimal levels of
Tcell proliferationand, as often observed in the clinic, failure of CAR-T
persistence®’. A series of efforts have been attempted to enhance
CAR-T function, such as re-structuring of the CAR’s promoter or sign-
aling domains'®"; engineering of various CAR-T components, such as
single-chain variable fragment (scFv) or transmembrane regions'";
overexpression of boosting factors'; and co-administration of immu-
nomodulating factors or viral vectors, among many other endeavors.
Several studies have tested the improvement of CAR-T cell function and
persistence by changing co-stimulatory domains, lowering CAR bind-
ing affinity, deleting T-cell-dysfunction-related genes or by transient
resting of CAR T cells’°. Nevertheless, despite ongoing attempts,
major hurdles remain that hinder the success of CAR-T therapy, and
more efficient, higher-throughput engineering strategies are needed.

Most CAR-T and immune cell engineering approachesinvolve asin-
gle or small number of modifications based onrational designs or infor-
mation from literature. These approaches can often miss the broader
landscape of theimmense combinatorial space to achieve superiority
incelltherapy. One of the most efficient ways to build next-generation
celltherapy and, thereby, to overcome current challengesis to engineer
thousands of different variants and select the best ones for different
featuresinanunbiased manner. This will require technologies with the
capability of massively parallel engineering, as there are approximately
20,000 protein-coding genes and many non-coding elements in the
human genome as well as numerous combinations. Gene editing in
primary immune cells, such as human T cells, opens vast potential for
engineering of next-generation cell-based therapeutics'. Although
various T cell screens have been performed” ¥, these CRISPR screen-
ing approaches to date predominantly rely on lentiviral, retroviral or
transposon vectors, which are all random integration systems. These
systems cannot control position effects and are naturally associated
with risks of random insertional mutagenesis.

Genomic targeted knock-in is needed to precisely control such
effects. A recent breakthrough demonstrated CRISPR-Cas9 gene
editing for targeted delivery of a CAR transgene into a specific locus,
such as TRAC?®. Editing human T cells with Cas9 ribonucleoprotein
(RNP) plus donor DNA templates also enables targeted knock-in of
transgenes at a desired locus®. A recent study demonstrated pooled
knock-in for T cells, with pools of a few dozen constructs®’. However,

targeted knock-in usually requires specifically designed constructs,
and the scale has been limited so far in prior studies. The cellular tox-
icity associated with DNA electroporation naturally limits the scale
of knock-in, especially in human T cells. Several technical barriers
remain to overcome current limitations, including (1) how to build
cellular knock-ins in a massive parallel manner; (2) how to achieve
high-efficiency, stable and standardized knock-in pools with minimal
cellular toxicity possible; and (3) how to ensure quantitative assessment
betweendifferent knock-in variantsinthe same setting at high resolu-
tion. Accomplishing these technical potentials will open up diverse
engineering and therapeutic development applicationsin T cells and
many other cell types.

In this study, we developed a platform for highly efficient
massively parallel knock-in engineering. This platform, called
CRISPR-based library-scale AAV perturbation with simultaneous HDR
knock-in (CLASH), enables rapid generation of customized scales of
cellular knock-in poolsinsimple steps by mRNA electroporation with
multi-functional pooled adeno-associated virus (AAV) transduction.
The advantage of AAV in this platform is at least two-fold. First, it can
efficiently transduce various type of cells, including primary human
T cells, with minimal cytotoxicity. Second, it can be effectively designed
to carry diverse cargosinsilico, synthesized and packaged in vitro and
used as homology-directed repair (HDR) templatesin cellulo orinvivo.
The mRNA carries a CRISPR effector enzyme, such as Cas12a/Cpfl,
which performs the function of genome editing in a short pulse man-
ner because the mRNA has arelatively short half-life in cells. Similarly
to AAV, the mRNA component also has low cellular toxicity, which is
particularly important when generating knock-in pools. We show that
the CLASH system can efficiently create genomic knock-insinamassive
parallelmanner viamRNA +AAV pool, enable engineering of different
variants of knock-in constructs such as CARs with a standardized core
component as well as variable components and can target specific
sets of genes or variants to enhance the chance of evolving and select-
ing the promising cell therapy candidates for validation and down-
stream development. Unlike existing CRISPR screening approaches
that use integration systems, CLASH is a massively parallel targeted
integration system where all the engineered CARs and CRISPR RNAs
(crRNAs) are precisely knocked-ininto the samelocus, thereby control-
ling positional effects and minimizing the risk of random insertional
mutagenesis. We also define CLASH as a procedure to stably knock-in
various constructsinto cells by CRISPR effector mRNA electroporation
and pooled AAV transduction. By directly applying CLASH in human
primary T cells, we rapidly generated library scale of CAR-T pools with
each candidate in the pool stably knocked-in into a defined desired
locusinthe genome, and we subjected them to unbiased selection for
favorable features, such as anti-tumor function.

Results

Establishment of CLASH system

Taking advantage of AAV vectors, we encoded three componentsinto
thetransgene: HDR arms for targeted knock-in; cargo expression cas-
sette, such as a CAR; and Cas12a/Cpfl crRNA expression cassette for
genetic manipulation (Fig. 1a). Although CLASH/HDR can be used to

Fig.1|Establishment of CLASH system for massively parallel knock-in
engineering. a, Schematic of CLASH-mediated simultaneous CAR-T and
Descartes library knock-in. b, Left, flow cytometry plots showing representative
CAR22knock-ininto TRAClocus after CLASH vector-AAV6 transduction for

5 days (AAV6 g-MOI =1x 10°). Right, quantification of CD3"CAR22" percentages
(infection replicates, n = 3). ¢, Representative flow cytometry analysis of CLASH
knockout efficiency on surface makers (infection replicates, n = 3).d, Schematic
of Descartes library design. Not drawn to scale. e, Sanger sequencing results of
Descartes-Lib AAV plasmid and pooled Descartes-Lib CD22 CAR-T cells gDNA

at TRAClocus. f, Schematic of the CD8 or CD4 CAR-T in vitro CLASH. CAR-T

cellswere co-cultured with NALM6 at E:T ratio = 0.2:1for 7-8 rounds after
electroporation. g, Left, representative flow cytometry plots of memory marker
expression on CD8 or CD4 vector and Descartes-Lib CAR-T cells at endpoint of in
vitro co-culture. Tcm=CD45RO*CCR7* or CD45RO"CD62L". Right, quantification
of Tcm percentages (infection replicates, n = 3). h, Empirical CDF of crRNA
representations in the genomic readouts of CD8 and CD4 in vitro Descartes-Lib
CLASH knock-in CAR-T pool samples. TPM, transcripts per million. Statistics:
inband g, unpaired two-sided ¢t-test was used to assess significance. *P < 0.05,
**P<0.01and **P<0.001. Dataare shown asmean +s.e.m.
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target any genomic loci, we first designed it to target the TRAC locus
for clinically relevant CAR knock-in. The base of the CAR expression
cassette can be standardized so that all variants are directly comparable

for their phenotypes. The crRNAs can be a single element or can be
readily engineered in a pooled manner by simple molecular cloning.
Due to the advantages of transactivating CRISPR RNA (tracrRNA)
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independence, multiple crRNAs can be engineered to be expressed
under the same polymerase Il promoter. We, therefore, engineered an
AAV vector (CAR CLASH AAV vector, CLASH vector for short) express-
ing three components: (1) an anti-CD22 CAR construct with CD22-scFv,
atransmembrane domain (TM) and asignaling domain (4-1BB, CD3z)
(CAR22for short); (2) a constitutive crRNA targeting the 5’ end of the
first exon of TRAC to enable knock-in; and (3) a wild-card crRNA cas-
sette separated with crTRAC by Cas12a/Cpfl direct repeats (DRs) to
test virtually any number of crRNAs against any set of genes. All of
these components were flanked by the 5" and 3’ TRACHDR arms so
that they can be simultaneously knocked-in into the same position
(Fig.1a). The CLASH AAV vector thereby offers three distinct functions
in one setting: genomic knock-in, cargo transgene (CAR) expression
and variable targeted mutagenesis.

To enable massively parallel CAR knock-inhuman primary T cells,
we developed and optimized a workflow for CLASH-mediated human
CAR-T cell engineering (Fig. 1a and Supplementary Fig. 1a-c). We first
delivered Cas12a/Cpfl mRNA into human primary CD8 T cells by elec-
troporation and then transduced with AAV6 encoding CLASH vector
or library. To test CLASH’s CAR generation efficiency, the on-target
integration of CARinto T cells was measured by fluorescence-activated
cell sorting (FACS) at 5 days after transduction. By staining CD3 that
formsasurface complex with T cell receptor (TCR)*, we detected TCR
knockdown efficiency (in terms of CD3™ T cells) of >60%, with on-target
integration of CAR22 (CD3 CAR22") at 37.4% and 51% in donor 2 and
donor3 CDS8T cells, respectively (Fig. 1b). To test the CLASH system’s
targeting efficiency at the protein level, we designed crRNAs target-
ing T cell surface markers CD226 and CDS5. Flow cytometry analysis
showed that the CLASH vectors encoding crCD226 or crCD5 substan-
tially knocked down CD226 and CD5 surface expressionin CAR-T cells
(Fig.1c).

To achieve massively parallel CAR-T engineering with immuno-
logically relevant targets, we designed a high-quality Cas12a/Cpfl
crRNAlibrary, called Descartes, to diversify the wild-card crRNA posi-
tion with targeted mutagenesis. Theinitial library targets 954 immune
genes, chosenasasuperset fromgene setsthat areimplicatedin T cell
exhaustion®?, epigenetic regulators®, T cell co-stimulation, mem-
ory T cell differentiation, TCR signaling pathway, adaptive immune
response, immune response to tumor cell, T cell proliferation and
an epigenetic regulator TET2 previously reported to be important
for CAR-T function®* (Methods and Supplementary Dataset 1, CLASH
dataset). All crRNAs were scored for selection using Seq-deepCpfl
(ref.*) to enhance gene editing efficiency (Supplementary Fig. 1d,e).
After filtering of genes with fewer than four effectively available crR-
NAs from the design, the final library of Descartes contained 8,047
crRNAs, targeting 901 genes with eight crRNAs per gene for most
of the genes, plus 1,000 non-targeting controls (NTCs) (Fig. 1d and
Supplementary Dataset 1). We cloned these libraries into the CLASH
AAVvector and verified the library compositions by next-generation
sequencing (NGS) using vector-specific primer readout (Supplemen-
tary Fig. 1f).

Totest (1) whether the entire CLASH construct was integrated into
the TRAClocus in the human T cell genome and (2) whether the scale
of'the knock-in was achieved for multiple constructs in the same pool
of T cells, we used specific primers flanking the genomic regions out-
side the 5’ and 3’ HDR arm to amplify the genomic regions rather than
the AAV donor and sequence the inserted region. Sanger sequencing
results showed that, first, the designed knock-inregions were indeedin
the genomic DNA (gDNA); and second, there is clear sequence degen-
eracy in the crRNA wild-card region, suggesting that diverse crRNAs
existinthetargeted poolof human T cells (Fig. 1e and Supplementary
Fig. 1h). With successful pooled knock-in observed, it was feasible to
use this CLASH system for high-throughput generation of defined
genomic-integrated CARs in custom-defined library scale in human
Tcells.

CLASH invitroselectioninlong-term co-culture systems
CAR-T cell therapy is limited by poor T cell expansion and persistence,
especially under chronic exposure to viral or tumor antigens that can
resultin T cell dysfunction”**. Thus, we set out to harness the CLASH
system to identify more persistent forms of CAR-T cells. We observed
that repeated co-culture of CAR-T cells with antigen-specific tumor
cells at alow effector:tumor (E:T) ratio significantly promoted T cell
differentiation, leading to a reduced T central memory cell popula-
tion (CD45RO*CD62L") and decreased capacity to express IFNy and
TNFa with continuous exposure (Supplementary Fig. 1g,i). These
results are consistent with a recent study showing that continuous
antigen exposure recapitulates hallmark features of T cell dysfunction
bothinvitro and in CAR-T cell patients®. We, therefore, designed an
invitrolong-term co-culture systemtoidentify genes whose perturba-
tion canincrease the longevity and cytotoxicity of CAR-T cells under
chronic antigen exposure (Fig. 1f). We first used the AAV Descartes
library (Descartes-Lib) to rapidly generate pools of TRAC knock-in
human CAR-T variants (Supplementary Fig. 1j). We also used the empty
CLASH vector to generate control knock-in CAR-T cells that are iden-
tical except additional mutagenesis. After transduction with vector
or Descartes-Lib AAV6, the control or pool mutant CAR-T cells were
repeatedly co-incubated with NALM6 cells at E:T ratios of 0.2 for 7-8
rounds, and afraction of them were collected at each round for gDNA
prep and deep sequencing. We performed the long-term culture with
three independent series, so that each CLASH Descartes CAR-T pool
has amatched time series. We first performed this set of experiments
using primary human CD8 T cells (‘CD8 in vitro CLASH’, ‘CD8 CLASH’
forshort). Wethenrepeated the whole set of experiment using primary
human CD4 T cells (‘CD4 invitro CLASH’, ‘CD4 CLASH’ for short), with
slightly different timepoints of cancer stimulation, due to natural dif-
ferences in the dynamics of CD8 versus CD4 CAR-T cell killing.

Initially (at day 0), the vector and Descartes-Lib transduced
CAR-T cell pools showed similarimmune phenotypes (Supplementary
Fig. 1k,1). During tissue culture, we observed dynamic alterations of
the cancer cellto CAR-T cell ratios after multiple rounds of co-culture,
suggestive of selection within the pools. At the endpoint, vector CAR-T
lostkilling ability, whereas the Descartes-Lib CD8 CAR-T pool had mark-
edly more efficient tumor cell clearance, witha concordantincreasein
IFNy production and significantreductionin T cell exhaustion markers
(PD-1and LAG-3) (Supplementary Fig. 1m,n). Although the percentages
of central memory T cell (Tcm) populations in CAR-T cells in vector
and Descartes-Lib CAR-T cells were not different before stimulation,
at the endpoint of selection the Descartes-Lib CAR-T pool showed a
substantially higher fraction of Tcm populations compared to that of
control CAR-T (Fig.1g). The CD4 in vitro CLASH experiment also reca-
pitulated this phenomenon, showing acommon selection toward Tcm
populations (Fig.1g). The observationin the differences between pool
mutant versus single-vector CAR control at the gross population level
suggested that atleast subsets of mutant variants in the Descartes-Lib
pool were contributing to the shifts of various phenotypes of these
CAR-T cells, demonstrating efficient selection by CLASH.

Invitro CLASH showed robust time-dependent selection

To determine the actual composition and dynamics of the variants
over the whole timecourse, we developed a CLASH library readout
method and performed NGS on all the experimental replicates at all
collectiontimepoints over the entire timecourse of CAR-T: cancer cell
co-culture (‘readout’). We performed the readouts for both CD8 invitro
CLASH and CD4 in vitro CLASH experiments and generated CLASH
datasets delineating crRNA representation in the Descartes library
across all samples, to provide a holistic picture of the CAR-T reper-
toires and how they change under defined selections (Supplementary
Fig. 2a-c and Supplementary Dataset 1). Both CD8 and CD4 in vitro
CLASH experimentsshowed the consistency of matched samples along
the timecourse trajectory (Supplementary Fig. 2b). Over time, there

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-022-01639-x

was agradual reduction in normalized counts for most crRNAs with a
concomitantincreaseinasmaller proportion of the guides, suggesting
selection for CAR-Ts withthose guides (Supplementary Fig. 2c). Inboth
CD8 and CD4 in vitro CLASH experiments, the diversity of the library
dwindled over time, and the CAR-T library pool became increasingly
dominated by asmaller fraction of crRNAs over time, as shown by the
cumulative distribution function (CDF) plot (Fig. 1h), indicating atime
gradient for this process.

To map out the whole set of variants of CAR-Ts in the Descartes
pool, we performed a series of analyses to examine the enrichment
atindividual crRNA level and gene level on both CD8 and CD4 in vitro
CLASH datasets. From an overall timecourse heat map of all crRNAs,
inboth CD8 and CD4 in vitro CLASH experiments, we observed that
most crRNAs diminished over time and that most of the crRNAs became
depleted at the fifth round of co-culture (Supplementary Fig. 2d,e). Dis-
tinct sets of crRNAs emerged as persistent clustersin varying degrees,
with a different pattern in CD8 and CD4 in vitro CLASH experiments,
as expected given the biological differences between these two cell
types (Supplementary Fig. 2d,e). These observations demonstrated
that both CD8 and CD4 T cells can be subjected to the pooled CAR
knock-ins with CLASH and that selection for and against certain guides
canbeobserved over time.

Timecourse enrichment analyses of in vitro CLASH

To identify which crRNAs and which genes’ perturbations in CAR-Ts
inthe Descartes pool lead to more persistent CAR-Ts with potentially
enhanced anti-tumor function, we performed a series of timecourse
screen analyses of enrichment on two fronts: (1) crRNA level and (2)
gene level. We first performed crRNA enrichment analysis based on
the bulk distributions of crRNAs in the library compared to the 1,000
NTCs (referred to as ‘bulk analysis’). As can be seen from the crRNA
distributions, at the last three rounds of selection (‘last three rounds’
or ‘three latest timepoints’), although most crRNAs were depleted, a
fraction of crRNAs were highly enriched (Fig.2a).In CD8in vitro CLASH
atlatest timepoints, highly enriched crRNAs (at a1% false discovery rate
(FDR); Methods) targeting genes such asJADEI, PELI1,CD247,HLA-DPAI,
SLAMF1, PHF2,SETD3, IKBKB, PRDMS, TET2 and PRDM1 were observed
(Fig.2a). TET2has been previously identified by the CarlJune group asa
key factor suppressing CAR-T expansion and persistencein vivo® and,
thus, represents as agene for persistence that has been validated in the
clinic.In CD4 invitro CLASH, later timepoints showed highly enriched
crRNAs (1% FDR) targeting genes such as PELI1, JADE1, NLPR10O, IDO1,
PHF10, CASP3, BTNL9 and TDRD1S5 (Fig. 2a).

