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Gene editing technologies hold promise for enabling the next
generation of adoptive cellular therapies. In conventional
gene editing platforms that rely on nuclease activity, such as
clustered regularly interspaced short palindromic repeats
CRISPR-associated protein 9 (CRISPR-Cas9), allow efficient
introduction of genetic modifications; however, these modifi-
cations occur via the generation of DNA double-strand breaks
(DSBs) and can lead to unwanted genomic alterations and gen-
otoxicity. Here, we apply a novel modular RNA aptamer-medi-
ated Pin-point base editing platform to simultaneously intro-
duce multiple gene knockouts and site-specific integration of
a transgene in human primary T cells.We demonstrate high ed-
iting efficiency and purity at all target sites and significantly
reduced frequency of chromosomal translocations compared
with the conventional CRISPR-Cas9 system. Site-specific
knockin of a chimeric antigen receptor and multiplex gene
knockout are achieved within a single intervention and without
the requirement for additional sequence-targeting compo-
nents. The ability to perform complex genome editing effi-
ciently and precisely highlights the potential of the Pin-point
platform for application in a range of advanced cell therapies.

INTRODUCTION
Gene editing technologies have entered the clinic and show significant
potential for advancing next-generation therapies, particularly in the
development of more efficient chimeric antigen receptor (CAR)-T
cell therapies to address hematological malignancies.1–3 To overcome
the logistical and infrastructure-related challenges and product vari-
ability barriers of the autologous cell therapy paradigm, recent focus
has shifted to realizing the potential of allogeneic cell therapies. The
manufacture of allogeneic cell products requires multiple edits to pre-
vent both graft-versus-host disease and immune rejection by the host,
which would otherwise limit efficacy, persistence, and safety of the
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cell product. To expand the scope of these innovative off-the-shelf
therapies to solid tumors, further edits will also be required to ensure
therapeutic cells retain their efficacy in the refractory and heteroge-
neous tumor microenvironment.4 These factors, together with the
need to provide new functions to the cells to make effective and
safe therapies that offer wider patient accessibility and therapy
deployment, ultimately demand increasingly refined genome editing
strategies.

Gene editing technologies such as zinc-finger nucleases, transcription
activator-like effector nucleases and CRISPR-Cas9 have all been em-
ployed to successfully perform targeted editing at genomic loci for
effective knockout and knockin applications. However, the genera-
tion of double-strand breaks (DSBs) inherent to their mechanism
of conferring a DNA edit can lead to chromosomal loss or structural
variation.5–11 The occurrence of chromosomal aberrations is
enhanced in the context of multi-gene editing as more concurrent
DSBs are generated, and the extent of this damage is expanded if
DNA breaks also occur at off-target sites. Although many structural
aberrations in a cell may not be viable, it has been reported that
s.
ne and Cell Therapy.
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Figure 1. The Pin-point platform is a highly efficient technology for multiplex editing in T cells

(A) Schematic of the configuration of the Pin-point base editing technology used in this manuscript. An SpCas9 nickase (nCas9-UGI-UGI) binds to the gRNA, the recruiting

RNA aptamer (MS2) fused to the gRNA recruits the effector module. The effector module is composed of a cytidine deaminase (rAPOBEC1) fused to the aptamer binding

protein (MCP). The recruitment of the deaminase to the target site forms an active complex capable of editing target cytosine residues on the unpaired DNA strand within the

CRISPR R-loop. (B) Representative electropherograms from edited and control samples for the four targets following co-delivery of Pin-point mRNAs and four target sgRNAs

as analyzed by Sanger sequencing 7 days post electroporation. The target C is highlighted by blue shading. (C) Levels of C to T conversion of the target C at B2M, CD52,

TRAC, and PDCD1 loci following co-delivery of Pin-point mRNAs and four target sgRNAs, as analyzed by NGS 7 days post electroporation. Data represented asmean (SEM),

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 32 No 8 August 2024 2693

http://www.moleculartherapy.org


Molecular Therapy
some rearrangements could be stable and persist over time.1,9While it
is uncertain whether these rearrangements increase tumorigenicity
risk or compromise the safety and efficacy of engineered cell therapy
products, such aberrations remain an important point of concern.

Base editing with its ability to induce genetic modifications without
relying on DSB formation12,13 has emerged as a strong contender in
the development of advanced cell therapies, particularly in the
context of multi-gene editing strategies. The two main categories
of base editors, cytosine base editors and adenine base editors
mediate efficient C to T and A to G base changes, respectively.12,13

Due to their capacity for programmable introduction of a single
point mutation, base editors have been employed to facilitate gene
disruption via generation of a premature termination codon
(PTC)14,15 or by mutation of splice acceptor (SA) or splice donor
(SD) sites 16,17 with high precision and efficiency while generating
minimal undesired editing outcomes compared with standard nucle-
ases. Rapid technological developments to increase the precision, ef-
ficiency and targeting scope of base editors, alongside an improved
safety profile,18–24 have enabled fast-tracked and successful progres-
sion to the clinic.25,26 Base editing combined with lentiviral delivery
of the CAR transgene has been applied to introduce multiple gene
knockout for the generation of enhanced allogeneic CAR-T thera-
pies,16,19,26–28 however, such approaches come with many limita-
tions, including the risk of insertional mutagenesis, variable trans-
gene expression and gene silencing. To overcome these limitations,
a targeted transgene integration approach facilitated by CRISPR-
Cas technologies has become increasingly popular.29 However, to
date, simultaneous site-specific knockin alongside base editing at
other loci has only been achieved by combining two Cas homologs
(Cas9 for base editing and Cas12 for knockin) to avoid cross utiliza-
tion of sgRNAs.28,30

We have previously described the modular RNA aptamer-mediated
Pin-point base editing system and demonstrated that this technol-
ogy can edit targeted cytosines with high efficiency in human
immortalized cells.31 The specific version of the Pin-point technol-
ogy utilized in this study (Figure 1A) relies on a CRISPR-Cas mod-
ule and a recruiting RNA aptamer derived from the operator stem-
loop of bacteriophage MS2 (MS2), fused to the guide RNA (gRNA)
to recruit the effector module. The effector module is composed of
a deaminase (e.g., rAPOBEC1) fused to the MS2 coat protein
(MCP), which binds to the aptamer. The recruitment of the deam-
inase to the target site results in editing of specific residues on the
unpaired DNA strand within the CRISPR R-loop. Owing to its
modularity the Pin-point platform has the potential to introduce
multiple discrete modifications simultaneously by utilizing one in-
dividual targeting element and to facilitate the generation of com-
plex edited therapies.
n = 3 independent biological T cell donors. (D) Alignment plots showing the top 10 m

underlined. The target splice site is shown in red. (E) Levels of C to G or A conversion of t

mRNAs and four target sgRNAs, as analyzed by NGS. (F) Insertion (INS) and deletion (D

delivery of Pin-point mRNAs and four target sgRNAs, as analyzed by NGS. In (E) and (
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We demonstrate the adaptation of the plasmid-based Pin-point sys-
tem into a safe and efficient fully synthetic system which can be
readily adopted for manufacturing engineered cell therapies by
combining mRNAs encoding the requisite Cas and deaminase mod-
ules with Pin-point gRNAs. We utilize a version of the Pin-point base
editor composed of rAPOBEC1 and Cas9 nickase (nCas9) for the
generation of allogeneic human CAR-T cells. Initially, we performed
a screen to identify highly functional aptamer-containing gRNAs tar-
geting four well-established genes capable of enhancing CAR-T cell
function: beta-2-microglobulin (B2M) to eliminate HLA class I pro-
teins and evade host immune responses, T cell receptor alpha con-
stant (TRAC) to reduce the potential to cause graft versus host disease,
CD52 molecule (CD52) to enable the use of the anti-CD52 antibody
alemtuzumab to be employed as part of the lymphodepletion regimen
prior to the cell infusion, and programmed cell death protein 1
(PDCD1) to reduce exhaustion of the infused CAR-T cells. We
demonstrate efficient and specific multi-gene editing with minimal
differences in editing efficiencies whether editing a single locus or
multiple loci and with undetectable incidence of chromosomal trans-
locations. In addition to being compatible with conventional lentiviral
CAR transgene delivery technologies, the Pin-point base editing plat-
form can be employed to perform multiplex genome engineering op-
erations, enabling simultaneous target transgene knockin and multi-
target knockout. We demonstrate the utility of this approach by
combining aptamer-containing and aptamer-less gRNAs to generate
functional engineered CAR-T cells via simultaneous knockout of
multiple targets alongside targeted CD19-CAR insertion at the
endogenous TRAC locus. The Pin-point platform thus enables com-
plex genetic modifications of T cells using a single DNA-targeting
nuclease via a novel single-step process.