We also examined the abundance of specific guides across the
whole course of selection, including all individual crRNAs target-
ing the same gene for all three replicates (Fig. 2b, Supplementary
Fig.3aand Supplementary Dataset 1). We compared them to the trend
of putative neutral guides—thatis, the mean and 99% confidence inter-
val (CI) of the 1,000 NTCs (Fig. 2b and Supplementary Fig. 3a). As a
baseline, the NTCs rapidly decreased over time, with >95% depleted
after co-culture for 30 days in CD8 CLASH and >90% depleted in CD4
CLASH (Fig.2b and Supplementary Fig. 3a). We highlighted BRD7 as an
example of anon-enriched gene showing similar timecourse behavior
asNTCs, where the crRNAs for BRD7 also rapidly decreased over time
(Fig. 2b and Supplementary Fig. 3a). For known T cell exhaustion or
checkpoint inhibitor genes (such as PDCD1, BTLA and LAIRI), crRNAs

were largely above the neutral upper 99% CI of NTC line; most crR-
NAs for such genes were depleted by the last round (Supplementary
Fig.3a), suggesting that these checkpoint genes were not necessarily
the mostimportant genes for regulating CAR-T persistence. In contrast,
genes that scored as top hits (such as TET2, PRDM1, JADEI and PELII)
were robustly selected for in both CD8 and CD4 CLASH, with two or
more independent crRNAs maintaining high abundance at the three
latest timepoints (Fig. 2b). These data reveal with greater granularity
the guide-level behaviors of genetic perturbations determined as
enriched atagene level.

Onelimitation of bulkis that guide or gene enrichment canbe eval-
uated only for each timepoint separately. However, among the other
currently available pool screen analysis methods (such as RIGER, RSA,
HiTSelect, BAGEL, CERES or MAGECK)*®, none can integrate all factors,
including time series, multiple guides targeting the same gene, control
guides, FDRs and experimental groups. To define enriched genes using
the entire timecourse trajectory using the entire set of information
fromthe dataset (includingall timepoints, all gene-targeting guides, all
NTCsand all experimental groups), we used a custom generalized linear
model (SAMBA) that factors in time in the design matrix (Methods),
incorporating information from multiple guides to return statistical
analysisatagenelevel®. Using this approach, weidentified genes that
were significantly enriched inboth CD8 and CD4 CLASH experiments
(Supplementary Dataset1and Fig. 2c). This analysis returned anumber
of statistically significant genes when considering all crRNAs and all
timepoints (‘overall significant genes’) (Supplementary Dataset 1).
For example, at a criteria of FDR-adjusted g < 0.01 and a z-score cut-
off of 1, there are 158 overall significant genes in CD8 CLASH, which
reduce to 86 genes with a higher z-score cutoff (z-score > 1.5, FDR
g <0.01) (Fig. 2c and Supplementary Dataset 1). There are 136 overall
significant genes in CD4 CLASH at ¢ < 0.01and z > 1, which reduce to
106 genes with higher z-score cutoff (z > 1.5, FDR ¢ < 0.01) (Fig. 2c and
Supplementary Dataset 1). There are 22 shared overall significant
genes that scored in both CD8 CLASH and CD4 CLASH (z-score >1,
FDR ¢ < 0.01), including TET2, PRDM1, KAT6B, PIK3CD, JADE1, BTNL3,
PTPNI11, PELI1, PRDMS, PTPN2, C7, ASXL1, MASP2, SHH, FASLG, RORC,
KDMA4C, TRAF2, DNMT3A, PIK3R2, SFMBT2 and TDRD1S5. Of note, PRDM1
and TET2 through the SAMBA analysis scored as top hits in both CD8
and CD4 invitro CLASH experiments (Fig. 2c). Example divergent genes
include GATA3, a top hit in CD8 in vitro CLASH (but not CD4 CLASH)
that is a zinc-finger transcription factor driving dysfunction in CD8*
Tcells*’;and /L4R,atop hitin CD4 invitro CLASH (but not CD8 CLASH)
thatis a critical receptor for the process of naive T cell differentiation
into Th2 effector cells*. We visualized the overallin vitro timecourse of
hit genes from SAMBA analyses (Supplementary Fig. 3b). These critical
genes’ perturbations are enriched in the persistent CAR-T poolsinthe
long-term co-culture setting. These data revealed the CD4 and CD8
CLASH hits from a systematic view, which further supported CLASH
asan engineering screening platform.

Gene editing efficiency correlates with CLASH performance

To determine whether the gene editing ability of crRNAs correlate with
their screen performance in the CLASH experiment, we used a mini
AAV pool and performed a CLASH-MIPS (molecular inversion probe
sequencing) experimentinT cells (Supplementary Fig. 4aand Supple-
mentary Dataset 2, MIPS dataset). With biological triplicates, we jointly

Fig.2|Timecourse in vitro CD8 and CD4 CLASH experiments identified
genetic mutations that promote CAR-T cell persistence in long-term
co-culture. a, Bulk analysis of relative crRNA abundances in Descartes library
atthe three latest co-culture timepoints, compared with day O T cells. Points
shown at crRNA level. Top 30 crRNAs (log,rpm, day X versus day 0) labeled with
corresponding gene names. b, Timecourse analysis of crRNA abundance for
selected significant genes. Dark solid line, average timecourse for the 1,000 NTC

crRNAs. Dark dashed lines, upper and lower 99% Cls for NTCs. ¢, SAMBA analyses
for CD8 and CD4 in vitro CLASH, taking the whole timecourse trajectory for

each guide into account, using amodel that regresses on time to identify overall
significant genes (z > 1and FDR-adjusted P < 0.01) (Methods). The top 25 genes by
significance were labeled and sized by the number of ‘good crRNAs’ for that gene.
BM, bone marrow.
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Fig.3|Invivo CLASH in a mouse model of cancer with adoptive transfer samples), day 11 (n = 5mice, 10 samples) and day 14 (n = 6,12 samples). Total
of CAR-T pool. a, Schematic of anin vivo CLASH-Descartes experiment in tested live cells normalized to 1 million as inputs. **P < 0.01and NS, not
amouse model of leukemia and CAR-T adoptive transfer. Three days after significant. Data are shown as mean + s.e.m. ¢, Bulk analysis of relative crRNA
NALMé6-GL injection, 2 x 10° vector or Descartes CAR-T cells were infused into abundancesin Descartes library in CD8 in vivo CLASH experiment at day 7,
mice. Bone marrow and spleen samples were collected at day 7 (n = Smice), day11and day14 (spleen, bone marrow and pooled analyses) versus day O T
day 11 (n =5mice) and day 14 (n = 6 mice) and sequenced by NGS. b, cells. The top 30 crRNAs by log,rpm of the experimental condition (y axis) are
Quantification of the in vivo numbers of CAR-T cells at day 7, day 11 and labeled with corresponding gene names. Points are shown at the individual
day 14 (pooled spleen and bone marrow samples). Unpaired two-sided crRNA level.

Mann-Whitney test was used to assess significance. Day 7 (n = 5 mice, 10
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Fig. 4 | Individual functional analysis ofimmune genes scored in CLASH.
a, T7Elassay for individual crRNAs in CAR-T cells. Predicted cleaved bands,
blue arrows. b-e, Flow analysis of mutant CAR-T cells in two donors (infection
replicates, n=3).b, Quantification of Tcm (CD45RO*CCR7* or CD45RO*CD62L").
¢, Quantification of exhaustion markers (LAG3"). d, Representative histograms
of CellTrace Violet in mutant CAR-T cells, measured at day O (gray peak) or day

3 (cyan peak). Yellow dashed line, MFI for vector CAR-T. e, CellTrace Violet MFI
quantification. f, T7E1 for PRDMI-cr3 to cr8 from donor 2 CAR-T cells. g, T7E1 for
PRDM1-crland cr2 on another donor and different CAR-T construct. Note for a, f
and g, gelis representative of three repeated experiments. h, Indel quantification
of PRDMI-crlto cr8indonor2 CAR22T cells (technical replicates, n = 3 for

most samples, except cr4_control and c5_control (n=1)).1,

Top, schematics

of PRDML1 protein primary structure. Bottom, PRDM1 protein western blot in

vector and PRDMI1 mutant CAR-T cells. Blot is representative of three repeated
experiments. Blue arrowheads, WT protein. Blue stars, truncated mutant
protein generated by PRDMI-crl. j, Exon3 skipping after PRDM1-crl editing in
CAR-T cells verified by Sanger sequencing of RT-PCR products. Note for f-j,
cutting sites of crRNAs, vertical arrowheads on PRDM1I exon diagram. Predicted
cleaved bands, horizontal arrowheads. Gel is representative of three repeated
experiments. k, Protein structure alignment of PR domain (blue, PDB: 3DAL) and
PR Aexon3 domain (gold, predicted via AlphaFold). Exon3 peptide, highlighted
pink. 1, Proliferation of PRDMI mutant and control CD22 CAR-T cells with NALM6
stimulation (cell culture replicates, n = 3). m, Cytotoxicity of vector and PRDOM1
mutant CAR-T cells for different donors (cell culture replicates, n = 3). Statistics:
b, cand e, unpaired two-sided t-test; h,1and m, two-way ANOVA. *P < 0.05,

**P < (0.01and ***P < 0.001. Data are shown as mean +s.e.m. LOF, loss of function.
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measured the crRNA abundance by genome-integrated crRNAlibrary
readout and the actual gene editing efficiency of individual crRNAs by
MIPS and then compared the results with the crRNAs’ performance in
CLASH experiments. Library readout successfully mapped the crRNA
abundance of the minipool (Supplementary Fig. 4b). We compared the
ability of individual crRNAs’ gene editing (measured by MIPS) to their
screen performance in CLASH-Descartes experiment using the d32
(round 5) dataasabalanced timepoint, when a substantial time period
has elapsed for selection but where selection was not so strong that
most crRNAs were lost (for example, last round). Considering allgenes
/ all crRNAs measured, the overall gene editing efficiency (MIPS) was
significantly correlated with mean screen performance (CLASH) (Sup-
plementary Fig. 4c). This significant correlation also held regardless of
whether the gene editing efficiency is normalized by crRNA abundance
(Supplementary Fig. 4d) or not. These data suggested that the screen
performance of crRNAs significantly correlates with their capacity for
gene editing in T cells, and the crRNAs enriched in the screen largely
represent true cutters and screen performers for the enriched genes.

CLASH-mediated in vivo selection

To furtheridentify which CAR-T variants have better anti-tumor activ-
ity, we designed and performed atimecoursein vivo CLASH-Descartes
experiment to identify genetic perturbations that can increase
CAR-T persistence in a leukemia mouse model (Fig. 3a and Supple-
mentary Dataset 1). We performed tumor induction by transplant-
ing NALM6-GL cells into NSG mice. Three days after induction, we
infused Descartes-Lib CAR-T variants into mice by adoptive transfer
and collected bone marrow and spleen samples at day 7, day 11 and
day 14. With the CAR-T infusion in this animal model, we found that,
atthese timepoints, cancer cells were largely cleared inbone marrow
and spleenin both vector and Descartes-Lib groups, whereas more
CAR-T cellssurvived inrecipients of Descartes-Lib CAR-T group at day
14 (Fig. 3b and Supplementary Fig. 5a). We then read out the crRNA
library representation of the Descarteslibrary in these in vivo samples
and analyzed the deep sequencing data to identify enriched crRNAs
(Supplementary Fig. 5b—d). The CDF plot showed that the CAR-T library
poolwas dominated by asmaller fraction of crRNAs at day 7, day 11and
day 14, with strong selection already observed at day 7 (Supplementary
Fig.5b). We performed bulk analysis toidentify enriched crRNAs and
genes. Because the in vivo CLASH dataset has only three timepoints
and a high level of dropouts due to the nature of strong selection,
SAMBA is less suitable as it requires continuous distributions of data
along the timecourse. From bulk analysis (FDR <1%), we identified
lists of crRNAs and genes enriched at each timepoint (Fig. 3c). Notable
genes among these top hitsincluded CEACAMI, a co-inhibitory recep-
tor after T cell activation*’. In addition, the T cell inhibitory receptor
SIGLECIO (ref.**) and negative regulators of T cell proliferation and
Tcell differentiation, GPR6S5 (ref. **) and TNFRSF21 (ref. **), also scored
as top genes. Of note, PRDM1 and TET2, important in the two in vitro
CLASH experiments, were also identified as enriched genesininvivo
CLASH (Fig. 3c).

Because solid tumor infiltrationis animportant topic for CAR-T cell
therapy, we also tested the performance of CLASH in a solid tumor
model (Supplementary Dataset 1). The CDF plot and clustering heat
map again showed that, whereas the cellular CLASH pool of mutants
clustered together, thereis astrongshift of the library representation
intumor-infiltrating CAR-T pools from in vivo samples (Supplementary
Fig. Se,f). Evaluation of the tumor-infiltrating CAR-Ts as compared to
the cellular pool revealed a number of top hits, such as ITK, PTPN22,
PTPNG6, LIG4and TCF20, including several common top hits shared with
theotherinvitroandinvivo CLASH experiments, suchas PRDMI,C1QC,
DPF3 and ZCWPW2 (Supplementary Fig. 5g). Taken together, these data
demonstrate the robustness of the in vivo CLASH and provide aranked
gene list of potential targets to improve CAR-T function.

Individual functional analysis of genes scored in CLASH

The naturally different biology of CD8 versus CD4 T cells, or in vitro
versus in vivo, led to different selection. Nevertheless, we observed a
number of shared genes between two or three different datasets (for
example, PRDM1,JADEI, PELI1, EHMTI, KDM4E and NLRP10) (Figs. 2 and
3 and Supplementary Dataset 1). PRDMI has been previously identi-
fied as a master regulator of normal CD8 T cells*’. PELI1 is a negative
regulator of T cells, and its natural function curtails autoimmunity*’.
NLRPI10 has been linked to CD4" T-cell-mediated IFNy responses*®.
Several genes (for example, JADEI, EHMTI and KDM4E) have relatively
little attentionin T cell studies.

We further tested these candidate genes one by one in CAR-T cells.
Tovalidate whether these genetic variants of CAR-T cells have enhanced
anti-tumor phenotypes, we first re-generated individual CAR-T vari-
ants, using single AAV-CLASH vectors encoding CAR22 and the top-rank
crRNAs targeting each of these genes (PRDM1, JADEI, PELI1, EHMTI,
KDM4E and NLRP10), along with TET2. We next measured the gene edit-
ing efficiency viaT7Elendonuclease assays. crRNAs for all these seven
genes showed high efficiency of gene editing (Fig. 4a). We also tested
the frequency of mono-allelic versus bi-allelic disruptions by flow sort-
ing of single cells after gene editing mediated by the CLASH system
(Supplementary Fig. 6a). Consistent with T7E1, more than 90% of mono-
clonal cells from crJADE1 and crPELI1 have gene disruptions (91.7% for
crJADE1 and 90.0% for crPELI1) (Supplementary Fig. 6b,c). Among
them, crJADE1 produced approximately 66.7% homozygous mutant
and 25% heterozygous mutant, and crPELI1 produced approximately
55%homozygous mutant and 35% heterozygous mutant. (Supplemen-
tary Fig. 6b,c). We measured the Tcm population (CD45RO*CCR7*and
CD45RO*CD62L" before or after co-culture with cognate cancer cells
intwo different CD3 T cell donors. Before co-culture, we observed that
the Tcm populations were significantly increased in PRDM1and NLRP10
mutant CAR-Ts as compared to vector control CAR-Ts. After stimula-
tionwith targeting cancer cells for 3 days, we found that PRDM1,JADEI,
KDM4E and TET2 mutant CAR-Ts had higher Tcm populations in both
T celldonors (Fig. 4b). Conversely, PRDM1 and TET2 mutants exhibited
lower levels of activation marker CD69 and cytoplasmic granule toxins
compared to vector CAR (Supplementary Fig. 6d,e). Accumulating

Fig. 5| PRDMI Aexon3 CAR-Ts showed enhanced in vivo therapeutic efficacy
in multiple mouse models of cancer. a, Left, schematics of liquid cancer
models. Right, FACS plot of CD19°CD22" NALM6-GL cells. b,c, Bioluminescence
imaging (b) and quantification (c) of NALM-6 leukemia-bearing NSG mice
treated with the following: CD8 T (n =7), vector CAR22 (n =11) and PRDM1
Aexon3 CAR22 (n=11).d,e, Bioluminescence imaging (d) and quantification (e)
of NALM-6 leukemia-bearing NSG mice treated with the following: CD8 T (n =5),
vector CAR19 (n =10) and PRDMI Aexon3 CAR19 (n = 9).f, FACS histogram of
HER2"HT29-GL cells. g, Schematics of a HER2" HT29 solid tumor model with
two different doses of CAR-T treatments. Non-transduced CD3' T (2M,n=35),
vector HER2 CAR-T (2M, n=5;0.5M n =5) and PRDMI Aexon3 HER2 CAR-T 2 M,
n=5;0.5M,n=>5),allinfused at day 13. h, Tumor growth curves of experiment in

g.Black arrow, CAR-T treatment. i, Schematics of a rechallenge HT2 model with
CAR-T treatment with the following: non-transduced CD3* T (n = 6), vector HER2
CAR-T (n=6)and Aexon3 HER2 CAR-T (n = 6). j-1, Quantification of whole-body
bioluminescence (j) and tumor volume (k) over time, and percentage of relapsed
animals, of experiment ing. Black arrow, CAR-T injection; blue arrow, tumor
rechallenging. m,n, Quantification of cancer cells, tumor-infiltrating CAR-T cells
and Tcmin tumor samples, from two cohorts with endpoints at day 14 (m) and
day 18 (n) after infusion, respectively. Vector (n = 4) and PRDM1 Aexon3 CAR22
(n=5).Statistics: c, e, h,jand k, two-way ANOVA; m and n, unpaired two-sided
t-test.*P<0.05,**P < 0.01and **P < 0.001and NS, not significant. Data are shown
asmean =s.e.m. M, million.
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evidence suggests that the balance between memory and effector Tcell  and functions. We quantified T cell exhaustion levels by CTLA4 and
functionsis required for T cell health and longevity***°. We nexttested  LAG3 staining and found that PRDMI-edited CAR-T cells have lower
whether these convergent genes also change other T cell phenotypes  levels of CTLA4 after NALM6 stimulation (Fig. 4c). PRDM1, NLRP10
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and TET2 CAR-T mutants exhibited lower levels of LAG3 compared
to the vector (Fig. 4c). Interestingly, T cell proliferation was faster in
PRDM1, PELI1, KDM4E and NLRP10 mutant CAR-Ts after two rounds of
stimulation (Fig. 4d,e).

Validation and characterization of PRDMI mutations

Based onitsrobust performanceinthree CLASH experiments and initial
invitro validation results, PRDMI represents a promising candidate of
CAR-T engineering. We performed a series of experiments, including
genetic dissection, biochemical characterization, transcriptomics,
epigenetics and epigenomics and immunological profiling. We first
measured all PRDMI crRNAs’ gene editing efficiency individually in
donor 2 anti-CD22 CAR-T cells (CD22 CARs) by T7E1 endonuclease
assay and NGS. Most of the eight independent PRDM1 crRNAs, target-
ing different regions of the gene, demonstrated efficient gene edit-
ing, with two lead crRNAs validated in different donors (Fig. 4f-h). We
found that PRDMI1-cr2 led to strong reduction of the PRDMI1 protein,
yet, interestingly, PRDM1-crlled to a production of a smaller-sized
proteinrecognized by the same PRDM1-specific antibody (Fig. 4i, blue
stars). We performed immunoprecipitation using anti-PRDM1 anti-
body and peptide identification by mass spectrometry (IP-MS) and
confirmed the absence of the peptides near the PRDM1-cr1 cutting
sitesin PRDM1-crl-targeted mutant CAR-T cells, inall three replicates
(Supplementary Fig.9a,b). To determine the nature of the mutant vari-
antof PRDM1 gene product produced by PRDM1-cr1, we designed two
primers near the PRDM1-cr1 cutting site and used RT-PCR to identify
the cDNA. Interestingly, we found that there was a120-bp in-frame dele-
tioninthelower DNA fragment that precisely corresponded to PRDM1
exon3 (Fig. 4j). These results demonstrated that CLASH PRDMI1-crl
generated a PRDM1 exon3 skipping (‘Aexon3’, ‘exon3 skip’) variant and
produced atruncated PRDM1 proteinin human primary T cells. We used
AlphaFold2to predict the structure of PRDM1 Aexon3 mutant truncated
protein and overlayed with the PRDM1 PR domain structure (Protein
DataBank (PDB): 3DAL)*. The Aexon3 truncated protein abolished five
B-strands in the PR domain of PRDM1 (Fig. 4k). We further tested the
characteristics of this Aexon3 mutant. We observed a strong increase
inantigen-specific proliferative capacity of Aexon3 mutant CAR-T cells
inanother two different donors (Fig. 41). In the co-culture experiment
endpoint, we found that Aexon3 mutant CAR-T cells, as compared to
vector cells, had significantly higher cytotoxic effect against NALM6
cancer cells, across all E:T ratios, in CAR-Ts generated from three inde-
pendent donors (Fig. 4m).

PRDM1 Aexon3 CAR-Ts have enhanced therapeutic efficacy

We further tested the pre-clinical therapeutic efficacy of PRDM1
Aexon3 CAR-T cells compared to their vector counterpartsin vivo.Inan
NALM6-GL leukemia tumor modelinimmunodeficient NOD.Prkdc®“”/

12ry”" (NSG) mice, we performed efficacy testing by adoptive transfer
of anti-CD22 CAR-Ts, followed by monitoring of tumor burden (Fig. 5a).
The NALM6 cells were first confirmed to be CD19;CD22 double-positive
before being used for tumor induction (Fig. 5a). We performed In Vivo
Imaging System (IVIS) imaging to follow the tumor burden in leuke-
mic animals treated by untransduced CD8 T cells, vector-transduced
anti-CD22 CD8 CAR-T cells and Aexon3 anti-CD22 CD8 CAR-T cells. As
aresult, we found that Aexon3 anti-CD22 CAR-T cells showed signifi-
cantly stronger leukemia suppression than vector CAR-T cells, where
substantial differences were seen in the tumor burden between vector
and Aexon3 anti-CD22 CAR-T-cell-treated mice, starting 19 days after
T celladoptive transfer (22 days after tumor induction) (Fig. 5b,c). These
data showed that Aexon3 CD22 CAR-Ts have stronger in vivo efficacy
against cancer inamouse model of leukemia. To validate the results, we
constructed anindependent AAV-CLASH vector with a different CAR
construct against the CD19 antigen (anti-CD19 CAR-T, CD19 CAR and
CAR19). We similarly generated Aexon3 CD19 CAR-T cells along with
vector control CD19 CAR-T cells and performed in vivo efficacy test-
ing using a similar cancer induction and adoptive transfer treatment
regimen (Methods). Similar results were observed in CD19 CAR-T cells
invivo, where Aexon3 CD19 CAR-T cells showed significantly stronger
leukemia suppressionthan vector CAR-T cells (Fig. 5d,e). We harvested
the blood and organs from the animals treated in both groups and
quantified the abundance of persistent CAR-Tsin vivo. Lower numbers
of cancer cells and higher numbers of CAR-T cells were observed in bone
marrow and spleen of recipients of Aexon3 CAR-T cells at 2 weeks after
CAR-T infusion (Supplementary Fig. 7a—-c). Consistent with in vitro
findings, CAR-T cells from the bone marrow and spleen showed sig-
nificantly higher levels of CD45RO*CD62L" (Tcm) in mice treated with
Aexon3 CAR-T cells ascompared to the vector group (Supplementary
Fig.7d,e). These data suggest that Aexon3 CAR-T cells have enhanced
efficacy, along with increased persistence and memory marker expres-
sioninvivo.

To further explore the potential of Aexon3 CAR therapeutic effect
inasolid tumor model, we generated a TRACknock-in HER2-targeting
CAR-T CLASH AAV vector and established two different mouse models
using HER2" HT-29-GL human colon cancer cells (Fig. 5f). In the first
HT-29-GL solid tumor model (low-dose direct-treatment model), when
the average tumor size reached 100 mm?, we infused two different
does (0.5 million or 2 million CAR-T cells, single treatment) of vector
or Aexon3 HER2 CAR-T cells into mice. In the 0.5-million CAR-T cell
dose, the vector control HER2 CAR-T group had little therapeutic effi-
cacy against HT-29-GL solid tumor (P> 0.05, endpoint mean tumor
inhibition (MTI) = 22.8%); on the contrary, the Aexon3 HER2 CAR-T
group had significant efficacy (P < 0.001, endpoint MTI = 51.2%) and
was significantly stronger than control CAR-T (P < 0.01) (Fig. 5g,h).In
the 2-million CAR-T cell dose, the vector control HER2 CAR-T group

Fig. 6 | Molecular characterization of PRDM1 Aexon3 mutant CAR-T cells and
genome-wide AAV integration. a, Co-IP western of PRDM1 binding proteins in
CAR-T. b, Coomassie staining of recombinant human WT-PRDM1 PR domain and
PR Aexon3 domain. ¢, Co-IP western revealed that PRDM1 PR domain interacts
with histone H4 (HH4). Left, recombinant GST-tagged PR domain, but not Aexon3
mutant, binds HH4 (incubation with T cell lysate). Right, endogenous PRDM1,
but not Aexon3, binds HH4 in CAR-T cells. Note: a-c, image is representative of
three repeated experiments. d, Volcano plot of DEGs for PRDM1 Aexon3 versus
control CAR-T (day 33, n =3 biological replicates). Differential expression with
Sleuth using Wald test. e, Heat map of all aligned CUT&RUN peaks of PRDM1
Aexon3and WT-PRDML1 tracks. Data are normalized log, ratios, comparing
eachsampletoIgG average. f, Venn diagram of WT-PRDM1/PRDM1 Aexon3
bound genes and PRDM1 Aexon3 day 33 DEGs. PRDM1 peak <2.5 kb away from
TSS was defined as WT-PRDM1bound genes. Two-sided hypergeometric test,
assuming 20,465 total human genes. g, Genome browser tracks of CUT&RUN on
PRDM1 target genes’ segments. Note: e-g, vector (WT-PRDML, two replicates),

PRDM1 Aexon3 (two replicates) and averaged IgG control. h, CCR7* and CD62L"
percentages in different healthy donors (n =5) in vector or PRDM1-cr1 CAR-Ts
(day 5).1i, Flow cytometry analysis of IL7R (infection replicates, n = 3). j, QRT-PCR
analysis of STAT1, STAT6 and CDCA7 (infection replicates, n = 3). k, Schematic

of regulation mechanism of PRDM1 Aexon3 in CAR-T.I-n, Characterization

of CLASH-PRDM1-cr1 CAR-T’s genome-wide AAV integration. 1, Schematic of
genome-wide AAV integration library preparation and readout. m, Circos plots
of PRDM1-crlon-target/off-target integration sites. Purple bands, locations of all
individual, unnormalized reads. Red dots, location and frequency of normalized
integration reads. n, Quantification of m, for genome-wide sum frequencies of
off-target events (top left) or representative genes (infection replicates, n = 3).
Statistics: h, paired two-sided ¢-test; i and j, two-way ANOVA with Sidak’s multiple
comparisons; n, unpaired two-sided t-test. *P < 0.05, **P < 0.01and ***P < 0.001
and NS, not significant. Data are shown as mean + s.e.m. NGS statistics are noted
inspecific panels. CTR, control; OR, odds ratio; Rec., recombinant; rep, replicate.
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had little therapeutic efficacy, similarly to the 4 dose (0.5 million) of
Aexon3HER2 CAR-T (P<0.01, MTI=49.4%); and the Aexon3 HER2 CAR-T
group again demonstrated stronger efficacy (P < 0.001, MTI=70%)
(Fig.5g,h).

Inasecond model (high-dose disease-relapse model), weinfused 4
millionvector or Aexon3 CAR-T cellsinto HT-29-GL tumor-bearing mice
after transplantation for 3 days (Fig. 5i). Allmice underwent complete
tumor suppressionby CAR-T cells 2 weeks after CAR-T adoptive transfer
treatment (MTI=100% for both vector and Aexon3 CAR-T groups) and
remained completely tumor-free for the following 5 weeks of monitor-
ing (Fig. 5jand Supplementary Fig. 8a). These mice were rechallenged
with HT-29-GL cells 38 days after the initial transplantation (5 weeks
after CAR-T infusion). Subsequently, mice in the vector control HER2
CAR-T group had rapid tumor growth; in contrast, micein the Aexon3
HER2 CAR-T group had a prolonged period of tumor suppression and
asignificantly slower tumor growth from the rechallenge (P < 0.001)
(Fig. 5j,k), consistent with the observation above that Aexon3
CAR-T cells are more persistent. Compared to four of six mice (67%)
in the vector control HER2 CAR-T group that showed relapsed tumor
growth, only one of six mice (17%) showed relapsed in the Aexon3 HER2
CAR-T treatment group, which was reflected in the overall survival
(Fig. 51 and Supplementary Fig. 8a,b). We repeated the experiment
with this HER2 CAR-T versus HT-29-GL solid tumor model, harvested
the tumors from the animals treated by both Aexon3 and control HER2
CAR-T groups and quantified the abundance of persistent CAR-Ts (Sup-
plementary Fig. 8c,d). Consistent with the results in leukemia model,
lower numbers of cancer cells and higher numbers of CAR-T cells
were observed in the tumors of recipients of Aexon3 CAR-T cells at
both day 14 and day 18 after CAR-T infusion, against suggesting that
Aexon3 mutant CAR-T cells are more potent and more persistentin vivo
(Fig.5m,n). Becausein vivo persistenceis linked to stem-like/memory
properties, we analyzed thisimmunological characteristic and found
that Aexon3 CAR-T cells as compared to control have significantly
higher fraction of CD45RO*CD62L" population (Fig.5m,n). Theseinvivo
datatogether demonstrated that PRDMI Aexon3 HER2 CAR-T cells had
significantly enhanced anti-tumor activity and performanceinasolid
tumor model.

PRDM1 Aexon3 loses interaction with histone H4
We then further investigated the mechanism of this unique PRDM1
Aexon3 mutant generated by the PRDMI-crlin CAR-T cells. PRDM1
exon3 is the main region responsible for encoding the N-terminal PR
domain in PRDM1 (PRDI-BF1 or Blimp-1) protein. Disruption of the
PR domain can result in a substantial loss of repressive function on
multiple target genes*’; however, despite various previous work that
mostly involves full knockouts*®*>"®?, the underlying mechanism of
the PR domain is, to date, still unknown. To unveil the underlying
mechanism, we performed a series of genetic, biochemical and epi-
genetic experiments. Compared with the wild-type (WT) PR domain,
the Aexon3 truncated protein abolished five B-strands, predicted
to impair PR domain function (Fig. 4k). The PR domain of the PRDM
gene family is a subclass of SET domains most closely related to the
known histone methyltransferases®. Prior reports suggest that the PR
domain of PRDM1does not have the histone lysine N-methyltransferase
activity®*®, PRDML1 collaboratively silences target gene expression
by recruitment of chromatin-modifying co-repressors, such as G9a
lysine methyltransferase®, histone deacetylases 1and 2 (HDAC1/2)**
and protein arginine methyltransferase 5 (PRMT5)®. Interestingly,
our co-immunoprecipitation (co-IP) western results showed that the
interactions with PRMTS5, HDAC1 and HDAC2 were retained in PRDM1
Aexon3 CAR-T cells (Fig. 6a). We, therefore, hypothesized that the PR
domain of PRDM1 might have certain interactions with histones.

To identify the nature of the histone interactions of PRDM1 PR
domain in an unbiased manner, we first biochemically generated and
expressed recombinant WT and Aexon3 mutant PRDM1 PR domains

(Fig. 6b) and bound them to a histone peptide microarray comprising
384 modified or unmodified histone peptides (Supplementary Fig. 9c).
This histone microarray analysis revealed a number of highly specific
interactions between WT PR domains and defined histone peptides,
which were mostly abolished in the Aexon3 mutant PR domain (Sup-
plementary Fig. 9d-g). This result also uncovered that histone H4
11-30 peptides have specific direct interactions with WT PRDM1 PR
domain (Supplementary Fig. 9d-g). We next validated the interaction
of PRDM1 PR domain with endogenous histone H4. We expressed the
recombinant PR domain and the Aexon3 mutant PR domain tagged
with N-terminal GST tag and immunoprecipitated them after incuba-
tionwith primary T cell lysate. This co-IP western experiment validated
that the WT PR domain has clean and strong binding with histone
H4, whereas this interaction is fully abolished in the Aexon3 mutant/
truncated PR domain (Fig. 6¢). We then validated this resultin a fully
endogenous setting by co-IP western on WT (vector) and PRDM1
crl (Aexon3 mutant) CAR-T cells, from independent human donors
(Fig. 6¢ and Supplementary Fig. 9h). Taken together, these data
unveiled a previously undocumented observation that exon3 skip-
ping in PRDM1 destroys the PR domain and leads to loss of histone
H4 binding.

Because the Aexon3 mutant loses its ability to associate with his-
tone H4, we hypothesized that this might alter its ability to regulate
downstream gene expression. To further understand the transcrip-
tional regulatory mechanism of PRDMI specifically in crl targeted
(Aexon3 mutant) CAR-T cells, we performed a biological triplicate
timecourse transcriptomics experiment in Aexon3 CAR-T cells, along
with vector control CAR-T cells and the untransduced human CD8
T cells as a baseline (Fig. 6d and Supplementary Fig.10a). These tran-
scriptome profiles reveal asystematic landscape of CAR-T gene expres-
sion with continuous cognate cancer antigen stimulation along the
timecourse (Supplementary Dataset 4, Timecourse PRDMI Aexon3
CAR-T mRNA-seq dataset). Distinct sets of differentially expressed
genes (DEGs) wereidentified in the direct comparison between Aexon3
and vector control CAR-T cells (Supplementary Figs. 10b,c and 11),
revealing a panel of highly significantly DEGs. PRDM1 Aexon3 CAR-Ts
showed highly significant induction of genes such as PRDM1 itself,
PCDHS, SELL/CD62L, PTPN14,RASA3,KLF2,STAT6,STAT1,IRF4, CDCA7
and NFKBI and repression of genes such as CCLS5, BATF, CXCR6, IL13,
PRF1,IFIT13,1D2 and RUNX3 (Fig. 6d and Supplementary Fig.10b,c).