RESULTS
Multiplex editing in human T cells with the Pin-point base editing

system

To determine the optimal Pin-point platform (Figure 1A) configura-
tion with rAPOBEC1 as the effector module we assessed the impact of
aptamer copy number and position within the gRNA on editing effi-
ciencies in mammalian cells. The configuration with one copy of the
MS2 aptamer located at the 30 end of the tracrRNA resulted in optimal
base editing (Figures S1A and S1B) and was adopted as the basis for
the synthetic gRNA designs employed in this study.

Using fully synthetic RNA reagents, as is conventional in engineered
adoptive T cell therapy manufacturing, we screened a panel of
crRNAs to identify the best performing gRNAs for knockout of
B2M, TRAC, PDCD1, and CD52 with the Pin-point base editing sys-
tem. The crRNAs were designed to result in the introduction of a PTC
or mutation at either the SA or SD sites in each target gene (Table S1).
Individual crRNAs were delivered into human primary T cells by
ost abundant reads for each of the four targets. The target C is shown in red and

he target C at B2M, CD52, TRAC, and PDCD1 loci following co-delivery of Pin-point

EL) frequency at the target C at B2M, CD52, TRAC, and PDCD1 loci following co-

F), data represented as mean (SEM), n = 3 independent biological T cell donors.



Figure 2. Quantification of T cell target knockout in individual cells

(A–C) Flow cytometry histograms to show protein levels for CD52, TCRa/b, PD1, and B2M following co-delivery of Pin-point or SpCas9 mRNAs and their compatible four

target sgRNAs in (A) non-activated and (C) activated T cells, analyzed 7 days post electroporation. Non-edited mock electroporated cells are used as control. In this

comparison, optimal gRNAs for SpCas9 have been used and these differ in their spacer sequence from the optimal Pin-point gRNAs (further details in the materials and

methods). Quantification of protein knockout reported as the percentage of (B) non-activated and (D) activated T cells expressing undetectable levels of the protein,

(legend continued on next page)
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electroporation in combination with the aptamer-containing
tracrRNA, an mRNA encoding nCas9 fused to uracil glycosylase in-
hibitor (UGI) and an mRNA encoding rAPOBEC1-MCP. Base con-
version was assessed by amplicon sequencing and target protein
expression was evaluated by flow cytometry (Figures S1C and S1D).
crRNAs exhibiting the highest level of target C to T conversion and
associated protein knockout for each gene (SD disruption in exon 1
for B2M, SD disruption in exon 1 for CD52, SA disruption in exon
3 for TRAC, and SD disruption in exon 1 for PDCD1) were selected
for synthesis as one-part single gRNAs (sgRNA) for simultaneous
multi-gene editing experiments. Delivery of sgRNAs in multiplex
achieved high levels of C to T conversion at the target C for each of
the four genes (�76%–90%) (Figures 1B–1D) with efficiencies com-
parable with that observed for individual sgRNA delivery (Fig-
ure S1E). We observed minimal undesired C to A or C to G conver-
sion (Figures 1B, 1D, and 1E) or indel mutations (Figures 1F and S1F)
at each of the four target loci. Thus, the Pin-point system configura-
tion consisting of nCas9-UGI, rAPOBEC1-MCP, and an sgRNA con-
taining an MS2 aptamer is capable of simultaneously generating C to
T edits with high efficiency and purity at multiple target loci when
delivered to human T cells by synthetic RNA reagents.

Characterization of multi-gene knockout T cells

To determine the extent of multiplex target protein knockout in indi-
vidual cells we performed multi-color flow cytometry analysis (Fig-
ure S2). Non-activated T cells express B2M, CD52, and TCRa/b, all
of which showed �75%–85% reduction in protein expression
following multi-editing with either the Pin-point platform or with
SpCas9 with sgRNAs designed for optimal indel formation
(Figures 2A and 2B). By contrast, PDCD1 induction requires activa-
tion of T cells for appreciable expression. PD1 protein levels were
therefore quantified in T cells cultured in the presence of phorbol-
12-myristate 13-acetate (PMA) and ionomycin32 immediately before
analysis (Figures 2C and 2D), which again demonstrated the expected
�80% reduction in protein expression following multi-editing with
either the Pin-point platform or with SpCas9. Thus all four targets ex-
hibited the expected high efficiency of protein knockout consistent
with the high base editing efficiency we observed at the genomic level,
both in non-activated and activated T cells.

We next sought to determine the degree of simultaneous target
knockout. Due to differences in the expression of PDCD1 and
TRAC between non-activated and activated states (Figures 2E and
2F), we performed analysis of T cells cultured both in the absence
normalized to the frequency of expression in mock electroporated cells. Data in (B) and

expression phenotypes within populations of (E) non-activated and (F) activated T cells e

platform. Columns are single cells classified as positive (colored) or negative (white) for th

clusters of cells with similar patterns of expression of the protein targets (rows). k-mean

target protein expression in (G) non-activated and (H) activated T cells following co-delive

7 days post electroporation. Control is mock electroporated T cells without RNA. Single

to the gates shown in Figure S2. Data in (G) and (H) represented as mean (SEM), n = 4 in

counts 3 days post co-delivery of Pin-point or SpCas9mRNAs and three or four target gR

paired student t-test was applied.
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and presence of PMA and ionomycin. Approximately 80% of uned-
ited, non-activated T cells were triple positive for B2M, CD52, and
TCRa/b, whereas PD1 was undetectable in the majority of the popu-
lation (Figures 2E and 2G). Following editing by either the Pin-point
platform or by SpCas9, triple-positive cells were almost undetectable;
instead 80% of the population were negative for the three markers
TCRa/b, B2M, and CD52, while the remaining 20% were double-
negative (Figures 2E and 2G). PMA-ionomycin-activated T cells ex-
hibited a more heterogeneous phenotype than unstimulated T cells
due to both non-uniform upregulation of PD1 and the downregula-
tion of TCRa/b compared with non-activated cells, with �50% of
mock electroporated controls expressing all four markers and
�35% expressing three of the four markers (Figures 2F and 2H).
Nonetheless, �50% of T cells edited by the Pin-point platform and
�60% of T cells edited by SpCas9 were negative for the four targets,
with an additional 30% negative for three of the four targets
(Figures 2F and 2H). This indicates a high degree of simultaneous
knockout, consistent with expectations based on individual target
knockout efficiencies.

It is well known that nuclease-dependent gene editing technologies
have the potential to impair cell fitness and proliferative capacity
due to the activation of DNA damage responses, which is exacer-
bated when introducing multiple DSBs.33,34 Consistent with the
DSB-independent mechanism of base editing, we observed that
simultaneous editing at three or four loci with SpCas9 adversely im-
pacts T cell proliferation compared with the Pin-point platform
(Figure 2I). Thus, the Pin-point base editing technology enables effi-
cient knockout of multiple genes in T cells and preserves their pro-
liferative capacity.