Interestingly, the alterations of the gene expression showed a
gradient pattern in both directions—that is, increasing expression of
Aexon3induced genes and decreasing expression of Aexon3 repressed
genesalong time (thus, along rounds of stimulation) (Supplementary
Fig.10b,c and Supplementary Dataset 4). To quantify and deconvolve
the time factor effect, we performed a time series cluster analysis
(Methods). This analysis revealed nine distinct clusters of genes with
distinct behaviors along the timecourse between the Aexon3 mutant
and control groups (Supplementary Fig. 11a,b and Supplementary
Dataset 4). We performed Gene Ontology (GO) analysis of enriched
biological processes of the gene sets in each cluster (Supplementary
Fig. 11c and Supplementary Dataset 4). The DEGs, both upregulated
and downregulated, showed high levels of overlaps between differ-
ent timepoints, suggesting consistent gene expression signatures
in Aexon3 CAR-T cells (Supplementary Fig. 11d,e). These differential
expressionresults from the timecourse mRNA sequencing (mRNA-seq)
revealed the collective signatures of T cell proliferation and apoptosis,
T cell differentiation, signal transduction, inflammatory response and
immuneresponsesin Aexon3 CAR-T cells (Supplementary Fig. 11c,f,g).

Regulation mechanism of PRDM1WT and Aexon3 mutant
proteins

To directly investigate how PRDMI1 regulates downstream genes in
CAR-T cells and how Aexon3 mutant achieves high-performance
anti-tumor immunity in CAR-Ts, we performed genome-wide mapping
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of chromatin binding using CUT&RUN, a modified approach of chro-
matin immunoprecipitation followed by sequencing (ChIP-seq)*®®,
in human CAR-T cells using a specific endogenous PRDM1 antibody
(Methods). The parallel CUT&RUN experiments also enable us to com-
pare the genome-wide chromatin occupancy of WT PRDMI (vector
group) and PRDM1 Aexon3 (PRDM1 crl1group). The CUT&RUN data
mapped the overall genome-wide chromatin binding landscapes of
PRDM1WT and exon3 mutant proteins in human CAR-T cells (Supple-
mentary Dataset 5, CUT&RUN dataset). When rank-ordered by occu-
pancy over the 5-kbinterval centered over WT PRDM1binding sites, we
observed that mutant PRDM1Aexon3 bound similar genomiclocias WT
PRDM]1, where more than 90% of the WT PRDM1 peaks were co-bound
by mutant PRDM1 Aexon3 (Fig. 6e and Supplementary Fig.12a). Notably,
the Aexon3 group peaks exhibited a broader range of signal intensity
(Fig. 6e and Supplementary Fig. 12a). This finding suggested that,
despite loss of histone H4 binding, the Aexon3 mutant still maintained
chromatin binding capacity in CAR-T cells.

Integration of CUT&RUN and mRNA-seq showed that WT PRDM1
bound genes significantly overlapped with day 33 DEGs, including both
upregulated genes (612 shared genes, P=2.87 x1072) and downregu-
lated genes (411 shared genes, P=4.39 x 10°) (Fig. 6f). This observa-
tionalso held in PRDM1 Aexon3 bound genes, which also significantly
overlapped with day 33 DEGs, including both upregulated genes (2,094
shared genes, P=3.11x1077) and downregulated genes (1,371 shared
genes, P=6.01x107°) (Fig. 6f). The stronger signal of overlap in the
upregulation side of DEGs is consistent with the role of PRDM1 being
primarily atranscriptional repressor. These PRDM1bound and PRDM1
Aexon3 DEGs contain potential direct targets of PRDMI regulation
in CAR-T cells. We then performed further analysis to investigate the
targets of PRDM1 regulation in CAR-T cells. Functional annotation
analysis of WT PRDM1 bound upregulated genes showed that they
are enriched in cell cycle, cell division, antigen receptor-mediated
signaling, chromatin organization and T cell differentiation (Supple-
mentary Fig.12b). PRDM1bound downregulated genes are enrichedin
lymphocyte differentiation, T cell differentiation, cell-cell adhesion,
apoptosis, cell death and tyrosine phosphorylation of STAT protein
(Supplementary Fig.12b). Among these potential direct targets, PRDM1
directly bound to genes that encode T cell memory factors, such as
SELL/CD62L, CCR7 and IL7R genes, as well as master regulators for
T cell proliferation and differentiation, such as CDCA7, STAT1 and STATé6
(Fig. 6g and Supplementary Fig. 12c). Interestingly, we also found
that PRDMI1 protein bound to the PRDM1 gene itself (Supplementary
Fig.12c), which further validated that PRDM1 is autoregulated®>*, here
directly in human CAR-T cells.

To further test the hypothesis of PRDM1I’s potential direct regula-
tion on these bound genes at the functional level (protein or mRNA),
we performed individual target measurements again in a timecourse
of multi-round cancer stimulation. We measured the memory markers
CCR7and CD62L ondifferent healthy donors 5 days after transduction
in Aexon3 mutant (crl) as compared to control CAR-T cells. Consistent
with previous results, both markers wereincreased in Aexon3inall five
donors (Fig. 6h).Inaddition, /L7R was significantly upregulated across
all three timepointsin Aexon3 CAR-T as compared to control (Fig. 6i).
We then examined upstream regulators such as SIPR1, also a cluster 6
gene, which was found to exhibit a descending trend with continuous
antigen exposure in control T cells; this effect was reversed in Aexon3
CAR-T cells (Supplementary Fig. 12d). In addition, STAT1, STAT6 and
CDCA7, master regulators for T cells, were significantly increased in
PRDM]I Aexon3 CAR-T cells as compared to control, which also gradually
decreased over time with continuous antigen stimulation (Fig. 6j). On
the other hand, SOCS1, inhibitor of T cell proliferation, was downregu-
latedin atime-dependent mannerin Aexon3 CAR-T cells as compared
to vector control (Supplementary Fig.12d). These data showed that the
expression ofthese critical PRDM1bound genes underlying major T cell
pathways is significantly rewired in Aexon3 CAR-T cells. Consistent

with the timecourse RNA-seq, flow cytometry analysis showed that
Aexon3 CAR-T cells have decreased levels of TIM3, an immune check-
point encoded by the HAVCR2 gene that also falls into cluster 2 of the
RNA-seq timecourse (Supplementary Fig. 12e). We also examined
additional surface checkpoints LAG3, 2B4/CD244 and CD39/ENTPD1
(refs.°®*°) and found that all these checkpoints were also significantly
and consistently reduced onthe T cell surface (Supplementary Fig. 12f),
suggesting a robust dampening of exhaustion in Aexon3 CAR-T cells.
These datatogether suggested that PRDM1 Aexon3 CAR-Ts generated
by the PRDM1-crl have enhanced memory phenotypes, reduced T cell
exhaustion, increased cell proliferation and are capable of maintaining
longer-term effector function under continuous antigen exposure.
These phenotypes are mediated mainly by the disruption of theinterac-
tion between the PR domain and histone H4 and the subsequent loss
of targeted gene regulation abilities (Fig. 6k).

Genome-wide profiling of CLASH-mediated AAV integration
Because off-target integrationis animportant safety issue for CAR-T cell
therapyinvolving AAV/CRISPR-mediated manipulations, we set out to
map a genome-wide profiling of CLASH-PRDM1-mediated AAV inte-
gration. Previous studies have shown that the CRISPR/Cpfl1 system
has higher editing specificity compared to Cas9 nuclease by using
GUIDE-seq, Digenome-seq and BLISS’* 7%, A recent study performed
deep profilingand revealed the heterogeneity of integration outcomes
in CRISPR knock-in experiments’. Considering these advances, to
profile and quantify the CLASH-PRDMI1-mediated genome-wide AAV
integration, we modified amethod based on GUIDE-seq” and applied
itto CLASH-PRDM1 CAR-T cells, withan AAV-only control without Cpfl
mRNA electroporation (Methods and Fig. 61). Using ITR-based query
sequences, we established a computational pipeline to identify chi-
meric off-target reads and their locations in the human genome. Using
this approach, we performed whole-genome AAV integration mapping
for PRDM1 Aexon3 CAR-T cells generated by the AAV-CLASH vector
(Supplementary Dataset 6, Genome-wide AAV integration dataset).

Integrative Genomics Viewer (IGV)-based visualization of the nor-
malized reads throughout the human genome showed a clean baseline
level in the AAV-only control and a small number of detectable peaks
for CLASH-PRDMI-crl samples (Supplementary Fig. 13a,b). Circos
plot visualizations showed a similar pattern, with the distribution
of off-target integration events throughout the human genome and
relative frequencies, with the locations of peaks labeled at the center
(Fig. 6m). These off-targetsincluded the non-homologous end joining
(NHEJ)-induced AAV integration after cpfl-mediated DNA cleavage at
the PRDM1locus. We found that the mean genome-wide sum frequen-
cies of off-targetintegration events in CLASH-PRDMI-crl samples was
0.62% compared to 0.15% in samples receiving only the AAV vector
without the Cpfl mRNA (Fig. 6n). We observed certain detectable
off-target integration events at genomic loci around CD8A, TUBAIB,
PVTI1, TRAC and PRDMI; the mean off-target integration frequency
at the PRDM1I locus was 0.2%, 0.05% at the TRAC locus and 0.1% at the
CD8Alocus (Fig. 6n). These experiments measured the genome-wide
AAV off-target integration events incurred with CLASH-PRDM1 CAR-T
generation and estimated an overall genome-sum off-target integration
rate at sub-percentage levels.

Discussion

Cell therapies including CAR-Ts are powerful therapeutics for cancer
and potentially many other types of indications. To date, six clinical
CAR-T products have been approved by the FDA**. Arapid emergence
of CAR-T and other forms of adoptive cell therapies are in clinical or
pre-clinical stages of development®. CAR-Ts can target diverse cancer
antigens—for example, CD19 and CD22 for B cell malignancies®*”*; B
cell maturation antigen (BCMA) for multiple myeloma*’; and meso-
thelin”’, EGFRVIII”® or HER2 (ref.”®) for solid tumors. New CAR-T forms
have recently emerged on a variety of targets, such as CD20, CD30,
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CD33, CD133, NKG2D, MUC], claudin 18.2, claudin 6, GD2, GPC3 and
others, at various stages of development™®°-*¢, These studies have
unveiled a broad landscape of cell-based immunotherapies across a
widerange of oncology indications®’. However, cell therapy still faces
many challenges'. For example, in vivo persistence is crucial for the
durable therapeutic response in patients with cancer®. Persistence is
also particularly crucial inallogeneic (‘off-the-shelf’) CAR-T products, as
recent datafrom multiple front-running developers, such as Allogene,
CRISPR Therapeutics and Horizon, showed that their allogeneic CAR-T
candidateslack persistencein vivo. Thus, engineering betterimmune
cellsto overcome problems, such as efficacy, tumor infiltration, tumor
microenvironment, toxicity and/or persistence, are crucial for future
development of cellular therapeutics.

In this study, we established CLASH, a versatile platform for
massive-scale knock-in engineering. In the CLASH system, in contrast
tonon-viraland DNA-based cDNA transgene knock-ins, the advantage
of AAV vectors allows highly efficient, precise, knock-in, large-scale
perturbations with high cell viability, by simply creating the viral vec-
tors in a pooled manner. In contrast to regular CRISPR screens that
have beenapplied onhumanand mouse primary T cells with lentiviral
vectors and, more recently, by the transposon system?-?>**> CLASH
is precisely targeted into a defined locus and, thereby, mitigates the
positional effect or insertional mutagenesis.

By CLASHing human primary T cellswithan AAVlibrary, we directly
generated a pool of differently mutated CAR-T cells and interrogated
the immunologically relevant genetic perturbations that enhanced
CAR-T anti-tumor function. Although we used a repeated multi-round
co-culture assay fortheinvitro screen, the screening condition canbe
setin different ways, such as hypoxia, nutrient deprivation and other
approaches, to better mimic the tumor microenvironment. The invitro
andinvivo CLASH experiments revealed the timecourse dynamics of
the mutantsincritical genes that regulate anti-tumor immunology in
CAR-T cells. Among these genes, TET2 as one of our top hits has been
shown to improve the efficacy and persistence of CAR-T cells after
disruption®, supporting the validity of the platform. PRDMI emerged
asanother top candidate in our unbiased CLASH selections. Although
PRDM1was previously known as acritical transcriptional regulator for B
celland T cell differentiation**”*, its full knockouts showed important
effects on T cell function and cell therapy*®***. In particular, recent
findings suggested that modulating BLIMPI knockout can enhance
CAR-T cell adoptive transfer immunotherapy, further highlighting
the importance of this gene and its therapeutic potential®. However,
despite these previous works, the underlying mechanism of the criti-
cal PR domain remains unknown. For example, it s still unknown how
PRDMT1’s PRdomaininteracts with the histone; where PRDM1binds in
the chromosomes in human T cells, especially CAR-T cells; how these
protein—protein and protein-DNA interactions affect downstream
gene regulation; and what are the direct targets in CAR-T cells. Our
CLASH generates Aexon3 mutant with a Cas12a/Cpfl crRNA, which
creates a specific PR domain truncation mutant rather than full null
and, thereby, offers a unique window of opportunity to study the pre-
viously unchartered mechanisms directly in CAR-T-specific settings.
We discovered that PRDM1recognized a specific region of histone H4
(H411-30) and that thisinteraction was abolished in exon3 skip PRDM1
mutant CAR-T cells. We performed PRDM1PR domainbiochemistry and
showed that the PRDM1 PR domaininteracts with histone H4 methyla-
tionand acetylationand thatloss of binding with histone H4 in Aexon3
mutant affects chromatin remodeling. Our CUT&RUN data revealed
genome-wide chromatin binding profiles of PRDM1WT and the exon3
skip mutant in CAR-T cells. PR domain disruption mediated by the
engineered Aexon3 mutation caused aseries of transcriptional rewiring
of critical immune genes downstream of PRDM1 (PRDM1 bound and
differentially expressed). Integration of CUT&RUN and timecourse
RNA-seqdatajointly revealed direct downstreamtargets such as CCR7,
IL7R,SELL,STATI and STAT6, which we validated by individual pathway

characterization. These genetic and epigenetic changes from exon3
skippingtogetherlead tosignificantly altered immune characteristics
in CAR-T cells, suchasincreased T cell proliferation, maintained cancer
killing, reduced exhaustion and improved memory and persistence.
These together translated into substantially better in vivo anti-tumor
efficacy of Aexon3 mutantacross several different CAR-Ts and respec-
tive cancer models, including a solid tumor model.

Although the current study focuses on human T cells in a CAR
setting with a defined library, this study serves as a proof of principle
to demonstrate CLASH’s feasibility, applicability and robustness. The
future potential applications of CLASH can be broad. CLASH is not
limited by onelibrary and can be adapted for various libraries of other
sizes. Although this study designed and used afocused library of ~8,000
crRNAs, itis possible to scale CLASH to other sizes of libraries, including
genome-wide libraries. The places of mutagenesis or variation genera-
tion using AAV libraries can also be customized by design in addition
tothe crRNA pool. The features of selection can be determined by the
users in the field, not limited to persistence or tumor infiltrations. In
the future, CLASH canbe applied to various other different settings to
engineer other forms of transgenes in cell therapy. Finally, CLASH tech-
nology can, in principle, be applied to many other cell types, including
otherimmune cells, stem cells, other primary cells or valuable cell lines
and/or cells from other species in the future, simply by changing the
AAV construct, library designs and selection schemes.
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Methods

Design and generation of CLASH AAV construct

To generate the CLASH AAV vector (pAAV-LHA-U6-DR-crTRAC-
DR-BbsI-EFS-CAR-scFv-RHA or pXD60), the TRAC HDR arms and
CD22BBz/CD19BBz CAR were amplified as previously reported®. The
crRNA cassette, which contains one guide targeting the first exon of
the TRAClocus and double Bbsl cutting sites, was inserted after the left
TRAC arm. Different fragments were cloned using Gibson assembly and
traditional restriction cloning.

TRACintegration PCR
The gDNA was extracted after CLASH-vector AAV transduction for
9 days. The primer sequences are listed inasupplementary Excel table.

The PCR primers outside TRACHDR arms were used:

TRACHDR7FAGCAGCTCCTGCTTTCTGAG

TRAC HDR5RCACCTGGTGCATTCATGTGC

Using Phusion Flash High Fidelity Master Mix (Thermo Fisher
Scientific), the thermocycling parameters for PCR were 98 °C for 2 min-
utes, 35 cycles of (98 °C for 1second, 60 °C for 5 seconds, 72 °C for
1minute) and 72 °C for 2 minutes.

The DNA was purified and sequenced by Sanger sequencing using
primer:

HKOO035gagggcctatttcccatgat

Non-viral T cell gene editing

Non-viral gene editing in T cells were carried out with the Cas9-RNP
method in comparison with CLASH in parallel. In brief, for lineariza-
tion of double-stranded DNA (dsDNA) HDR template, CLASH vector
(pXD60) was digested by FD Bpil (Thermo Fisher Scientific) and puri-
fied with 1x SPRI (Beckman). RNPs were produced by complexing a
two-component single guide RNA (sgRNA) to Cas9. The Cas9 guide
RNA was designed to target the same sites as Cpfl crRNA for TRAC
using Benchling (Supplementary Table 1). Cas9 crRNA and tracrRNA
were chemically synthesized (IDT) and resuspended in nuclease-free
IDTE buffer at a concentration of 200 pM. The crRNA and tracrRNA
were mixed at a 1:1 ratio and annealed as an sgRNA in nuclease-free
IDTE buffer at 95 °C for 5 minutes and 37 °C for 10 minutes. RNPs were
formed by the addition of SpCas9 nuclease (IDT) with 100 uM gRNA
(1:2 Cas9-to-sgRNA molar ratio) at benchtop for 15 minutes. RNPs
were mixed with 5 pg of linear dSsSDNA HDR template and immediately
electroporated at the same condition with CLASH.

Design of Descartes Cas12a/Cpfl crRNA library

A Cas12a/CpflcrRNAlibrary, Descartes, was designed. In brief, a total
of 954 immune genes were chosen as a superset from gene sets. Genes
of interest were chosen as a superset from the following gene lists:
T cell exhaustion®?, epigenetic regulators®, T cell co-stimulation (GO:
0031295), memory T cell differentiation (GO: 0043379), TCR signaling
pathway (GO: 0050852), adaptive immune response (GO: 0002250),
immune response to tumor cell (GO: 0002418), T cell proliferation
(GO: 0042098) and TET2. Guides were identified from the immune
genes using CRISPOR software® using consensus coding sequences
(CCDSs), targeting only protein-coding exons. Genes with fewer than
fouravailable crRNAs were excluded. After this step, up to eight crRNAs
were selected per gene, based on the top editing activity predicted
from Seq-deepCpflscores®. The final library of Descartes contained
8,047 crRNAs, targeting 901 genes with eight crRNAs per gene for most
genes, plus1,000 NTCs. The genes and crRNAs of the Descarteslibrary
are provided ina Supplementary Dataset.

Library and individual crRNA cloning and preparation

The crRNA pools were synthesized by CustomArray. The Descartes
library was amplified using a two-round PCR. The PCR product was
purified by PCR purification kit (Qiagen). Descartes was cloned into
the CLASH AAV plasmid by linearization with Bbsl digestion and Gibson

assembly. The Gibson assembly Descartes library products were trans-
formed into high-efficiency competent cells (Endura) by electropora-
tion. Anestimated crRNA library coverage of >100x was observed after
electroporation by colony counting. All the bacteriawere harvestedin
apool, and the plasmid library was purified using EndoFree Plasmid
Maxi Kit (Qiagen). The representation of crRNAs in library plasmid
was verified by NGS.

Packaging and purification of AAV6

The Descarteslibrary, empty vector orindividual gene targeting CLASH
vectors were packaged by AAV6 serotype vectors to target human
T cells. In brief, AAV6 serotype plasmid, packing plasmid pDF6 and
AAVé6 transgene vector plasmid were added at aratio of 1.7:2:1,and then
polyethyleneimine was added and mixed well by vortex. The solution
wasleftatroom temperature for 10-20 minutes, and thenit was added
dropwise into HEK293FT cells that were 80-90% confluent in 15 cm
tissue culture dishes (Corning). Transfected cells were collected with
PBS at 72 hours after transfection. For AAV purification, transfected
cells were mixed with pure chloroform (1:10 volume) and incubated at
37 °Cwithvigorous shaking for 1 hour. Pure NaClwas added to meeta
final concentration at 1 million, and then samples were centrifuged at
20,000g at 4 °C for 15 minutes. The aqueous layer was transferred to
another tube, and the chloroform layer was discarded. Into the solu-
tion was added PEG8000 to 10% (w/v), followed by vigorous shaking
to dissolve, and then the mixture was incubated at 4 °C for 1 hour.
Samples were centrifuged at 20,000g at 4 °C for 15 minutes, and then
the supernatant was discarded and the pellet was resuspended with
Dulbecco’s PBS with MgCl,. The dissolved solution was treated with
universal nuclease (Thermo Fisher Scientific), incubated at 37 °C for
30 minutes, added chloroform (1:1volume), vortexed and centrifuged
at14,000gat 4 °Cfor15 minutes. The aqueous layer was dumpedintoa
100-kDa molecular cutofffilter (Millipore) and centrifuged at 3,000g
to concentrate the virus. Virus was tittered by quantitative PCR using
custom TagMan assays targeted to the U6 promoter.

Library-scale AAV transduction

Human primary peripheral blood CD8" T cells, CD4* T cells or human
peripheral blood mononuclear cells (PBMCs) were purchased from
STEMCELL Technologies. The CD8' T cells from PBMCs were isolated
by using the human CD8" T Cell Isolation Kit (Miltenyi Biotec), and
CD3" T cells from PBMCs were isolated by using the Human Pan T Cell
Isolation Kit (Miltneyi Biotec) according to the manufacturer’s proto-
col. T cells were cultured in X-VIVO media (Lonza) with 5% human AB
serum and recombinant human IL-2 20 ng ml™.. Electroporation was
performed after T cells thawed for 2 days. Cells were prepared ataden-
sity of -2.5 x 10° cells per 100-pl tip reaction in electroporation Buffer
R (Neon Transfection SystemKits). A total of 20 reactions were set for
the Descartes library electroporation. For each reaction, T cells were
mixed with 10 pg of modified NLS-LbCpfImRNA (TriLink) and electric
shocked at program 24 (1,600 V, 10 ms and three pulses). After elec-
troporation, the cells were transferred into1 ml of pre-warmed X-VIVO
media (with 5% human AB serum but without antibiotics) immediately.
Indicated volumes of AAV6 at an estimated number of viral particles
per cell (1x10°-1x10*) were added into the T cells after electropora-
tion for 2-4 hours.

Duetothefact that they are empty of defective AAVs during pack-
aging, rendering them non-infectious, the actual infectious viral parti-
clesare often substantially lower, especially for difficult-to-transduce
cell types, such as T cells. The functional multiplicity of infection
(f-MOI) is usually 3-4 orders of magnitude lower than that of genomic
MOI (in genome copies) (g-MOI)°°. In addition, a T cell only has two
copies of genome, and, therefore, the CLASH HDR knock-in design
caps the crRNA integration so that each cell can have no more than
two different integrated crRNAs. At the transduction condition
of the CLASH experiments (g-MOI =1 x 10%-1 x 10* viral particles
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per cell), the targeted effective multiplicity of infection (effective
MOI, or integration MOI) was approximately ~0.1 in comparable
screen terms.

Validation of massively parallel HDR knock-in

After electroporation for 5 days, the gDNA of massively parallelly
engineered T cell pools was extracted by using QlAamp DNA Blood
Mini Kit (Qiagen). In-Out PCR was used to amplify out the integrated
fragments from gDNA. The PCR product was purified by PCR Purifica-
tionKit (Qiagen) and sequenced by the Keck Biotechnology Resource
Laboratory (Yale).

CLASH timecourse dynamics of long-term CAR-T co-culture

T cells were infected with vector or Descartes AAV6 after electropo-
ration with NLS-LbCpfImRNA. After electroporation for 5 days, the
percentage of positive CAR-T cells was determined by staining with
CD3 and CAR-specific antibodies as previously described. In total,
2-3 x10° positive CAR-T cells per replicate were used (8,047 crRNAs in
Descartes library). The final coverage estimate is 250%~370x for CD8
and CD4 invitro CLASH.

T cells were co-cultured with NALM6 at low E:T (0.2:1) ratio. After
clearance of NALM6, new rounds of stimulation were performed until
vector CAR-T cells were exhausted. After each round of stimulation,
the T cellswere harvested and frozenin liquid nitrogen. A total of eight
rounds of co-culture were performed for CD8in vitro CLASH and seven
rounds for CD4 in vitro CLASH. The differences in stimulation timing
and number of rounds were due to the effectiveness and actual times
of cancer cell clearance by CD8 or CD4 CAR-T cell pools. gDNA was iso-
lated by DNA Purification Kit (Qiagen) from the CD8 or CD4 CAR-T cell
pools taken from the timepoints specified.

CLASH timecourse of in vivo CAR-T representation
NOD.Cg-Prkdcscid l12rgtm1Wjl/SzJ (NSG) mice were purchased from
the Jackson Laboratory and bred in-house. For the leukemia mouse
model, NSG mice between 6 weeks and 8 weeks of age were used and
inoculated with 5 x 10° NALM6-GL cells by intravenous. Mice were
randomly assigned to different groups before treatment. In total,
2 x10° vector CAR-T cells or Descartes CAR-T cells (-250% coverage)
were infused back to mice after 3 days. NSG mice were euthanized
at days 7,11 and 14. Spleen and bone marrow were collected imme-
diately. For the solid tumor model, NSG mice were subcutaneously
injected with 2 x10° HER2" HT-29-GL cells at day 0. At 20 days after
transplantation, 3 x 10° Descartes HER2 CAR-T cells were infused into
mice (library coverage ~-370x). Tumors were collected after 12 days
and digested with 100 U mlI™ of collagenase IV (Thermo Fisher Scien-
tific) for 2 hours. Red blood cells were lysed by incubation with ACK
(ammonium-chloride-potassium) Lysis Buffer (Thermo Fisher Scien-
tific) for 2 minutes. After wash, the cell surface markers were labeled
as described in the FACS part and measured by BD FACSAria Il. CAR"
Tcellsweresorted, and the gDNA was extracted by using QuickExtract
DNA Extraction Solution (Lucigen).

CLASH CAR-T crRNA library readout

The crRNAlibrary readout was performed using a two-step PCR strat-
egy, where thefirst In-Out PCR was used to amplify out the integrated
fragments from gDNA, and the second PCR adds appropriate sequenc-
ing adaptersto the products fromthe first PCR. The primer sequences
arelisted in a supplementary Excel table. For the first-round PCR, the
thermocycling parameters were 98 °C for 1 minute, 20 cycles of (98 °C
for 1second, 60 °C for 5 seconds, 72 °C for 25 seconds) and 72 °C for
2 minutes. Ineach PCRreaction, we used 2 pug of total gDNA for in vitro
and 5 pl of DNA extraction solution forin vivo. A total of 3-4 reactions
were used to capture the full representation of thelibrary. PCR products
for each biological sample were pooled and used for amplification
with barcoded second PCR primers. For the second-round PCR, the

thermocycling parameters were 98 °C for 1 minute, 28 cycles of (98 °C
for1second, 61°C for 5seconds, 72 °C for 10 seconds) and 72 °C for
2 minutes. Second PCR products were pooled and then normalized for
eachbiological sample before combining uniquely barcoded separate
biological samples. The pooled product was then gel purified from a
2% E-gel EX (Life Technologies) using the QIAquick Gel Extraction Kit
(Qiagen). The purified pooled library was then sequenced with HiSeq
or NovaSeq systems (Illumina).

CLASH CAR-T crRNA screen processing

Raw single-end FASTQ read files were filtered and demultiplexed
using Cutadapt. Reads were demultiplexed for the barcodesincluded
in the forward readout PCR primers. To identify and remove extra
sequences immediately upstream of the crRNAs, the following set-
tings were used: cutadapt -g TAATTTCTACTAAGTGTAGAT -e 0.1-m
19-discard-untrimmed. The 20-bp crRNA sequences were thenmapped
to the designed Descartes library sequences using a bowtie index
generated using the bowtie-build command in Bowtie 1.2.2. Mapping
used the following settings: bowtie -v1-m1; and the number of reads
thathad mapped to each crRNA within the library was quantified. This
processing was used across the four key CLASH crRNA library readouts
(CD8in vitro, CD4 in vitro, CD8 in vivo and CD3 in vivo) as well as for
the MIPS crRNA representation readout. Cells from the CD8 in vitro
CLASH experiments were sequenced in two separate batches (early
and late timepoints), and read counts for the different timepoints
were merged into one table after separate readout processing for
eachbatch.

Timecourse Cas12a/Cpfl crRNA library representation
analyses

Custom scripts were used to generate the crRNA library representa-
tion plots, which included library distribution box plots, CDF plots,
correlation heat maps and overall timecourse abundance heat maps
(collectively, ‘QC plots’). Pearson correlations for heat maps were cal-
culated using the cor functionin R, and empirical CDF was computed
and plotted using stat_ecdffrom ggplot. Then, to determine enriched
guides, custom enrichment analysis was performed (‘bulk’ analysis)*.
In brief, raw read counts were converted for each sample to anormal-
ized reads per million total reads (rpm) and then log,-transformed.
Forbulkanalysis, acrRNA was determined to be significant foragiven
timepoint if it was enriched using an FDR threshold of 1.0% based on
the abundances of all NTCs—that is, a read count value above that of
the10th NTC out of atotal 1,000 NTCs.

For the in vitro CLASH experiments, where the datasets con-
sisted of 8-9 timepoints, an analytic approach was implemented
using a generalized linear model (SAMBA) that considered the
entire timecourse abundance trajectory across all timepoints, all
sample groups and all gene-targeting and non-targeting guides®.
This SAMBA-based screen analysis method incorporates data from
all timepoints by fitting the data to a negative binomial general-
ized linear model and then performing a quasi-likelihood F-test.
To narrow down a set of crRNAs that potentially contribute to the
enrichment during any or all of the timepoints, initial crRNAs to be
includedinthe SAMBA gene scoring analysis were defined as the top
two guides per gene plus any additional guides above a 0.1 log fold
change (FC) threshold (deemed ‘good crRNAs’ or ‘good guides’ for a
gene). The crRNA statistics for allgood guides (for example, adjusted
Pvalue, z-score or logFC) were then aggregated to obtain gene-level
statistics. The design matrices were chosen to regress on time
since day O and are described in greater detail in a Supplementary
Dataset.

For visualizations, heat maps and statistical analyses, custom
R scripts were used, making use of the following packages: ggplot,
ggrepel, stringr, reshape2, VennDiagram, scales, strex, tidyr, stringr,
data.table, gridExtra, viridis, pheatmap and ggpmisc.
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MIPS library selection and cloning

The MIPS library contained 56 crRNAs, targeting seven genes, with
approximately eight crRNAs per gene. The crRNAs were cloned as amin-
ipoolinto the CLASH vector. The minipool in CLASH vector was used
for CLASH experimentin human CD8 T cells (by mRNA electroporation
and AAV6 transduction as above) to generate a CAR-T minipool. The
size of the minipool was determined considering (1) the sensitivity of
MIPS to measure genomic variants’’; (2) the ability of MIPS to capture
actual genome editing eventsin each of the specific crRNA target sites,
with dilution of editing events in a pooled manner®’ and (3) the rela-
tive gene editing challengesin T cells. The crRNA sequences are listed
in a Supplementary Dataset. To generate the MIPS AAV vector, the
pre-mixed crRNAs were cloned into the plasmid pXD60 by lineariza-
tionwith Bbsl digestion and quick ligation. The MIPS library products
were transformed into high-efficiency competent cells (Endura) by
electroporation. An estimated crRNA library coverage of 300x (16,800
colonies) was observed after electroporation by colony counting. All
the bacteriawere harvestedin pool. Plasmid library was purified using
EndoFree Plasmid Maxi Kit (Qiagen). The representation of crRNAs in
library plasmid was verified by NGS. MIPS library transduction is similar
asdescribedinthe Library-scale AAV transduction’ subsection. Three
reactions were set for the MIPS library electroporation.

MIPS probe design

MIPS probes were designed according to previously published proto-
cols (https://github.com/shendurelab/MIPGEN)®* and then processed
by a customized selection algorithm. In total, 107 MIPS probes were
designed using MIPgen. Inbrief, the 77 bp flanking the predicted cut site
of eachcrRNA of all 56 unique crRNA were chosen as targeting regions,
and the BED file with these coordinates was used as an input. These
coordinates contained overlapping regions, which were subsequently
mergedinto 31uniqueregions. Each probe contains an extension probe
sequence, a ligation probe sequence and a 6-bp degenerate barcode
(NNNNNN) for PCR duplicate removal. A total of 107 MIPS probes were
designed (sequences are listed in a supplementary Excel table), cover-
ing a total amplicon of 5,675 bp. The statistics for the MIP target size
were as follows: minimum, 154 bp; maximum, 331 bp; mean, 183 bp;
median, 163 bp. Each of the MIPS was synthesized using standard oligo
synthesis (IDT), normalized and pooled.

MIPS target-capture sequencing

After10 days of electroporation, CAR" cells from the MIPS library and
control group were sorted by FACS (BD), and then CAR-T cells gDNA
was isolated by DNA Purification Kit (Qiagen). Experimental work-
flow was done by following standard protocols”. In brief, 50-100 ng
of high-quality, non-fragmented gDNA was used for hybridization.
After gapfilling and ligation, circularized DNA molecules were used as
template in PCR with universal primers complementary to the linker
sequence. Then, sample-specific barcode sequences and Illumina
adaptors were introduced during the PCR amplification step. After
this amplification, DNA was purified and sequenced using 100-bp
paired-end reads on an Illumina HiSeq 4000, NovaSeq or equivalent.

MIPS data analysis

For MIPSlibrary crRNArepresentationin plasmid and samples, stand-
ard screen processing and mapping was performed as described above
using asubset library with the MIPS crRNAs. For mutation-based MIPS
target-capture sequencing analyses, raw pair-end FASTQ read files were
first mapped to the reference hg38 Homo sapiens genome assembly
and sorted using BWA and SAMtools. For coarse filtering, reads near
target crRNA regions were selected (+1,000 bp) using BEDtools and
then indexed and used for variant calling using SAMtools and Var-
Scan version 2.4.1. with the parameters pileup2indel-min-coverage
1-min-reads21-min-var-freq 0.001-Pvalue 0.05. Generated VCF files
were then used for fine-mapping to crRNA cutting regions.