Assessment of gRNA-specific off-target editing

The potential of gene editing technologies to generate off-target edits
is an important consideration for clinical risk assessment of engi-
neered cell therapies. To experimentally identify candidate off-target
editing sites for each of the four gRNAs, we performed “circulariza-
tion for high-throughput analysis of nuclease genome-wide effects
by sequencing” (CHANGE-seq) using SpCas9 on genomic DNA
(gDNA) isolated from T cells.35 To validate the method, we used a
well-characterized sgRNA against VEGFA as a positive control.36

All off-targets previously identified for the VEGFA sgRNA37 were
identified in the CHANGE-seq experiment (Table S2). For the four
targets, we identified variable numbers of candidate off-target sites
ranging from 223 to 481 per sgRNA (Table S2). The top 100
(D) represented as mean (SEM), n = 4 independent biological T cell donors. Protein

ither mock electroporated as controls or edited with either SpCas9 or the Pin-point

e four target proteins with respect to the gates shown in (A) and (C). Color bar shows

s clustering, k = 16. Quantification of single, double, triple, and quadruple negative

ry of Pin-point or SpCas9mRNAs and four target gRNAs, analyzed by flow cytometry

cells are classified as either positive or negative for the four target proteins according

dependent biological T cell donors. (I) Fold expansion of T cells as measured by cell

NAs. Data represented asmean (SEM), n = 4 independent biological T cell donors. A



Figure 3. Assessment of DNA off-target editing

(A and B) On-/off-target activity of sgRNAs targeting B2M, PDCD1, TRAC, or CD52 genes, determined by rhAmpSeq NGS profiling of on-target, 100 nominated off-target

sites, and of all the candidates having up to four mismatches to the target site per sgRNA identified by CHANGE-seq. The on-/off-target activity of each sgRNAwas profiled in

human T cells edited with either the Pin-point base editor or SpCas9 5 days post electroporation and the percent editing (% base editing events in A or % indels events in B)

determined in each case. Each dot depicts the maximal percentage editing at a given site in one human donor for control (mock electroporation, x axis) versus edit (edited

sample, y axis) with an average coverage per panel of >35,000 reads. Top left quadrant indicates events with more than 0.5% editing in edited samples and less than 0.5%

editing in control sample. Blue dots highlight on-target editing, red dots highlight validated off-target activity occurring in at least 0.5% of corrected reads (dotted lines) and in

both human donors profiled. Shown on base 10 logarithmic scale.
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CHANGE-seq nominated off-target candidate sites for each gRNA,
based on the hierarchical selection strategy described in the materials
and methods (Figure S3A; Table S2), were subsequently analyzed by
rhAmpSeq in human T cells edited at the four target loci using either
SpCas9 or the Pin-point platform (Table S3). We additionally
analyzed all the candidate off-targets having up to four mismatches
to the target site (Table S4). In the validation rhAmpSeq experiments,
we detected high levels of indel formation at all four on-target sites in
samples edited with SpCas9 and at low levels at three of the four tar-
gets in samples edited with the Pin-point platform (1.2%–2.3%)
(Figures 3A and S3B; Table S3), consistent with our previous obser-
vations (Figure 1F). Of the total of 456 CHANGE-seq candidate sites
that were analyzed, we detected low levels of off-target base editing at
four sites in samples edited with the Pin-point platform (0.7%–2.2%)
(Figure 3B, and S3B; Table S3), and off-target indel formation at two
sites in samples edited with SpCas9 (1.2%–20.2%) (Figures 3A, and
S3B; Table S3). Both systems shared a common PDCD1 gRNA off-
target site; however, editing levels were substantially lower in samples
edited with the Pin-point platform, consistent with the more specific
sequence requirements for base editing than cutting with SpCas9.
Moreover, we obtained no evidence for indel formation at any off-
target sites in samples edited with the Pin-point platform
(Tables S3 and S4).
Assessment of chromosomal translocations

Multiplex editing with DSB-dependent technologies can lead to the
generation of chromosomal translocations between the edited
loci,1,2 whereas cleavage of only a single DNA strand by the nCas9
variant38,39 used in the Pin-point platform is expected to substantially
reduce this risk. As indel formation was minimized across on- and
off-target sites in samples edited with the Pin-point platform this sug-
gested to us that translocations between DSBs would indeed be sub-
stantially reduced compared with SpCas9.

To test this hypothesis, we performed targeted DNA capture to enrich
for genomic regions around the four gRNA target sequences (Fig-
ure 4A), followed by paired-end sequencing to an average depth of
4,000� (Capture-seq) (Table S5). Identification and quantification
of translocations for each target was performed using the DRAGEN
Structural Variant (SV) Caller,40,41 which identified translocations
involving untargeted genomic regions in addition to all expected
translocation products between pairs of captured gRNA target loci
in SpCas9-edited samples (Figures 4A–4C; Tables S5–S7). To validate
the Capture-seq method, translocations between the four sgRNA tar-
gets were quantified by orthogonal droplet digital polymerase chain
reaction (ddPCR) analysis using probes spanning the expected trans-
location breakpoints. Translocations were identified at comparable
Molecular Therapy Vol. 32 No 8 August 2024 2697
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Figure 4. Assessment of translocations following multi-gene editing

(A) gRNA binding sites (orange) and genomic regions spanning the locations of SpCas9-induced translocation breakpoints identified by the DRAGEN Structural Variant (SV)

Caller (blue bars) at each target gene locus. Genomic regions include confidence intervals around each breakpoint. (B) Circos plot of interchromosomal translocations

involving gRNA target sites identified byMANTA in the SpCas9multi-edited samples. Thickness of lines joining genomic loci is proportional to the translocation frequency. (C)

Percentage of Capture-seq reads marked as translocations mapping to each sgRNA target site. (D and E) Average frequencies of the two outcomes of each predicted

reciprocal translocation quantified by ddPCR 3 or 7 days post editing with either (D) the Pin-point platform or (E) SpCas9. For (B)–(E) mRNAs encoding either the Pin-point

platform or SpCas9 were delivered with four targeting sgRNAs. Control is mock electroporated T cells without RNA. Samples were analyzed 3 days post electroporation

unless specified otherwise. n = 2 independent T cell donors.

Molecular Therapy
frequencies using the twomethods and were stable over time for sam-
ples edited with the Pin-point platform or SpCas9 (Figures 4D, 4E,
and S4A).We consistently detected all expected on-target to on-target
2698 Molecular Therapy Vol. 32 No 8 August 2024
translocation events with frequencies ranging between 0.2% and
1.6%, and translocations between gRNA target regions and the
PDCD1-associated off-target site on chromosome 15 identified by



(legend on next page)
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CHANGE-seq in the SpCas9 multi-edited samples (Figure S4B;
Table S6), further confirming it as a contributor to CRISPR-Cas9-
mediated genome instability. In summary, the aggregation of translo-
cation frequencies quantified from T cells edited at four loci with
SpCas9 (Table S6) indicates that up to 1 in 17–25 diploid cells will
potentially carry a translocation event, while these types of chromo-
somal abnormalities are unlikely to occur in cells edited with the
Pin-point platform (see materials andmethods). Thus, multi-gene ed-
iting with the Pin-point platform greatly reduces the adverse effects
on genome stability associated with SpCas9.

Molecular assessment of RNA deamination

As promiscuous activity of the deaminase component of base editors
has the potential to deaminate RNA22,42 similarly to the activity of
endogenous cellular deaminases,43 we assessed the impact on cytidine
deamination of RNA by performing transcriptome-wide messenger
RNA sequencing (mRNA-seq). Previous findings have highlighted
that thousands of C to U transitions occur throughout the transcrip-
tome when base editors are delivered in plasmid format.22,42,44 To
evaluate the impact on RNA deamination of the more therapeutically
relevant RNA-based transient expression of the Pin-point platform in
human primary T cells, we performed an mRNA-seq time course
(days 1, 3, and 7 post electroporation) and observed a low-level, tran-
sient, gRNA-independent increase in RNA deamination events
compared with nCas9-UGI-UGI alone (approximately 60 additional
C to U transitions observed exclusively at day 1 post electroporation)
(Figures 5A and 5B). Consistent with these observations, the levels of
the mRNAs encoding the different components of the Pin-point base
editing platform rapidly decline, becoming undetectable by day 7 in
culture (Figure S5A).