To define cutting regions, crRNAs were first collapsed based on
whether their cutting sites were contiguous within or equal to 16 bp.
For mapping, crRNA cutting regions were defined as +8 bp from maxi-
mum/minimum of cutting sites for collapsed crRNAs (non-collapsed
crRNAs will, therefore, have 16-bp windows, but collapsed crRNAs
will be larger). For insertions, the variant position point in genome
was kept as defined by VCF output. For deletions, the variant posi-
tion point in genome was adjusted to reflect the center point of the
deletion. Variants were mapped to crRNA cutting regions based on
above. Further downstream analyses, including those comparing cut-
ting efficiency with crRNA representation, were based on collapsed
crRNA references. For MIPS crRNA representationin the library and
associated cutting efficiency bar plots, crRNAs with near zero reads
in library sequencing (PRDM-cr6 and PRDM-cr7 for MIP1, PRDM-crl
for MIP3) were removed for visualization but were included in all
other analyses and statistical tests. For analyses including MIPS cut-
ting efficiency normalized by library representation, mean summed
variant frequencies for each target region were divided by anormali-
zation factor defined as: (mean library reads) /median (mean library
reads). Statistical tests and visualizations were performed using
custom R scripts.

CAR-T purification

CAR22'T cells were purified by streptavidin microbeads (Miltenyi Bio-
tec). Inbrief,1x 107 cells were suspended in 100 pl of labeling buffer and
thenincubated with 1 pg of Pierce Recombinant Biotinylated Protein L
(ThermoFisher Scientific) and 10 pl of FcR Blocking Reagent (Miltenyi
Biotec) for 15 minutes at 4 °C. Cells were washed to remove unbound
proteinand labeled with10 pl of streptavidin microbeads for 15 minutes
onice. After wash, the suspension was loaded onto MACS column for
separation according to the manufacturer’s protocol (Miltenyi Biotec).
Other types of CAR-T cells were sorted by BD FACSAriall.

Generation of CAR-T with individual gene perturbation
Theindividual crRNAs were cloned into the CLASH vector plasmid by
linearization with Bbsl digestion and Quick Ligation Kit (NEB). The
ligated products were transformed into Stbl3 competent cells by heat
shock at 42 °C for 90 seconds. A single clone was picked, and plasmid
was isolated by Mini Prep Kit (Qiagen). The sequence of plasmid was
identified by the Keck Biotechnology Resource Laboratory (Yale).

T7E1assay

Five days after electroporation and AAV transduction, positive
CAR-T cells were stained and sorted by BD FACSAria Il. The gDNA was
extracted by using QlIAamp DNA Blood Mini Kit (Qiagen). PCR ampli-
fication of the genomic regions flanking the crRNAs was performed
using the primersinasupplementary Excel table. Using Phusion Flash
High Fidelity Master Mix (Thermo Fisher Scientific), the thermocycling
parameters for PCR were 98 °C for 2 minutes, 35 cycles of (98 °C for
1second, 60 °Cfor 5 seconds, 72 °C for 15 seconds) and 72 °C for 2 min-
utes. The PCR amplicons were then used for T7E1 assays according to
the manufacturer’s protocol.

Nexteralibrary prep and amplicon sequencing

The PCR products described as before in the T7E1 experiments were
used for Nextera library preparation following the manufacturer’s
protocols (Nextera XT DNA Library Preparation Kit, Illumina). In brief,
1ng of purified PCR product was fragmented and tagged using the
Nextera Amplicon Tagment Mix according to the manufacturer’s rec-
ommendations, followed by limited-cycle PCR with indexing primers
and Illlumina adaptors. After this amplification, DNA was purified and
sequenced using 100-bp paired-end reads on anlllumina HiSeq 4000,
NovaSeq or equivalent. For indel quantification, reads were mapped
to expected amplicon sequences using BWA-MEM with the -M option.
Then,100-bp reads fromthe SAM file that fully mapped withina+75-bp
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window of expected cut site within the amplicon were then identified
(soft-clipped reads were discarded). Indel reads were then identified
bythe presence of ‘I’ or ‘D’ characters within the CIGAR string. Cutting
efficiency was quantified as percentage of indels over total (indel plus
WT) reads within the defined window.

Single-cell genotyping

Afterthe gene editing and CAR introduction (individual gene CLASH),
single positive CAR-T cells were sorted into round-bottom 96-well
plates. PCR was performed after single CAR-T cells were cultured for
1week. PCR amplification of the genomic regions flanking the crRNAs
was performed using the same primersintheT7E1 assay. The thermo-
cycling parameters for the first-round PCR were 98 °C for 2 minutes,
40 cycles of (98 °C for 1 second, 60 °C for 5 seconds, 72 °C for 15 sec-
onds) and 72 °C for 2 minutes. PCR products were checked by using
2% E-Gel 96 Agarose Gels (Thermo Fisher Scientific). Second-round
PCR was performed for the samples with positive PCR results, and
the thermocycling parameters were 98 °C for 2 minutes, 34 cycles
of (98 °C for 1second, 60 °C for 5 seconds, 72 °C for 15 seconds) and
72 °C for 2 minutes. Final PCR products were cleaned by using 1x
SPRI (Beckman) and sequenced by the Keck Biotechnology Resource
Laboratory (Yale).

Kill assay (co-culture)

GFPand firefly luciferase gene were stably transduced into NALM6 cell
line by using lentivirus. In total, 2 x 10* NALM6-GL cells were seeded in
a96-well plate. The engineered CAR-T, vector CAR-T or normal T cells
were co-cultured with NALM6-GL at indicated E:T ratios for 24 hours.
Totest the luciferase expressionin NALM6-GL, 150 pg mI™ of b-luciferin
(PerkinElmer) was added into each well. After 10 minutes, luciferase
intensity was measured by a plate reader (PerkinElmer). Direct tumor
cell killing was quantified by luminescence. Luminescence units were
normalized to control (NALM6-GL without any effector cells, LU®).

The calculation formulais below:

% Cytotoxity = 100 — LUS@™Ple /L € x 100

CUT&RUN

Vector CAR-T cellsand PRDMIcrl exon3 skip mutant CAR-T cells were
FACS isolated, and CUT&RUN was performed following the EpiCy-
pher CUTANA user manual. In brief, 1x10° CAR-T cells were washed
with cold PBS and resuspended in nuclei isolation buffer (100 mM
HEPES-KOH pH 7.6, 100 mM KCI, 5 mM MgCl,, 0.5% NP40 supple-
mented with Roche Complete Protease Inhibitor) and incubated on
ice for 10 minutes. Nuclei were washed twice with CUT&RUN wash
buffer and incubated with activated concanavalin-A (ConA) beads
for 10 minutes at room temperature. ConA-bead-bound nuclei were
incubated overnightat4 °Cin CUT&RUN antibody buffer and antibod-
ies, including anti-Blimpl/PRDM1 (CST9115), anti-H3K4me3 (positive
control) and rabbit IgG (negative control) antibodies. After antibody
incubation, ConA-bead-bound nuclei were washed once with Cell
Permeabilization Buffer and thenincubated with 2.5 pl of pAG-MNase
for 10 minutes at room temperature. ConA-bound-nuclei were then
washed twice with Cell Permeabilization Buffer. Targeted chromatin
was digested and released by adding 1 pul of 100 mM CaCl, and incu-
bated on ice for 2 hours. The reaction was stopped by the addition
of 33 pl of stop buffer. Then, 1 ul of Escherichia coli spike-in DNA was
added to each sample as internal control. DNA fragments were puri-
fied by using DNA cleanup columns. CUT&RUN sequencing libraries
were generated using NEBNext Ultra Il DNA Library Prep Kit for Illu-
mina and NEBNext Multiplex Oligos for Illumina (Index Primer Set 1
and 2). Library fragment size was analyzed by TapeStation (Agilent).
The pass-QC libraries were sequenced on Illumina NovaSeq 150-bp
paired-end reads.

CUT&RUN data processing
CUT&RUN FASTQ sequencing data were analyzed according to a pre-
viously published protocol®, with some modifications. Raw FASTQ
files were first trimmed and cleaned using Trimmomatic® and Kseq®’.
Cleaned FASTQ reads were then separately aligned to the human
genome (hg38.p13) and the E. coli genome (GCF_000005845.2) using
BWA-MEM” with settings -M -t 8 -K10000000. Peaks were called from
the hg38 BAM alignment files using MACS2 callpeak’®, comparing each
experimental sample to each IgG control. The resulting peaks for a
given sample were then merged with BEDtools”. These peaks were
then further merged, combining the peaks from each biological condi-
tion (vector or PRDM1-cr1). To define genes that are bound by PRDM1,
we annotated the peak calls from the vector-treated samples using
HOMER', assigning each peak to the closest transcription start site
(TSS) (+2.5 kb). Overlaps between PRDM1bound genes and DEGs were
assessed by hypergeometric test, assuming 20,465 total human genes.
The number of aligned reads to each genome were then deter-
minedto calculatelibrary scaling factors, as described in the EpiCypher
CUTANA user manual. Specifically, the hg38-aligned read counts were
scaled such thatthereads aligned to the spike-in £. coligenome would
benormalized across samples. The scaling factors were used to gener-
atenormalized BedGraph files, which were then converted into bigWig
files. Replicate IgG control bigWig files were averaged by wiggleTools
to create a single IgG control sample. Finally, signal visualization was
performed using deepTools' and Gviz'>. CUT&RUN processed data
and analyses are provided in aSupplementary Dataset.

Recombinant protein expression and purification

GST-tagged fusions of a human PRDM1 PR domain (amino acids
38-223) with C-terminal FLAG tag and an exon3 truncation version
(amino acids 38-97 and 138-223) with C-terminal FLAG tag plasmid
constructs (pGEX-6P-1) were transformed into an E. coli BL21(DE3)
strain. Overnight cultures were diluted 1:100 in LB media supplemented
with 100 pg ml™ of ampicillin and grown at 37 °C at OD,, ~0.6-0.8.
Protein expression was induced by the addition of 0.1 mM of isopropyl
B-d-1-thiogalactopyranoside (IPTG), and cultures were grown further at
18 °Covernight. Expression of fusion proteins was verified by Coomas-
sie blue staining. After cell harvest and lysis (20 mM Tris-HCI pH 7.4,
150 mM NacCl, 0.1 mM TCEP) by sonication (6x pulses of 15 seconds
each at half maximal power, onice), the solution was clarified by cen-
trifugationat10,000g for 30 minutes at 4 °C and loaded onto a column
containing 200 pl of Pierce glutathione agarose resin (Thermo Fisher
Scientific, 16100). After incubation for 2 hours at 4 °C, the resin was
washed five times with thelysis buffer, and fusion proteins were eluted
with elution buffer (20 mM Tris-HCIpH 7.4,150 mM NaCl, 0.1 mM TCEP,
10 mM reduced glutathione).

Structure modeling by AlphaFold

The superposition of PRDM1PR domain with truncated PR domain was
aligned and visualized by Pymol 2.5.0. The crystal structure of PRDM1
PR domain (amino acids 38-223) is from PDB: 3DAL, and the structure of
Truncated PR domainis predicted by AlphaFold2 (ref.*") using MMseqs2
(https://colab.research.google.com/github/sokrypton/ColabFold/
blob/main/AlphaFold2.ipynb).

Histone peptide arrays

Probing protein binding with a histone peptide array platform (Active
Motif,13005) was carried out according to the manufacturer’s specifi-
cations with slight modifications, as described previously'®. In brief,
after a short blocking with 3% BSA in TBST (20 mM Tris-HCI pH 7.4,
150 mM NaCl and 2 mM KCI) for 1 hour at room tempterature, the
peptide array slides wereincubated with GST-PRDM1 PR domain FLAG
proteinsinthe 3% BSAin TBST overnight at 4 °C with gentle agitation.
After extensive washing with TBST, the slides were probed with rabbit
monoclonal anti-FLAG (1:1,000, Cell Signaling Technology, 14793S),
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followed by goat anti-rabbit IgG horseradish peroxidase conjugate
(1:1,000, Rockland, 611-1302). Data were analyzed by Array_Analyze_
Software_v16.1supplied by Active Motif.

Timecourse mRNA-seq experiment

T cells were infected with CLASH vector and PRDM1-crl (Aexon3)
CAR22 AAV6 after electroporation with NLS-LbCpflmRNA. After
electroporation for 5 days, the percentage of positive CAR-T cells
was determined by staining with CD3 and CAR-specific antibodies,
as previously described. CAR-T cells were co-cultured with NALM6 at
low E:T (0.2:1) ratio every 4-7 days and total 5 round was performed.
CAR-T cells were harvested using TRIzol (Invitrogen) after each round
stimulation. RNA was extracted using RNeasy Plus Mini Isolation Kit
(Qiagen). mRNA library preparations were performed using a NEBNext
UltraRNA Library Prep Kit for Illumina, and samples were multiplexed
using barcoded primers provided by NEBNext Multiplex Oligos for
Illumina (Index Primers Set1). Libraries were sequenced with NovasSeq
systems (Illumina).

mRNA-seq processing

FASTQ files from mRNA-seq were analyzed using the Kallisto quant
algorithmwith setting -b 100 for transcript quantification'**. Differen-
tial expression analysis was performed using Sleuth'®, Differentially
upregulated and downregulated genes were selected for DAVID analysis
using a g-value cutoff of 1 x 107 (ref. '°). z-scores for timecourse heat
map were calculated by log,-normalizion of gene counts followed by
scaling by genes, and DEGs across the timepoints were determined
by limma with contrasts set up to compare PRDM]I versus vector con-
trol CAR-T cells at each timepoint. Timecourse cluster analysis was
performed with the R package maSigPro using ‘two.ways.forward’ as
step method and otherwise default settings. Visualizations of DEGs,
such as volcano plots and heat maps, were generated using standard
R packages, such as ggplot2 and VennDiagram.

Flow cytometry

Allantibodies for flow cytometry were purchased from BioLegend, and
details are provided. All flow antibodies were used at 1:200 dilutions
for staining unless otherwise noted. For surface staining, cells were
stained with surface marker antibodies in the staining buffer of 2% FBS
in PBS onice for 30 minutes. Samples were washed twice with 2% FBS
in PBS before analysis. For CAR staining, the CD22BBz CAR transduced
T cellswereincubated with 0.2 pg of CD22-Fc (R&D Systems) in 100 pl
of staining buffer for 30 minutes and then stained with PE-IgG-Fc (Bio-
Legend).CD19 CARand HER2 CAR were detected by using PE-anti-FLAG
(BioLegend). For intracellular cytokine staining analysis, CAR" T cells
and NALM6 were plated at a 1:1 E:T ratio in a 96-well plate (Corning)
and 0.2 pl per test of Brefeldin A solution (1,000%, Clone BFA, BioLeg-
end) for 5 hours. After incubation, intracellular cytokine staining was
performed using the BD Cytofix/Cytoperm Fixation/Permeabilization
SolutionKitaccordingto the manufacturer’sinstructions. All the anti-
bodies are listed in the Reporting Summary.

CellTrace Violet assay

After two rounds of stimulation, T cells were collected and incubated
with CellTrace Violet (1:2,000, stock concentration 5 mM) in PBS for
15 minutes at 37 °C. Five times the staining volume of T cell culture
medium was added to the cell and incubated for 5 minutes. Half of
cells were analyzed by Attune at VL1 channel as day 0. Another half of
cellswereresuspendedinfresh T cell culture medium. After 3 days, the
cells were measured again. The mean fluorescence intensity (MFI) of
CellTrace Violet was used for doing quantification.

RT-PCR
RNA was extracted as described in RNA-seq. cDNA for qPCR was gen-
erated using M-MLV reverse transcriptase enzyme (Sigma-Aldrich)

and Oligo dT (Thermo Fisher Scientific) following the manufacturer’s
protocol. For the PRDMI mutant sequence analysis, PCRwas performed
by using primers near the PRDMI1-crl cutting site by using the cDNA
as template (primer sequences are listed in a supplementary Excel
table). For the RNA-seq validation, the cDNA was subjected to qPCR
using TagMan Real-Time PCR Master Mixes and TagMan gene assay
probes (Thermo Fisher Scientific). Samples were processed using
Applied Bioscience Step One Plus Real Time machine, and relative
mRNA expression was normalized to GAPDH controls. Relative mRNA
expression was determined viathe AAC, method.

Westernblot

Cellswerelysed by ice-cold RIPA buffer (Boston BioProducts) contain-
ing protease inhibitors (Roche, Sigma-Aldrich) and incubated on ice
for30 minutes. Protein supernatant was collected after centrifuging at
13,000gat 4 °Cfor 30 minutes. Protein concentration was determined
using the BCA Protein Assay Kit (Thermo Fisher Scientific). Protein
samples were separated under reducing conditions on 4-20% Tris-HCI
gels (Bio-Rad) and analyzed by western blotting using primary anti-
bodies PRDM1/Blimp-Imouse mAb (R&D Systems, 1:1,000), followed
by secondary anti-mouse HRP antibodies (Sigma-Aldrich, 1:10,000).
Blots were imaged with an Amersham Imager 600.

Immunoprecipitation

PRDMI-deficient CD22 CAR-T cells or vector cells were lysed by ice-cold
RIPA buffer with protease inhibitor cocktail (Roche) for 30 minutes.
Immobilized BLIMP1/PRDMI1 antibody (1:100, Cell Signaling Technol-
ogy) was added on the NHS-activated agarose beads according to the
manufacturer’s protocol (Thermo Fisher Scientific). Cell lysate was
incubated with beads at 4 °C and rotated for 1 hour. The supernatant
was discarded after spin-down for1 minute at 3,000 r.p.m. Beads were
washed four times with ice-cold TBS and boiled for 10 minutes with
SDS loading buffer. Protein samples were loaded on 4-20% Tris-HCI
gels (Bio-Rad).

Co-IPwestern

For validation of the interaction between recombinant PRDM1 PR
domain and histone H4, 100 pl of Glutathione Resin (G-Biosciences,
786-280) was washed twice with PBS buffer (pH 7.4). Subsequently,
30 pl of PRDM1 PR domain with GST tag and PRDM1 PR truncated
with GST tag (1 mg ml™) in PBS buffer were added, and the resulting
mixture was incubated for 2 hours. Theresulting resin was washed with
PBS five times and stored in PBS. The nuclei of T cells were isolated as
mentioned above. The nuclei were lysed by ice-cold RIPA buffer with
protease inhibitor cocktail (Roche) for 30 minutes. The supernatant
was collected and incubated with pre-mixed beads. Bead suspensions
wererotated at4 °Cfor 6 hoursand washed three times with TBST. Elu-
tion was carried out by 100 pl of PBS with 5 mM reduced glutathione
(G-Biosciences, 786-588). The beads were boiled in 20 pl of 6x protein
loading buffer (0.3 M Tris-HCI, pH 8.0,30% glycerol, 100 mg ml™ of SDS,
100 mg mI” of DTT and 100 pg ml™ of bromophenol blue). Protein sam-
ples were collected and analyzed by western blotting using anti-GST
mouse mAb (1:1,000, Cell Signaling Technology) and anti-histone H4
mouse mAb (1:1,000, Cell Signaling Technology).

Forvalidation on fully endogenous histone H4, the nuclei of vector
CAR-T cells and PRDM1-crl Aexon3 mutant CAR-T cells were isolated
asdescribed above. The nuclei were lysed by ice-cold RIPA buffer with
protease inhibitor cocktail (Roche) for 30 minutes. The supernatant
was collected and incubated with BLIMP1/PRDM1antibody (Cell Signal-
ing Technology) at 4 °Cwithrotation. Atday 2, the lysate wasincubated
withProtein A/G Magnetic Beads (Thermo Fisher Scientific) for 6 hours.
The beads were collected by placing the tube into a magnetic stand
and washed four times with ice-cold TBS. The samples were boiled for
10 minutes with SDS loading buffer. Protein samples were collected
and analyzed by western blotting using PRDM1/Blimp-1Imouse mAb
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(1:1,000, Cell Signaling Technology) and anti-histone H4 mouse mAb
(1:1,000, Cell Signaling Technology).

In-gel digestion and mass spectrometry

Protein-containing gel slices were digested with trypsin overnight.
The resulting peptide mixtures were extracted from the gel and run
directly on an Orbitrap Velos instrument (Thermo Fisher Scientific)
with 120-minute liquid chromatography (Buffer A: 0.1% formic acid
water; Buffer B: 0.1% formic acid MeCN; gradient: 0% to 95% buffer
B; flow rate: 0.1 pl min™) and tandem mass spectrometry (LC-MS/
MS) using a standard TOP20 method procedure. In brief, MS1 m/z
regions for 395-1,600 m/zions were collected at 60,000 resolving
power and used to trigger MS/MS in the ion trap for the top 20 most
abundantions. Active dynamic exclusion of 500 ions for 90 seconds
was used during the LC-MS/MS method. Peptides were eluted with
300 nl min™ flow rate using a NanoAcquity pump (Waters). Samples
were trapped for 15 minutes with a flow rate of 2 ul min™ on a trap-
ping column 100-pum ID packed for 5 cm in-house with 5-pm Magic
C18 AQ beads (Waters) and eluted with a gradient to 20 cm 75-um ID
analytical column (New Objective) packed in-house with 3-um Magic
C18 AQ beads (Waters).

Mass spectra were analyzed using Scaffold Q+/Q+S version 4.0
against the UniProt database. A mass deviation of 20 ppm was set for
MS1 peaks, and 0.6 Da was set as the maximum allowed MS/MS peaks
with amaximum of two missed. Maximum FDRs were set to 0.01 both
on peptide and protein levels. Minimum required peptide length was
five amino acids.

Genome-wide AAV integration library preparation

To perform genome-wide profiling of the CLASH-PRDM1 Aexon3
off-target integration events, a method modified from GUIDE-Seq™
was developed. In brief, CAR-T cells’ gDNA was extracted after AAV
transduction for 9 days. The adapter was made by annealing the
MiSeq common oligo with the sample barcode oligo (A01-A06) in TE
buffer. The annealing program was set from 95 °C for 1 second and slow
ramp-down (approximately -2 °C per minute) to 4 °C. The gDNA was
fragmentated to ~1,500 bp by using an S220 focused ultrasonicator
(Covaris). End-repair and dA-tailing were performed by using NEB-
Next UltraTM End Repair/dA-Tailing Module (NEB) according to the
manufacturer’s protocol. The repaired DNA was ligated with annealed
adaptor by using T4 DNA ligase at room temperature for 1 hour. The
sample was cleaned by using 0.9x SPRI (Beckman). The genome-wide
off-target integration library was performed using a two-step PCR
strategy with streptavidin beads purification, where the first PCR was
used to bait-prey the fragments with integrated CAR gene from gDNA
by using biotinylated primer, and the biotinylated fragments were puri-
fied by using streptavidin beads (Thermo Fisher Scientific). Next, the
second PCRadded appropriate sequencing barcodes to the products
fromthe first PCR. The Q5 was used for PCR (NEB). The thermocycling
parameters for the two-round PCR were 98 °C for 30 seconds, seven
cycles of (98 °C for10 seconds, 70 °C (-1 °C per cycle), 72 °C for 1 min-
ute), 13 cycles of (98 °C for 10 seconds, 63 °C for 30 seconds, 72 °C for
1minute), 72 °C for 1 minute and hold at 4 °C. PCR products for each
biological sample were normalized and pooled. DNA less than 1 kb
was selected. The sample was sequenced by using custom sequencing
primers with MiSeq (2x 300-bp pair-end). All oligo sequences are listed
inasupplementary Excel table.

CLASH-PRDM1I Aexon3 genome-wide AAV integration data
analysis

Paired-end reads were processed using Cutadapt 3.2, BWA 0.7.17
and SAMtools 1.12 to identify off-target integration events. R2
reads containing TRAC elements were first trimmed and selected
using Cutadapt -G GTTTACTCGATATAAGGCCTTGA -e 0.2 -m 20-
discard-untrimmed. Then, R2 reads containing ITR reads were

trimmed and selected using Cutadapt -G AAAGGTCGCCCGACGCC-
CGG -e 0.2-m 20 -0 15-discard-untrimmed. The ITR trimmed reads
were then mapped to the H. sapiens genome assembly GRCh38 (hg38)
using BWA. To see where mapped reads target in the genome without
double-counting at positions, reads were converted to single base
pair coordinates using the starting positions and then converted
to BedGraph format. Reads were normalized for sequencing depth
using the R2 reads containing TRAC elements. Visualizations were
generated using Integrative Genomics Viewer 2.9.2 and R packages,
including GenomicAlignments and ggbio.

In vivo CAR-T efficacy testing in mouse models of leukemia
NOD.Cg-Prkdcs I12rg™™"1/Sz] (NSG) mice were purchased from the
Jackson Laboratory and bred in-house. Both male and female NSG
mice between 6 weeks and 8 weeks of age were used. For the leukemia
model, mice were intravenously inoculated with 5 x 10° NALM6-GL
cells and randomly assigned to different groups before treatment. In
total, 1.2 x 10°normal CD8 T cells, vector CAR-T cells or PRDMI mutant
CAR-T cells were infused back to mice after 3 days. Bioluminescent
signal for each mouse was captured by using IVIS every 3-5 days. In
brief, to generate bioluminescence signals, XenoLight b-luciferin
(PerkinElmer) was intraperitoneally injected into mice at 150 mg kg™,
and images were analyzed by Living Image software. To test T cell
phenotypes in vivo after treatment, NSG mice were euthanized at
day 18. Peripheral blood, spleen and bone marrow were collected
immediately. Red blood cells were lysed by incubated with ACK Lysing
Buffer (Thermo Fisher Scientific) for 2 minutes. After wash, the cell
surface markers were labeled as described in the FACS subsection and
measured by BD FACSAriall.

In vivo CAR-T efficacy testing in solid tumor models
Forthe HER2 solid tumor CAR-T efficacy testing, two treatment models
were adopted.

For the first model, NSG mice were subcutaneously injected with
2 x10°HER2"HT29-GL cells at day 0. Thirteen days after transplanta-
tion, 2 x 10°non-transduced CD3*T,2 x 10°/ 0.5 x 10° vector HER2 CAR-T
or PRDM1 cr1 Aexon3 mutant HER2 CAR-T cells were infused into mice.
Tumorswere measured twice aweek. To evaluate the tumor-infiltrating
CAR-T cell phenotypesin solid tumor models, NSG mice were subcuta-
neously injected with 4 x 10° HER2* HT29-GL cells at day 0. At 11 days
after transplantation, 2 x 10° vector HER2 CAR-T or PRDMI cr1 Aexon3
mutant HER2 CAR-T cells were infused into mice. NSG mice were eutha-
nized after CAR-T infusion for 14 days or 18 days in a separate cohort.
Tumors were processed as described in the section on solid tumor
screening. Cell surface markers were labeled as described in the FACS
subsection and measured by BD FACSAriall.

For the second (rechallenge) model, 1x10° HT29-GL cells were
subcutaneously injected into NSG mice. Three days after transplanta-
tion, 4 x 10° of non-transduced CD3" T cells, vector HER2 CAR-T cells
or PRDMI Aexon3 mutant HER2 CAR-T cells were intravenously infused
into mice. The mice were rechallenged with 0.7 x 10° HT29-GL cells at
day 38. Tumors were measured twice a week. Mice were also imaged
with IVIS once aweek at the timepoints indicated in the figures.

Illustrations

Cartoons in Figs. 1a,f, 3a, 5g,i and 6k and Supplementary Figs. 4a, 6a,
9cand 10 were created with BioRender. A BioRender academiclicense/
proof for using these artworks for publicationis in place.

Standard statistical analysis

All statistical methods are described in figure legends and/or supple-
mentary Excel tables. The P values and statistical significance were
estimated for most analyses. For example, the unpaired, two-sided
Mann-Whitney test was used to compare two groups. One-way ANOVA,
two-way ANOVA, Dunnett’s multiple comparisons test and Tukey’s
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multiple comparisons test were used to compare multiple groups. Data
between two groups were analyzed using a two-tailed unpaired ¢-test.
Multiple ¢-test using the Holm-Sidak method was used for multiple
group comparison. Different levels of statistical significance were
assessed based on specific Pvalues and typel error cutoffs (0.05, 0.01,
0.001and 0.0001). Dataanalysis was performed using GraphPad Prism
version 8 and R Studio. Source data and statistics are provided in a
supplementary Excel table.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this
article and its supplementary information files. Specifically, source
data and statistics for non-high-throughput experiments, such as
flow cytometry, qPCR, protein experiments and other molecular or
cellular assays, are provided in an Excel file of source data and statis-
tics. Processed data for genomic sequencing (for example, CLASH,
RNA-seq, amplicon sequencing, MIPS and AAV off-target) and other
forms of high-throughput experiments are provided as processed
quantifications in Supplementary Datasets. Genomic sequencing
raw data are being deposited to the Gene Expression Omnibus (GEO),
with the following accession numbers: GSE207143 for all CLASH
screens; GSE219061 for MIPS, Nexteraand AAV integration off-target;
GSE207404 for RNA-seq; and GSE201997 for CUT&RUN'1°, CLASH
vectors and libraries are available via material transfer agreements.
All other data and materials that support the findings of this research
areavailable either via public repositories or from the corresponding
author uponreasonable request to the academic community. Source
dataare provided with this paper.

Code availability

Analytic codes used to generate figures that support the findings
of this study will be available from the corresponding author upon
reasonable request.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data were collected by BD FACS Dava; RT-PCR data were collected by Quant studio 3 system; All the deep sequencing data
were collected by Yale Center for Genome Analysis (YCGA).

Data analysis Data analysis was performed using the following software / code:
FlowJo v.10.7.;
Bowtie 1.1.2;
cutadapt 3.2;
BWA 0.7.17;
Sleuth 0.30.0;
GSEA 4.0.3;
seq-DeepCpfl (implementation in CRISPOR 3.1);
DAVID (v2019, v2020 and v2021);
masSigPro R package;
Kallisto v0.48.0;
SAMTools v1.11;
VarScanv2.4.1;
DeepCpfl;
Kseq (within CUT&RUNTools v2.0.);
MACS2 callpeak v2.2.7;
wiggleTools v1.2;
deepTools v3.5.1;
Integrative Genomics Viewer 2.9.2;
gnomAD v3.1.1;
Prism 9;




Trimmomaticl3;

Gviz20;

MMseqs2;

Array_Analyze_Software_v16.1 supplied from Active Motif.

Codes that support the findings of this research are available from the corresponding author upon reasonable request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated or analyzed during this study are included in this article and its supplementary information files. Specifically, source data and statistics for non-
high-throughput experiments such as flow cytometry, qPCR, protein experiments, and other molecular or cellular assays are provided in an excel file of Source data
and statistics. Processed data for genomic sequencing (e.g. CLASH, RNA-seq, amplicon sequencing, MIPS, AAV-Off-target) and other forms of high-throughput
experiments are provided as processed quantifications in Supplementary Datasets. Genomic sequencing raw data are being deposited to Gene Expression Omnibus
(GEOQ), with accession numbers: GSE207143 for all CLASH screens; GSE219061 for MIPS, Nextera, and AAV integration off-target; GSE207404 for RNA-seq;
GSE201997 for Cut-n-Run. CLASH vectors and libraries are available via MTAs. All other data and materials that support the findings of this research are available
either via public repositories, or from the corresponding author upon reasonable request to the academic community.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size needed for experiments were estimated based on our prior work or similar experiments in the field (Dai et al. 2019; Dong et al.
2019; Eqyuem et al. 2017). For most cases, biological triplicate experiments were performed unless otherwise noted. Details on sample size
for experiments were indicated in methods and figure legends. No statistical methods were used to predetermine the sample size. Sample
sizes for experiments were estimated based on previous experience with similar setups that showed significance.

Data exclusions  No data were excluded.

Replication Number of biological replicates (usually n >= 3) are indicated in the figure legends. For all experiments, the findings were replicated in at least
two biological replicates.

Randomization  Inanimal experiments, mice were randomized by sex, cage and littermates. In vitro experiments were not randomized. For in-vitro studies,
the allocation was not random, which was not relevant to the experiments due to the experimental settings described in methods and
legends.

Blinding Investigators were blinded to the identity and treatment groups of animals when measuring tumor burden. Investigators were not blinded in
in vitro experiments, which did not affect reproducibility, which was not relevant to the experiments due to the experimental settings
described in methods and legends. In certain NGS data analysis, such as CLASH, MIPS, AAV-Off-target and RNA-seq, investigators were blinded
for initial processing of the original data using key-coded metadata.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [ 1IIX] chip-seq

Eukaryotic cell lines [ 1IDX| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
Animals and other organisms

|:| Human research participants

[] Clinical data

[ ] Dual use research of concern

XNXXOXOOS

Antibodies

Antibodies used Antibodies used
APC/Cyanine7 anti-human CD8a, clone: HIT8a,Biolegend Catalog Number: 300926
FITC anti-human CD197 (CCR7) Antibody,clone: GO43H7 , Biolegend Catalog Number: 353216
FITC anti-human CD3 Antibody, clone: HIT3a, Biolegend Catalog Number: 300306A
PE anti-human 1gG Fc, clone: HP6017, Biolegend Catalog Number: 409304
Brilliant Violet 510™ anti-human CD8, clone: SK1, Biolegend Catalog Number: 344732
Brilliant Violet 421™ anti-human CD62L, clone: DREG-56, Biolegend Catalog Number: 304828
PerCP/Cyanine5.5 anti-human/mouse Granzyme B, clone: QA16A02, Biolegend Catalog Number: 372212
Brilliant Violet 421™ anti-human CD366 (Tim-3), clone: F38-2E2, Biolegend Catalog Number: 345008
FITC anti-human TNF, clone: MAb11, Biolegend Catalog Number: 502906
PE anti-DYKDDDDK Tag, clone: L5, Biolegend Catalog Number: 637310
PE/Cy7 anti-human CD197 (CCR7), clone: G043H7, Biolegend Catalog Number: 353225
APC anti-human CD45RO0, clone: UCHL1, Biolegend Catalog Number: 304210
APC anti-human IFN, clone: B27, Biolegend Catalog Number: 506510
PerCP/Cyanine5.5 anti-human CD223 (LAG-3), clone: 11C3C65, Biolegend Catalog Number: 369312
APC anti-human CD127 (IL-7Ra) [Clone: AO19D5] Biolegend Catalog Number: 351315
PE/Cyanine7 anti-human CD244 (2B4), clone: C1.7, Biolegend Catalog Number: 329519
FITC anti-human CD39, clone: Al, Biolegend Catalog Number: 328205
FITC anti-human CD19, clone: HIB19, Biolegend Catalog Number: 302256
PE anti-human CD22, clone: S-HCL-1, Biolegend Catalog Number:
PE anti-human HER2, clone:, Biolegend Catalog Number: 363504
FITC anti-human PD-1, clone: A17188A, Biolegend Catalog Number: 379206
APC anti-human PD-1, clone: A17188A, Biolegend Catalog Number: 379208
APC anti-human perforin, clone: dG9, Biolegend Catalog Number: 308111
FITC anti-human CD69 [Clone: FN50] Biolegend Catalog Number: 310903
Human Monoclonal BLIMP1/PRDM1 Antibody, clone: 646702, R&D Catalog Number: MAB36081
Blimp-1/PRDI-BF1 (C14A4) Rabbit mAb, clone: C14A4, CST Catalog Number: 9115
Recombinant Human Siglec-2/CD22 Fc Chimera Protein R&D Catalog Number : 1968-SL-050
Pierce™ Recombinant Biotinylated Protein L ThermoFisher Catalog Number : 21189
CellTrace™ Violet Cell Proliferation Kit ThermoFisher Catalog Number : C34571
APC anti-human CD226 (DNAM-1) Antibody, clone: 11A8, Biolegend Catalog Number: 338311
APC anti-human CD5 Antibody, clone: UCHT2, Biolegend Catalog Number: 300611
Histone H4 (L64C1), Mouse mAb, CST #2935
anti-mouse 1gG HRP antibodies, santa cruz: sc-2005
anti-rabbit IgG HRP antibodies, Rockland, 611-1302
PRMTS (D5P2T) Rabbit mAb CST #79998
HDAC1 (D5C6U) Rabbit mAb CST #34589
HDAC2 (D6S5P) Rabbit mAb CST #57156S
anti-GST(91G1) Mouse mAb CST#2624
anti-GAPDH, clone: 6C5, santa cruz: sc-32233
anti-FLAG, clone: D6W5B, CST Catalog Number: 14793
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Antibody dilutions

Antibody dilutions were made according to the manufactuers’ suggestions in various assays:
Flow: 1:200

Western: primary Ab 1: 1000

Goat anti-Rabbit IgG HRP conjugate, 1:10000

Co-IP: 1:1000

CutnRUn: 1:50

Antibody validation

All antibodies were validated for the specific application by the manufacturers and validation data are available on the
manufacturer’s website.