Phenotypic analysis of edited T cells

We investigated whether the transient mRNA deamination associated
with base editing with the Pin-point platform had any major effects
on the gene expression profile of T cells by performing differential
gene expression analysis on the mRNA-seq time course dataset.
Global gene expression was minimally affected by the delivery of
Pin-point mRNAs and a non-targeting sgRNA (175, 142, and 2 tran-
scripts were deregulated at day 1, 3, and 7, respectively) (Figures 5C–
5E; Table S8).We observed a similar effect on the transcriptome when
the four gene-specific sgRNAs were delivered (123, 350, and 66 tran-
scripts were deregulated at days 1, 3, and 7, respectively) (Figures 5F–
5H; Table S8), indicating that the major component of the effect on
gene expression profile is gRNA sequence independent.
Figure 5. Effect of the Pin-point platform on RNA editing and transcription

(A and B) RNAC to U editing assessed by transcriptome sequencing in primary human T

or nCas9-UGI-UGI only mRNAs and the four targeting sgRNAs against B2M, CD52,

represents one editing event. The total number of editing events is indicated above eac

formed TPM +1, TPMwith a pseudocount of one added before log transformation) in prim

targeting sgRNA (C, D, and E) or the four targeting sgRNAs (TRAC, B2M,CD52, PDCD1)

(x axis). DESeq2 analysis was performed on total mRNA collected at days 1 (C and F), 3

and downregulated genes. Upregulated or downregulated genes (p < 0.05) with abso

TPM +1) marked red and blue, respectively. r indicates the Pearson correlation coeffic
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In line with expectations, five transcripts encoding the sgRNA target
region B2M, PDCD1, CD52, a miRNA (MIR10393) associated with
the B2M gene, and a non-coding and uncharacterized gene associated
with the PDCD1 gene (LOC105373977) were stably downregulated in
the samples edited with the four gene specific sgRNAs (Figure S5B;
Table S8), whereas none of the differentially expressed transcripts
were stably deregulated across the time course of samples edited
with the non-targeting sgRNA. Of the deregulated genes, 41 were de-
regulated in both targeted and untargeted conditions one day after
electroporation and 56 were deregulated in both conditions at day 3
(Figure S5B). These transient gene expression changes likely reflect
an immediate cellular response to the delivery of exogenous RNAs
or occurred as a consequence of the transient RNA deamination
events described above. In conclusion, we observed low level and
transient RNA deamination following base editing using the Pin-
point platform that did not result in a significant long-term perturba-
tion of T cell transcriptional identity.

Multi-gene editing of CAR-T cells with the Pin-point platform

Having established that synthetic RNA-based delivery of the Pin-
point platform presented minimal detrimental effects on human pri-
mary T cells, we next sought to address whether multi-gene base edit-
ing had an adverse impact on the functionality of CAR-T cells.

Human primary T cells were first transduced with a lentivirus to deliver
the CD19-CAR and then edited at the four target genes by electropo-
ration of mRNA encoding either the Pin-point platform or the appro-
priate targeting gRNAs for B2M, CD52, PDCD1, and TRAC. High-ef-
ficiency protein depletion for all four targets (60%–80%) was achieved
(Figure 6A) without interfering with CD19-CAR expression (Fig-
ure 6B). Edited CAR-T cells retained the ability to kill antigen-positive
cancer cells in vitro (Figure 6C) and to produce the effector cytokines
TNF alpha and IFN gamma (Figure 6D) with efficiency comparable
with unedited controls, demonstrating that the Pin-point platform is
a suitable system for engineering functional multi-gene edited
CAR-T cells.

Generation of allogeneic CAR-T cells by multi-gene editing and

simultaneous site-specific knockin of theCARwith the Pin-point

platform

In contrast to lentiviral delivery, targeted insertion of a CAR trans-
gene can result in a more homogeneous cell therapy with improved
functionality45 and reduced insertional oncogenesis risk. We there-
fore developed site-specific knockin using the Pin-point platform
cells that were electroporated with Pin-point (nCas9-UGI-UGI and rAPOBEC1-MCP)

TRAC, and PDCD1 genes (A) or a scrambled non-targeting sgRNA (B). Each dot

h replicate per condition. (C–H) Scatterplots of gene expression levels (log2 trans-

ary human T cells electroporated with Pin-point mRNAs and either a scramble non-

(F, G, and H) comparedwith control cells that received the pulse electroporation only

(D and G), and 7 (E and H) post electroporation and was used to identify upregulated

lute log2 fold change R1.5 in gene expression (represented as log2 transformed

ient, calculated for log-transformed values on all genes.



Figure 6. Generation of allogeneic CAR-T cells by multi-gene editing with the Pin-point platform and lentiviral delivery of the CAR

CAR-T cells were generated by lentivirus delivery of the CD19-CAR and subsequently edited by the Pin-point base editor. (A) Frequency of CD19-CAR-positive cells in the

transduced T cell population after delivery of Pin-point reagents and in unedited cells. Control cells are T cells that have been mock transduced. (B) Frequency of CD52,

TCRa/b, PD1, and B2M protein knockout following co-delivery of Pin-point mRNAs and four target sgRNAs, as analyzed by flow cytometry 7 days post electroporation in

CAR-T cells. (C) Raji cells killing measured by flow cytometry after co-culture with CAR-T cells unedited or multi-editedwith the Pin-point platform at 1:1 or 3:1 T cell:target cell

ratios. Control cells are T cells that have been mock transduced. (D) Levels of TNF alpha and INF gamma measured in the media of the co-culture at the 1:1 T cell:target cell

ratio. Data represented as mean (SEM), n = 2 independent biological T cell donors.
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by exploiting the aptamer-dependent recruitment of the deaminase,
to achieve simultaneous multiplex gene knockout and CD19-CAR
knockin in a single event (Figure 7A). The sgRNA-containing ap-
tamers recruit the entire Pin-point machinery to base editing target
sites (Figure 7A, left), while the use of two adjacent aptamer-less
sgRNAs enables the recruitment of two nCas9 molecules at the
knockin site independently of the deaminase module (Figure 7A,
right) allowing to direct discreet functions to specific loci.

Firstly, we verified that the deaminase expression did not affect the
efficiency of site-specific knockin of a GFP reporter or of CD19-
CAR at the TRAC locus by the nCas9 component of the Pin-point
base editing system (Figures S6A and S6B, respectively). We next
investigated whether inclusion of the adjacent aptamer-less sgRNAs
resulted in translocations when combined with the aptamer-encod-
ing base editing sgRNAs using Capture-seq. Primary human T cells
were electroporated with mRNAs encoding nCas9 and rAPOBEC1-
MCP, aptamer-encoding gRNAs directed to base edit B2M, CD52,
and PDCD1, and two aptamer-less gRNAs designed to target
nCas9 alone to exon 1 of the TRAC locus to enable homology-
directed repair (HDR)-driven integration of the CD19-CAR.
Whereas translocations at all four target loci were detectable at
similar levels in samples edited with SpCas9, they remained unde-
tectable in T cells edited with the Pin-point platform (Figure S6C;
Tables S9–S11).
Having confirmed the safety of combining aptamer-less and aptamer-
containing sgRNAs, we investigated the efficiency of simultaneous
site-specific knockin of CD19-CAR at the TRAC locus with multiplex
base editing of B2M, CD52, and PDCD1 using the Pin-point platform.
A CD19-CAR transgene lacking a promoter flanked by sequences ho-
mologous to the TRAC locus was delivered by AAV6 particles to
T cells electroporated with either SpCas9 or the Pin-point platform in
combination with the previously validated aptamer-containing and ap-
tamer-less sgRNA combination.We achieved high levels (60%–90%) of
protein depletion for both the base editing targets (B2M, CD52, and
PD1) and the integration target (TRAC) (Figure 7B). The level of site-
specific knockin, as evaluated by CD19-CAR expression from the
endogenous TRAC locus, and achieved using the simultaneous knockin
knockout application of the Pin-point platform, was comparable with
the results achieved with SpCas9 (�20%) (Figure 7C). Additionally,
there was no detectable AAV integration at the other sgRNA targeted
sites associated with multi-gene editing with SpCas946 (Figure S6D;
Tables S12 and S13).Moreover, CAR-T cells generated by simultaneous
knockin and knockout using the Pin-point platform were functional,
showing comparable ability to kill antigen-positive target cells in vitro
(Figure 7D) and produce the effector cytokines TNF alpha and IFN
gamma (Figure 7E) as SpCas9-engineered controls.