APC/Cyanine7 anti-human CD8a, clone: HIT8a,Biolegend Catalog Number: 300926
https://www.biolegend.com/fr-lu/antibodies-and-more/apc-cyanine7-anti-human-cd8a-antibody-6658

FITC anti-human CD197 (CCR7) Antibody, clone: GO43H7, Biolegend Catalog Number: 353216
https://www.biolegend.com/fr-lu/products/fitc-anti-human-cd197-ccr7-antibody-7537

FITC anti-human CD3 Antibody, clone: HIT3a, Biolegend Catalog Number: 300306A




https://www.biolegend.com/en-us/products/fitc-anti-human-cd3-antibody-751

PE anti-human 1gG Fc, clone: M1310G05, Biolegend Catalog Number: 410708
https://www.biolegend.com/fr-ch/products/pe-anti-human-igg-fc-11933

Brilliant Violet 510™ anti-human CDS8, clone: SK1, Biolegend Catalog Number: 344732
https://www.biolegend.com/fr-ch/products/brilliant-violet-510-anti-human-cd8-antibody-10739
Brilliant Violet 421™ anti-human CD62L, clone: DREG-56, Biolegend Catalog Number: 304828
https://www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-human-cd62l-antibody-7278
PerCP/Cyanine5.5 anti-human/mouse Granzyme B, clone: QA16A02, Biolegend Catalog Number: 372212
https://www.biolegend.com/fr-ch/products/percp-cyanine5-5-anti-humanmouse-granzyme-b-recombinant-antibody-15597
Brilliant Violet 421™ anti-human CD366 (Tim-3), clone: F38-2E2, Biolegend Catalog Number: 345008
https://www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-human-cd366-tim-3-antibody-7401
FITC anti-human TNF, clone: MAb11, Biolegend Catalog Number: 502906
https://www.biolegend.com/fr-ch/products/fitc-anti-human-tnf-alpha-antibody-1345

PE anti-DYKDDDDK Tag, clone: L5, Biolegend Catalog Number: 637310
https://www.biolegend.com/fr-ch/products/pe-anti-dykddddk-tag-antibody-9383

PE/Cy7 anti-human CD197 (CCR7), clone: G043H7, Biolegend Catalog Number: 353225
https://www.biolegend.com/fr-ch/products/pecyanine7-anti-human-cd197-ccr7-antibody-7694
APC anti-human CD45RO0, clone: UCHL1, Biolegend Catalog Number: 304210
https://www.biolegend.com/fr-ch/products/apc-anti-human-cd45ro-antibody-856

APC anti-human IFN, clone: B27, Biolegend Catalog Number: 506510
https://www.biolegend.com/fr-ch/products/apc-anti-human-ifn-gamma-antibody-1533
PerCP/Cyanine5.5 anti-human CD223 (LAG-3), clone: 11C3C65, Biolegend Catalog Number: 369312
https://www.biolegend.com/fr-ch/products/percp-cyanine5-5-anti-human-cd223-lag-3-antibody-13552
APC anti-human CD127 (IL-7Ra) [Clone: AO19D5] Biolegend Catalog Number: 351315
https://www.biolegend.com/fr-ch/products/apc-anti-human-cd127-il-7ralpha-antibody-7172
PE/Cyanine7 anti-human CD244 (2B4), clone: C1.7, Biolegend Catalog Number: 329519
https://www.biolegend.com/fr-ch/products/pe-cyanine7-anti-human-cd244-2b4-antibody-12929
FITC anti-human CD39, clone: Al, Biolegend Catalog Number: 328205
https://www.biolegend.com/fr-ch/products/fitc-anti-human-cd39-antibody-4363

FITC anti-human CD19, clone: HIB19, Biolegend Catalog Number: 302256
https://www.biolegend.com/fr-ch/products/fitc-anti-human-cd19-antibody-717

PE anti-human CD22, clone: S-HCL-1, Biolegend Catalog Number: 363504
https://www.biolegend.com/fr-ch/products/pe-anti-human-cd22-antibody-10725

PE anti-human HER2, clone: 24D2, Biolegend Catalog Number: 324406
https://www.biolegend.com/fr-ch/products/pe-anti-human-cd340-erbb2-her-2-antibody-3766

FITC anti-human PD-1, clone: A17188A, Biolegend Catalog Number: 379206
https://www.biolegend.com/fr-ch/products/fitc-anti-human-cd279-pd-1-antibody-21956

APC anti-human PD-1, clone: A17188A, Biolegend Catalog Number: 379208
https://www.biolegend.com/fr-ch/products/apc-anti-human-cd279-pd-1-antibody-21957

APC anti-human perforin, clone: dG9, Biolegend Catalog Number: 308111
https://www.biolegend.com/fr-ch/products/apc-anti-human-perforin-antibody-4001

FITC anti-human CD69 [Clone: FN50] Biolegend Catalog Number: 310903
https://www.biolegend.com/fr-ch/products/fitc-anti-human-cd69-antibody-1671

APC anti-human CD226 (DNAM-1) Antibody, clone: 11A8, Biolegend Catalog Number: 338311
https://www.biolegend.com/fr-ch/products/apc-anti-human-cd226-dnam-1-antibody-8465

APC anti-human CD5 Antibody, clone: UCHT2, Biolegend Catalog Number: 300611
https://www.biolegend.com/fr-ch/products/apc-anti-human-cd5-antibody-868

Human Monoclonal BLIMP1/PRDM1 Antibody, clone: 646702, R&D Catalog Number: MAB36081
https://www.rndsystems.com/products/human-blimp1-prdm1-antibody-646702_mab36081
Blimp-1/PRDI-BF1 (C14A4) Rabbit mAb, clone: C14A4, CST Catalog Number: 9115
https://www.cellsignal.com/products/primary-antibodies/blimp-1-prdi-bf1-c14a4-rabbit-mab/9115
Recombinant Human Siglec-2/CD22 Fc Chimera Protein R&D Catalog Number : 1968-SL-050
https://www.rndsystems.com/products/recombinant-human-siglec-2-cd22-fc-chimera-protein-cf_1968-s!
Histone H4 (L64C1), Mouse mAb, CST #2935
https://www.cellsignal.com/products/primary-antibodies/histone-h4-l164c1-mouse-mab/2935
anti-mouse 1gG HRP antibodies, santa cruz: sc-2005
https://www.scbt.com/p/goat-anti-mouse-igg-hrp

anti-rabbit IgG HRP antibodies, Rockland, 611-1302
https://www.rockland.com/categories/secondary-antibodies/rabbit-igg-hl-secondary-antibody-peroxidase-conjugated-611-1302/
PRMTS (D5P2T) Rabbit mAb CST #79998
https://www.cellsignal.com/products/primary-antibodies/prmt5-d5p2t-rabbit-mab/79998

HDAC1 (D5C6U) Rabbit mAb CST #34589
https://www.cellsignal.com/products/primary-antibodies/hdac1-d5c6u-xp-rabbit-mab/34589
HDAC2 (D6S5P) Rabbit mAb CST #57156S
https://www.cellsignal.com/products/primary-antibodies/hdac2-d6s5p-rabbit-mab/57156
anti-GST(91G1) Mouse mAb CST#2624
https://www.cellsignal.com/products/primary-antibodies/gst-26h1-mouse-mab/2624

anti-GAPDH, clone: 6C5, santa cruz: sc-32233

https://www.scbt.com/p/gapdh-antibody-6¢5

anti-FLAG, clone: D6W5B, CST Catalog Number: 14793
https://www.cellsignal.com/products/primary-antibodies/dykddddk-tag-déw5b-rabbit-mab-binds-to-same-epitope-as-sigma-s-anti-
flag-m2-antibody/14793
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Validation Antibodies were validated based on manufacturing instructions. Primary antibodies:




Validation https://www.rndsystems.com/products/human-blimp1-prdm1-antibody-646702_mab36081

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293FT ThermoFisher Catalog Number : R70007
Human Peripheral Blood CD8+ T Cells STEMCELL Catalog Number : 70027
Human Peripheral Blood CD4+ T Cells STEMCELL Catalog Number : 200-0165
Human Peripheral Blood Mononuclear Cells STEMCELL Catalog Number : 70025.1
HT29 ATCC Catalog Number : HTB-38
NALM6 ATCC Catalog Number : CRL-3273
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Authentication All cell lines used have been authenticated by the original vendors, and were examined in lab morphologically by microscope
and/or by flow cytometry for key surface antigen(s). Human T cells were validated by surface expression of CD3, CD4 and/or
CD8 by flow.

Mycoplasma contamination All cell lines used here tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified line was used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals NOD.Cg-Prkdcscid 12rgtm1Wjl/Sz) (NSG) mice were purchased from the Jackson Laboratory and bred in-house. Both male and
female NSG mice between 6 to 12 weeks old were used. Mice were housed in standard vivarium condition at YARC, with free access
to water and food, ambient room temperature (approximately 22 degree Celsius) and humidity-controlled. Mice were maintained on
a 14h:10h light/dark cycle (07:00 to 21:00 light on). Mouse health checks were performed regularly. The general health of for all the
mice in this study is in good condition (BAR: bright, alert and responsive) before the related experiments started.

Wild animals No wild animals were used in the study.
Field-collected samples  No field collected samples were used in the study.
Ethics oversight All recombinant DNA work was performed under the guidelines of Yale RBC and EHS with approved protocols (Chen-15-45 and

Chen-20-18). All animal work was performed under the guidelines of Yale University Institutional Animal Care and Use Committee
(IACUC) with approved protocols (Chen-2015-20068; Chen-2018-20068; Chen-2021-20068).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

ChlP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201997
May remain private before publication.  Reviewer code: ohutqycafdantgp

Files in database submission XDCut_Run01-12_S12 L004 R1_001.fastq.gz
XDCut_Run01-12_S12 L004 R2_001.fastq.gz
XDCut_Run01-13_S13 L004 R1 001.fastq.gz
XDCut_Run01-13_S13 L004 R2_001.fastq.gz
XDCut_Run01-1_S1_L0O04 R1_001.fastq.gz
XDCut_Run01-1_S1_LO04 R2_001.fastq.gz
XDCut_Run01-2_S2 L004 R1_001.fastq.gz
XDCut_Run01-2_S2 L004 R2_001.fastq.gz
XDCut_Run01-3_S3 L004 R1_001.fastq.gz
XDCut_Run01-3_S3 L004_R2_001.fastq.gz
XDCut_Run01-4_S4 L1004 _R1_001.fastq.gz
XDCut_Run01-4_S4 L1004 _R2_001.fastq.gz
XDCut_Run01-5_S5 L004 R1_001.fastq.gz
XDCut_Run01-5_S5_L004 R2_001.fastq.gz
XDCut_Run01-7_S7_L004_R1_001.fastq.gz
XDCut_Run01-7_S7_L004_R2_001.fastq.gz

XDCut_Run01-1.bw
XDCut_Run01-2.bw




Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software

Flow Cytometry

XDCut_Run01-3.bw
XDCut_Run01-4.bw
XDCut_Run01-5.bw
XDCut_Run01-7.bw
XDCut_Run01-12.bw
XDCut_Run01-13.bw
XDCut_Run01.mergedControl.bw

Sample5.MACSsummits.200flank.bed
Sample7.MACSsummits.200flank.bed
Samplel12.MACSsummits.200flank.bed
Sample13.MACSsummits.200flank.bed
Sample5_7.MACS.merged.bed
Samplel2_13.MACS.merged.bed

N/A

3 replicates of IgG negative control, 2 replicates each of anti-PRDM1 for wildtype and mutant cells. Statistically significant overlaps of
peaks between replicates, and the majority of peaks are shared between replicates.

Paired end sequencing at 2x150bp; average of 17.1 + 2.1 million mapped reads per sample; 12.2 + 1.2 million uniquely mapped reads
per sample.

Blimp-1/PRDI-BF1 (C14A4) Rabbit mAb, catalog number #9115 ; antibody concentration 1:100

Raw fastq files were first trimmed and cleaned using Trimmomatic2 and Kseq3. Cleaned fastq reads were then separately aligned to
the human genome (hg38.p13) and the E. coli genome (GCF_000005845.2) using BWA mem with settings -M -t 8 -K 10000000. Peaks
were called from the hg38 BAM alignment files using MACS2 callpeak, with default settings, comparing each experimental sample to
each 1gG control. The resulting peaks for a given sample were then merged with BEDTools. These peaks were then further merged,
combining the peaks from each biological condition (vector or PRDM1-cri).

Alignments, signal tracks, and peaks were manually inspected in IGV. Mapping %s were similar across samples. Peak numbers passing
MACS2 criteria were as follows (vs rep 1, rep 2, and rep3 of IgG controls):

-WT PRDM1 rep 1: 6851 + 778

-WT PRDM1 rep 2: 2310 + 555

-Mutant PRDM1 rep 1: 31,493 + 2053

-Mutant PRDM1 rep 2: 42,413 + 1148

Raw fastq files were first trimmed and cleaned using Trimmomatic2 and Kseq3. Cleaned fastq reads were then separately aligned to
the human genome (hg38.p13) and the E. coli genome (GCF_000005845.2) using BWA mem with settings -M -t 8 -K 10000000. Peaks
were called from the hg38 BAM alignment files using MACS2 callpeak, with default settings, comparing each experimental sample to
each IgG control. The resulting peaks for a given sample were then merged with BEDTools. These peaks were then further merged,
combining the peaks from each biological condition (vector or PRDM1-crl). To define genes that are bound by PRDM1, we annotated
the peak calls from the vector-treated samples using HOMER, assigning each peak to the closest TSS. Overlaps between PRDM1-
bound genes and differentially expressed genes were assessed by hypergeometric test, assuming 20,465 total human genes.

The number of aligned reads to each genome were then determined in order to calculate library scaling factors, as described in the
EpiCypher CUTANA user manual. Specifically, the hg38-aligned read counts were scaled such that the reads aligned to the spike-in E.
coli genome would be normalized across samples. The scaling factors were used to generate normalized bedgraph files, which were
then converted into bigWig files. Replicate 1gG control bigWig files were averaged by wiggleTools to create a single 1gG control
sample. Finally, signal visualization was performed using deepTools and Gviz.

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Surface staining for flow cytometry and cell sorting was performed by pelleting cells and resuspending in 50 uL of FACS Buffer
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Sample preparation (2% FBS in PBS) with antibodies (1:200 dilution) for 30 minutes at 4C in the dark. Cells were washed once in FACS buffer
before resuspension.

For intracellular staining, cells were fixed and permeabilized by fixation/permeabilization solution (BD) for 20 min. and
resuspending in 50 L of permeabilization/wash Bufferwith antibodies (1:200 dilution) for 30 minutes at 4C in the dark. Cells
were washed once in FACS buffer before resuspension.

Instrument Flow cytometric analysis was performed on an BD FACSAria Il or thermo Attune™ NxT.

Software FlowJo v.10.7.1 was used for flow cyometry data analysis.

Cell population abundance CAR-T cells were sorted. The sorted cells were re-measured by FACS to confirm the purity (>90%).

Gating strategy A lymphocyte gate was defined first from FSC-A v SSC-A. Singlet gates were then defined on FSC-H v FSC-W. Additional gating

was performed as described in figure and supplementary figure legends for individual experiments.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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