These data demonstrate that the Pin-point platform is a promising
technology for simultaneous multiplex gene editing and targeted
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Figure 7. Generation ofmultiplex edited CAR-T cells by simultaneousmultiplex base editing knockout and locus-specific knockin with the Pin-point system

(A) Schematic showing the recruitment of the entire Pin-point platform machinery by aptamer-containing gRNAs on the site where the desired outcome is base editing (left)

and of the nCas9 alone by aptamer-less gRNAs on the knockin site (right). CAR-T cells were generated by knockin of the CD19-CAR in the TRAC locus. Pin-point mRNAs

have been co-delivered with aptamer-containing sgRNAs directed to base edit B2M, CD52, and PDCD1 and 2 aptamer-less sgRNAs designed to target the exon1 of TRAC

locus. Cells electroporated with SpCas9 mRNA received optimal gRNAs to knock out B2M, CD52, and PDCD1 by indel formation and one of the two gRNA designed to

target the exon 1 of TRAC locus. Shortly after electroporation, cells were transduced with AAV6 carrying the CD19-CAR transgene flanked by the homology arms to the TRAC

locus. (B) Frequency of CD52, TCRa/b, PD1, and B2M protein knockout following co-delivery of Pin-point or SpCas9 reagents and transduction with the AAV6-CAR as

(legend continued on next page)
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gene insertion applications, while limiting the deleterious effects of
nuclease-dependent gene editing. Furthermore, the ability to effi-
ciently base edit multiple sites while allowing targeted integration
without the requirement of additional orthogonal targeting enzymes
in a single editing procedure is unique to the Pin-point platform and
has large potential in the development of complex, engineered cell
and gene therapy products.
DISCUSSION
We present the first proof of functionality of the Pin-point platform in
primary human T cells, demonstrating that the technology can be em-
ployed to simultaneously introduce base edits at multiple loci at high
efficiency in combination with site-specific transgene integration in a
single intervention. When applied to the generation of engineered
CAR-T cells using fully synthetic RNA components, the Pin-point plat-
form exhibits a favorable safety profile compared with DSB-dependent
CRISPR-Cas9 technology. Unbiased identification of candidate gRNA-
dependent Cas9 off-target editing sites35 revealed the Pin-point plat-
form to be highly specific with only 4 out of 456 analyzed sites showing
low level base editing. When editing 4 targets simultaneously with
SpCas9 we detected translocations at frequencies where 1 in every
17–25 cells of the final product would likely contain a translocation.
Translocations were undetectable with the Pin-point technology, as it
has been previously reported using other base editors.16,27,28 Multi-
gene editing with the Pin-point platform also improved proliferative
capacity of engineered T cells compared with SpCas9, presenting an
advantage for the manufacturing of both autologous and allogeneic
therapies, ultimately reducing costs and opening up the potential to
make them available at a lower price and broadening access.

While the generation of multiple gene knockouts in immune cells by
base editing has already been shown,16,19,27,28 more complex genetic
modifications, such as targeted transgene integration alongside base
editing knockout at other loci, have only been demonstrated by
combining two orthogonal Cas enzymes.28,30 The aptamer-depen-
dent design of the Pin-point platform overcomes this requirement
for the delivery of multiple large Cas enzymes by independently con-
trolling which active modules are recruited at each of multiple target
loci. Whereas aptamer-containing gRNAs recruit the complete base
editing machinery consisting of the nCas9 and the deaminase
modules to loci intended for gene knockout via base conversion, ap-
tamer-less gRNAs recruit only the nCas9 module to loci intended for
transgene insertion but avoid recruiting the deaminase function,
which could otherwise induce deamination at the integration site.

Although the aptamer-dependent design of the Pin-point base editing
system has the advantage of increased flexibility, the untethered
analyzed by flow cytometry 7 days post electroporation/transduction. (C) Frequency of

SpCas9 reagents and transduction with the AAV6-CAR compared with non-transduc

unedited or multi-edited with the Pin-point platform or with SpCas9 and transduced with

ratios. Control cells are non-transduced cells. (E) Levels of TNF alpha and INF gamm

represented as mean ± SD, n = 2 independent biological T cell donors.
deaminase could in principle increase the risk of spurious deamina-
tion. We addressed concerns about rAPOBEC1-mediated deamina-
tion22,44 and determined that delivery of the Pin-point base editing
machinery in the form of synthetic reagents into human primary
T cells resulted in transient deamination of a minor fraction of ex-
pressed mRNAs. Nonetheless, all off-target alterations to the tran-
scriptome rapidly dissipated and would therefore not affect the
phenotype of T cells at the point of infusion of the allogeneic product.
Taken together with the marked improvements in genome stability
and proliferative capacity of multi-gene edited T cell we propose
that the Pin-point platform represents a substantive advance in the
toolkit available for safely engineering complex adoptive cellular
therapies.

Due to its inherent flexibility, we anticipate that the Pin-point plat-
form could be configured to simultaneously perform a suite of inde-
pendent operations at multiple genomic loci by recruiting the desired
effector modules via distinct RNA aptamers. For example, by
combining deaminase and epigenetic modulation modules it should
be possible to rewire gene regulatory networks to confer novel
T cell responses to stimuli by simultaneously modifying the sequence
of cis-regulatory elements and the chromatin organization at specific
loci in combination with the site-specific incorporation of synthetic
signaling receptors. Similarly, it should be possible to rewire meta-
bolic networks to overcome challenges such as T cell exhaustion by
rationally engineering the activity of key enzymes in situ by base
editing while simultaneously inducing or reducing expression of addi-
tional endogenous metabolic enzymes using transcriptional activator
or repressor modules. Beyond its application in the creation of next-
generation adoptive T cell therapies, we anticipate the Pin-point plat-
form will offer similar opportunities for the engineering of a wide
range of allogeneic cell therapies with increasingly advanced safety
and functionality profiles.
MATERIALS AND METHODS
gRNA design

gRNAs for base editing have been designed by using an internal
design tool for PTCs generation or by manual design for the splice
site disruption. The internal tool searches for NGG PAM within
exons and 20 bp protospacer sequences that include a C in positions
2–18 that when converted to T introduce a STOP codon. For splice
site disruption, the approach was based on editing the conserved
SA (intron-AG|exon) or SD (exon|GT-intron) motif to disrupt the
functional transcript. This was done by finding an NGG PAM site
near the splice junction and 20 bp protospacer that included the SA
or donor site to edit. Guides that targeted more than a single location
within the genome were removed from consideration. gRNA
CD19-CAR-positive cells in the T cell population after delivery of either Pin-point or

ed cells. (D) Raji cell killing measured by calcein assay after co-culture with T cells

AAV6-CAR compared with non-transduced cells at 1:1, 3:1, or 5:1 T cell:target cell

a measured in the media of the co-culture at the 1:1 T cell:target cell ratio. Data
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information for base editing is reported in Table S1. Information
regarding gRNAs utilized with SpCas9 for optimal indels forma-
tion45,47,48 are reported in Table S14.

For the knockin strategy we designed two gRNAs (Table S15) with
PAM-out configuration to target opposite stands in the first exon of
the TRAC gene. Both, non-homologous end joining and integration
of the CAR by HDR at this locus has been proven to efficiently disrupt
the TCR complex.45
Editing reagents

Pin-point platform (nCas9-UGU-UGI and rAPOBEC1-MCP) and
SpCas9 mRNAs were produced commercially (Trilink Biotechnol-
ogies and Revvity). Sequences are available in the supplemental infor-
mation (Figures S7 and S8). gRNA reagents (crRNAs, tracrRNA, and
sgRNAs) were synthesized at Revvity or at Agilent Technologies
(Figures S9–S11).
Primary human T cell isolation and culture

Primary human T cells (CD3+) were either purchased (Hemacare, CA)
or isolated in-house from fresh whole peripheral blood (CPD blood
bags, Cambridge Bioscience, UK) from healthy donors in accordance
with Human Tissue Act (HTA) regulations under license number
12638. Peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation with Lymphoprep (STEMCELL Tech-
nologies, Germany) in SepMate-50 (STEMCELL Technologies) tubes.
T cells were subsequently isolated from the PBMC population by im-
munomagnetic negative selective with the EasySep Human T cell Isola-
tion kit (STEMCELL Technologies, Canada). Isolated T cells with
>95% viability and >95% purity were either cryopreserved or directly
cultured for subsequent experiments. T cells were cultured at �1–
2 � 106 mL in ImmunoCult-XF T cell expansion medium
(STEMCELL Technologies) supplemented with penicillin-strepto-
mycin (Gibco, NY) and IL-2 (100 IU/mL; Miltenyi Biotech). Cells
were activated with Dynabeads Human T-Activator CD3/CD28
(Gibco, Vilnius, Lithuania) at a 1:1 bead:cell ratio for 48 h before
electroporation.
T cell electroporation

After activation, Dynabeads were magnetically removed and the cells
were washed with Dulbecco’s PBS (Gibco, Paisley, UK) prior to resus-
pension in the electroporation Buffer R. Activated T cells (2.5 � 105

per reaction) were electroporated with sgRNAs at 2 mM or with
tracrRNA/crRNA at 6 mM and either 1 mg of SpCas9 mRNA or
1.6 mg of Pin-point nCas9-UGI-UGI and 0.22 mg of Pin-point rApo-
bec1 using the Neon Transfection System (Invitrogen, South Korea)
with 10 mL tips and under the following conditions: 1,600 V, pulse
width of 10 ms, 3 pulses. After electroporation, T cells were trans-
ferred directly to prewarmed antibiotic-free ImmunoCult-XV T cell
expansion medium supplemented with IL-2 (100 IU/mL), IL-7 (100
IU/mL; Peprotech, NJ), and IL-15 (100 IU/mL; Peprotech) and incu-
bated at 37�C, 5%CO2 for 3–7 days. Electroporations were performed
in duplicate or triplicate for each condition.
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Lentiviral transduction

Lentivirus was generated in HEK293T cells using Lipofectamine
3000 Transfection Reagent (Invitrogen), the ViraSafe Lentiviral
Packaging System (Cell Biolabs) and an expression plasmid to deliver
the 1928z CAR used in clinical trials (CD19-CAR)49 under the con-
trol of EF1a promoter. Viral particles were harvested from the cul-
ture, concentrated using 100 kDa Amicon Ultra-15 Centrifugal Filter
Units (Merck) and cryopreserved at �80�C. Functional viral titer
was estimated by titrating the viral particles on Jurkat cells. Prior
to lentiviral transduction, T cells were cultured in ImmunoCult-
XV T cell expansion medium supplemented with human serum
(10%; Sigma), penicillin-streptomycin, and IL-2 (100 IU/mL) and
activated for 24 h in the presence of plate-bound anti-CD3 antibody
(2.5 mg/mL; BioLegend) and soluble anti-CD28 antibody (2.5 mg/mL;
BioLegend). Cells were transduced on RetroNectin (100 mg/mL; Ta-
kara)-coated plates at an MOI of 5 and the transduced population
was enriched by puromycin (3 mg/mL; Gibco, China) selection for
5 days. Cells were then reactivated using Dynabeads Human
T-Activator CD3/CD28 before electroporation with editing reagents
as reported above.

AAV transduction

The HDR donor sequence is similar to that described by Eyquem
et al.45 In more detail, it consists of 1.8 kb of genomic TRAC flanking
the left and the right gRNA targeting sequences, a self-cleaving P2A
peptide in frame with the first exon of TRAC, and by the 1928z
CAR used in clinical trials.49 The left and right homology arms,
each of 900 nucleotides, start near the position of the nick from the
50 sgRNA (the left homology arm 3 nucleotides upstream and the
right homology arm 9 nucleotides downstream). A silent point muta-
tion has been introduced in the right homology arm to destroy the
PAM site for the 30 gRNA. The HDR sequence was cloned by
GenScript in a pAAV background, and the resulting plasmid utilized
to generate recombinant AAV6 donor vector by Vigene Bio. Sequence
of the CAR constructs with homology arms is reported in supple-
mental information (Figure S12).

For the locus-specific knockin experiment, activated T cells were elec-
troporated with the gRNAs and Pin-point or SpCas9 mRNAs and
immediately after electroporation transduced with the recombinant
AAV6 donor vector at multiplicity of infection of 5 � 105. Subse-
quently, T cells were cultured in antibiotic-free ImmunoCult-XV
T cell expansion medium supplemented with IL-2 (100 IU/mL),
IL-7 (100 IU/mL; Peprotech), and IL-15 (100 IU/mL; Peprotech) at
37�C, 5% CO2, and culture medium was completely replaced after
24 h.

Flow cytometry

Prior to flow cytometry, T cells edited only at the PDCD1 locus were
re-stimulated using Dynabeads Human T-Activator CD3/CD28 for
48 h as described above to induce the expression of PD1. In experi-
ments where the 4 targets were knocked out, cells were activated
with PMA (50 ng/mL; Sigma-Aldrich) and ionomycin (250 ng/mL;
Millipore) for 48 h prior to flow cytometry analysis to induce the
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expression of PD1. For flow cytometry, cells were stained with fluoro-
phore-conjugated antibodies against human B2M (BioLegend, no.
316304), CD52 (BD BioSciences, no. 562945), TCR a/b (BioLegend,
no. 306742), PD1 (BioLegend, no. 329908), and CD19-CAR
(AcroBiosystems, anti-FMC63 scFv). Cell viability was assessed using
DAPI (80 ng/mL). Cells were acquired on an IntelliCyte IQue PLUS
or Sartorius iQue3 flow cytometer using iQue ForeCyt Enterprise
Client Edition 9.0 (R3) software for both acquisition and data anal-
ysis. The gating strategy for simultaneous quantification of viability,
B2M, CD52, TCR a/b, and PD1 expression was as follows (Figure S2).
Within the live population, B2M expression versus CD52 expression
was assessed using quadrant gating, then within each of the 4 subpop-
ulations TCR a/b and PD1 expression was assessed using quadrant
gating. Each of these 16 populations represents a different expression
profile of the 4 targets, and cell counts within each population were
used to calculate the frequency of cells which had lost each target
or combination of targets. To correct for the proportion of cells in
non-edited samples that resulted negative to the marker, level of pro-
tein knockout in edited samples was normalized on expression in
non-edited samples by applying the following: frequency of negative
cells in test sample = 1 � (frequency of positive cells in test sample/
frequency of negative cells in control sample).

For fold expansion calculation, CountBright Absolute Counting
Beads (Invitrogen) were added to flow cytometry samples to allow
counting of the absolute number of live (DAPI negative). A flow cy-
tometry count was performed 2 h after editing (baseline), and a sec-
ond one 3 days after editing. Fold expansion was calculated by
dividing the live cell count for each sample by its own baseline count.

Amplicon sequencing of genomic DNA samples

Locus-specific primers with Illumina universal adapter were designed
to amplify a 250–350 bp site surrounding the genomic region of inter-
est (Table S16). For gDNA preparation, T cells were lysed using
DirectPCR (cell) (Viagen Biotech, LA) lysis buffer supplemented
with proteinase K (10 mg/mL; Sigma-Aldrich) and heated at 55�C
for 30 min, then 95�C for 30 min. The crude lysate was then used
for the first PCR with locus-specific primers containing Illumina
adapters. Products from the first PCR were then amplified using Illu-
mina barcoding primers. Following barcoding, PCR samples were
pooled and purified using AMPure XP beads (Beckman Coulter).
DNA was sequenced by SourceBioScience on Illumina MiSeq
2 � 300 bp runs (Illumina, San Diego, CA). Raw FASTQ files were
analyzed against a reference sequence and sgRNA protospacer
sequence using a custom pipeline that was used to count nucleotide
substitutions in the base editor window (both expected C:G to T:A
conversions and other substitutions) and indels overlapping the
spacer sequence as described previously.31

CHANGE-seq off-target discovery

CHANGE-seq was performed as previously described by Lazzarotto
et al.35 with minimal modifications on gDNA extracted using the
Gentra Puregene Cell Kit (QIAGEN) from two independent human
T cell (CD3+) donors, following the manufacturer’s instructions.
Size analysis of resultant high-molecular-weight gDNA was assessed
in the Fragment Analyzer (Agilent), and subjected to tagmentation
with a customized transposome composed of oCRL225/oCRL226
adaptors and the Hyperactive Tn5 transposase (Diagenode). DNA
tagmentation was performed in batches of 4 mg, utilizing 17.5 mL of
the assembled transposome in a final volume of 200 mL, and incu-
bated for 6 min at 55�C. Reaction was quenched by the addition of
200 mL of SDS 0.4%, and resultant fragments were assessed on the
Fragment analyzer and quantified using the Qubit dsDNA BR Assay
kit (Thermo Fisher Scientific). After gap repair with KAPA Hi-Fi
HotStart Uracil+ DNA Polymerase (KAPA Biosystems) and Taq
DNA Ligase (NEB) and treatment with USER enzyme (NEB) and
T4 polynucleotide kinase (NEB), the tagmented DNA was circular-
ized with T4 DNA Ligase (NEB) and treated with a cocktail of exonu-
cleases containing Plasmid-Safe ATP-dependent DNase (Lucigen),
Lambda exonuclease (NEB), and Exonuclease I (NEB) to degrade re-
sidual linear DNA carryover. Circularized material was then in vitro
cleaved by SpCas9 RNP in combination with the tested sgRNAs. A
validated sgRNA against VEGFA with known off-target profile
(GACCCCCTCCACCCCGCCTC) was used to control the method
and data are reported in Table S2.36,37 Illumina Universal Adaptor
(NEB) was ligated to the blunted end after adenylation, enzymatically
treated with USER enzyme (NEB), and amplified with NEBNext
Multiplex Oligos for Illumina for 20 amplification cycles. The quality
of the amplified and bead-cleaned-up libraries was determined using
a 5,300 fragment analyzer with the standard sensitivity NGS kit (Agi-
lent). Libraries were then pooled, diluted, and denatured according to
Illumina’s recommendations and sequenced on a NextSeq550 300 cy-
cles kit with a paired-end 2 � 150 configuration (Illumina). Bio-
informatic analysis was performed as described by Tsai et al.36 with
a minor modification: reads with mapping quality equal to zero
were included in the analysis, alongside those passing the MAPQ
threshold defined in the pipeline parameters, to nominate putative
off-targets located in non-uniquely mappable regions. The pipeline
was run with the following parameters: read_threshold: 4, window_
size: 3, mapq_threshold: 50, start_threshold: 1, gap_threshold: 3, mis-
match_threshold: 6, search_radius: 30.

rhAmpSeq off-target validation

rhAmpSeq panel design

rhAmpSeq panels were designed for each gene target composing 100
sites with a high degree of overlap between technical and biological
replicates from CHANGE-seq results. Hierarchical site selection
strategy was employed to pick the most likely off-target sites: (1) sites
present in both donors and all replicates; (2) sites present in all rep-
licates of one donor; (3) sites present in at least two replicates of either
donor; and (4) sites present in at least one replicate from one donor.
In cases where we had more than 100 sites we prioritized based on the
nuclease-read count (Figure S3A). All the candidate off-target sites
having up to four mismatches to the target sites were included in
the rhAmpSeq analysis irrespective of their position based on the
above selection criteria. The genomic coordinates for on- and off-tar-
gets were then entered into IDT’s rhAmpSeq CRISPR analysis portal
for assay design and ordering.
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rhAmpSeq library preparation

gDNA from non-edited T cells (CD3+) and T cells (CD3+) treated
with either the Pin-point platform or SpCas9 was extracted 5 days
post electroporation using the Gentra Puregene Cell Kit (QIAGEN)
following the manufacturer’s instructions. rhAmpSeq NGS libraries
were then generated as per IDT’s rhAmpSeq library preparation pro-
tocol. Primary pools, secondary pools and single amplicon rhAmpSeq
reactions were then applied on the extracted gDNA. In target rhAmp
PCR 1, the 4� rhAmpSeq library mix was mixed with �50–80 ng of
gDNA (equivalent to �15,000–25,000 haploid genomes) and ampli-
fied using the following thermocycling conditions: 95�C for 10 min;
[95�C for 15 s; 61�C for 8 min] � 14 cycles; 99.5�C for 15 min;
4�C hold. The PCR 1 product was purified using Agencourt AMPure
XP beads (Beckman Coulter) and immediately proceeded to the
rhAmp PCR 2. In PCR 2, dually indexed Illumina sequencing libraries
were generated using PCR 1 product, mixed with 4� rhAmpSeq li-
brary mix 2 and unique i5 and i7 primers (IDT), and amplified using
the following thermocycling conditions: 95�C for 3 min; [95�C for 15
s; 60�C for 30 s; 72�C for 30 s]� 24 cycles; 72�C for 1 min; 4�C hold.
The final libraries were purified using Agencourt AMPure XP (Beck-
man Coulter), quantified using Qubit 1� dsDNA HS Assay Kit
(Thermo Fisher Scientific) and quality was checked by qPCR and
on a Tapestation 4200 (Agilent). Paired-end, 151-bp reads were
sequenced using the mid-output 300 cycles kit on the Illumina’s
NextSeq 550 platform (Illumina). Libraries from the candidate sites
having up to four mismatches to the target sites were generated and
sequenced in a second round.

Bioinformatic processing of rhAmpSeq data

To deal with non-specific PCR products, we first aligned merged reads
(usingfast lLength adjustment of short reads50) to the intended refer-
ence sequences for each target (using bwa mem) and used the align-
ments produced to identify the variants occurring in each reference
(minimum 10 reads and allele frequency 0.01%). From these variants
an extended set of reference sequences was constructed comprising
the original reference plus putative variant sequences containing the
different combinations of variants. From this extended set of sequences
the ones that differed from the reference in global pairwise alignment
by over 20 (Python Bio.pairwise2.align.globalms with scoring 1 for a
match,�1 for a mismatch, 1 gap open,�0.5 gap extend) were consid-
ered sufficiently different from constitute non-specific PCR products.
This set was clustered based on pairwise alignment scores within 20,
and one representative from each cluster formed a “decoy” sequence
to add to the targets passed to CRISPResso2 (v.2.1.1) in pooled mode
with base editing parameters (-w 20 -wc 1 -be). Following alignment,
CRISPResso2 outputs were processed to identify the base position
with the highest Insertion, Deletion, or Base Editing event within the
windows of gRNA target site +/� 10 bp per sample per amplicon.
Off-targets were reported based on the following criteria as previously
defined51: (1) off-target editing detected in greater than 0.5% of edited
samples and less than 0.5% of mock control samples; (2) off-targets
were detected in both human donor replicates; and (3) a minimum
of 5,000 reads, with an average coverage per off-target pool of
>35,000 reads. Scripts are available on request.
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To apply a statistical analysis to the data, a beta regression was fitted
using the brms package in R.52–54 The model was fitted using a weak
informative prior (normal[0,1]) (https://github.com/stan-dev/stan/
wiki/Prior-Choice-Recommendations). We compared the editing
percentage in the edited cells with the editing in the control cells
and tested the hypothesis of whether the editing in edited cells was
higher than in the control cells. We removed sites where the editing
in the control cells was higher than in edited cells, and sites that
were only present in one donor or where the background corrected
editing was not higher than 0 in both donors. Based on the ground
truth of known on-target sites we set the posterior probability at
>0.8 to classify sites that had been edited. We also considered the ev-
idence ratio when assessing these sites. The evidence ratio can be in-
terpreted like this: 1–3, anecdotal evidence; 3–10, substantial evi-
dence; 10–20, strong evidence; 20–100, very strong evidence, and
>100 decisive evidence. We used Bayesian statistics instead of fre-
quentist statistics as sample sizes were small and not suitable to test
the assumptions of frequentist analyses.

To further confirm true off-targets we have manually assessed the
CRISPResso allele plots for all sites with posterior probability >0.8,
or with above 0.1% background corrected editing or where high back-
ground (>0.5%) was observed and annotated the results in the
Tables S3 and S4.

Capture-seq

Library preparation

gDNA samples were prepared from T cells (CD3+) (Hemacare) using
DNeasy Blood and Tissue Kit (QIAGEN). gDNA (500–750 ng) were
used to prepare sequencing libraries using KAPA HyperPlus kit
(Roche). In brief, gDNAwas purified using HyperPure beads (Roche),
fragmented for 20 min at 37�C, and analyzed using Tapestation to
confirm consistent fragmentation. Following end repair and
A-tailing, KAPA universal stubby adapters were ligated to gDNA
fragments, products were cleaned and size selected using 0.8�
HyperPure beads. KAPA Unique Dual Indexed primers were incor-
porated by PCR (4–6 cycles) using KAPA HiFi Hotstart ReadyMix.
Following clean-up with HyperPure beads, libraries were quantified
by Qubit and analyzed on a Tapestation 4200 (Agilent).

Hybridization capture probe design

DNA capture probes (120 bp long) complementary to sequences
within 200 bp 50 and 30 of the PAM sites of gene editing targets
were designed using “Oligo” tool (https://github.com/jbkerry/oligo)
in OffTarget configuration. Oligo outputs were manually curated to
remove probes with stretches of homology >30 bp and 4 probes per
target were chosen (Table S17). 50-Biotinylated DNA probes were
synthesized by IDT as xGen Custom Hybridization Capture Panels.
For the experiment assessing chromosomal translocations generated
by four target multi-gene editing, probes were designed to capture the
on-target sites of the four sgRNAs used. For the experiments assessing
chromosomal translocations generated by three target base editing
with simultaneous dual nicking, or untargeted integration of the
AAV HDR vector into Cas9-induced DSBs, probes were designed
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to capture the off-target sites identified during the course of the study
in addition to on-target sites of the five sgRNAs used.

Hybridization capture and sequencing

Libraries were enriched for genomic regions flanking gene editing tar-
gets using xGen Hybridization Capture (IDT) workflow. In brief, 1 mg
of each indexed library were pooled and ethanol precipitated with
COT DNA, resuspended in xGen Hybridisation Buffer containing
xGen Universal Blockers TS Mix and 50-biotinylated custom DNA
probes (IDT), heated to 95�C (1 min), and hybridized overnight at
65�C. Streptavidin-conjugated magnetic beads (IDT) were incubated
for 45 min at 65�C with the hybridized libraries, immobilized on a
magnetic stand, and stringently washed at 65�C. Following washing,
beads were immobilized and captured library fragments were eluted
in H2O. Post-capture PCR (12 cycles) was performed using KAPA
HiFi Hotstart ReadyMix (Roche) and xGen Library Amplification
Primer Mix (IDT). Following clean-up with HyperPure beads, en-
riched libraries were quantified by Qubit, analyzed by Bioanalyser
to determine fragment size distribution, and sequenced using
2� 300 bp paired-end reads on IlluminaMiSeq by Source Bioscience.

Read alignment and structural variant identification

Sequencing reads were trimmed to the first 75 bp using a custom Py-
thon script to enable unique mapping of each paired read and then
processed through the Illumina DRAGEN Structural Variant (SV)
Caller55 (v.3.8.4) to identify structural variants, which extends the
MANTA56 structural variation pipeline. Each sample was run
through the pipeline as an unpaired tumor sample. An example com-
mand is as follows:

/opt/edico/bin/dragen -f –ref-dir/ephemeral/ucsc.hg38.3.8.4/–tumor-
fastq1 s3://aws_bucket/Sample1_R1_001.paired.75bp.fastq.gz –tumor-
fastq2 s3://aws_bucket/Sample1_R2_001.paired.75bp.fastq.gz –output-
directory/ephemeral/DRAGEN_Sample1/–output-file-prefix Sample1
–enable-duplicate-marking true –enable-map-align true –enable-map-
align-output true –enable-sv true –RGID-tumor Sample1 –RGSM-tu-
mor Sample1 –sv-exome true –remove-duplicates true.

Quantification of translocations

As only translocations with at least one break end mapping to a
captured target can be analyzed by Capture-seq we removed read
pairs derived from library fragments captured non-specifically during
hybridization by filtering the “*.candidateSV.vcf” output from
MANTA to include only clusters with break ends within sequences
mapping to genomic regions +/� 1,000 bp either side of gRNA targets
with supporting read evidence in the .bam file. Similar translocations
with breakpoints within +/� 1,000 bp of the same gRNA target were
grouped and quantified by normalizing the sum of all reads support-
ing a given group of variants (BND_PAIR_COUNT) by the total
number of reads mapping to +/� 1,000 bp genomic regions centered
on the gRNA target on the captured chromosome. Where both
genomic regions involved in a translocation contained sequences
targeted by capture probes the average number of reads across these
regions was used for normalization. To quantify translocation fre-
quencies at each gRNA target site the total count of all variants
with breakpoints mapping within +/� 1,000 bp were normalized to
the total number of reads mapping to the same interval.

Estimating the probability of translocations in individual cells

Based on the assumption that translocations occur independently in
individual cells, the relative frequencies per haploid genome of all de-
tected translocations within the population were aggregated and
adjusted for two genome copies per nucleus to estimate the probabil-
ity of at least one event occurring per cell.

Quantification of AAV ITR integration

To quantify untargeted AAV integration at edited genomic loci, a
modified version of the Capture-seq workflow for assessment of chro-
mosomal translocations generated by three target base editing with
simultaneous dual nicking was followed. Reads were mapped against
a custom human genome build composed of the hg38.3.8.4 reference
genome with an additional patch including the sequence of the AAV
ITR. To remove reads derived from TRAC sequences located on un-
integrated AAV genomes the “*.candidateSV.vcf” output from
MANTA was filtered to remove clusters with break ends mapping
to the TRAC locus. AAV integration frequency was calculated by
normalizing the number of reads assigned to clusters supporting
translocations between breakpoints within +/� 1,000 bp of the
captured gRNA target sequences and the AAV ITR patch by the total
number of reads mapping to +/� 1,000 bp of the captured gRNA
targets.

Translocation quantification by ddPCR

gDNA samples were prepared from T cells (CD3+) (Hemacare) using
DNeasy Blood and Tissue Kit (QIAGEN). qPCR assays were designed
to amplify predicted translocation products composed of sequences
flanking each gRNA target site using the Integrated DNA Technolo-
gies (IDT) PrimeTime qPCR probe design tool. Primers and probe in-
formation for ddPCR analysis are reported in Table S18. ddPCR
Supermix for Probes (no dUTP) (Bio-Rad) was used for PCR reac-
tions, each containing 40–100 ng EcoR1-digested gDNA, an internal
reference primer pair targeting the PPIA gene + HEX labeled probe
(IDT), and a translocation targeting primer pair + FAM labeled probe
(IDT). Droplets were generated and analyzed using the QX200
Droplet-digital PCR system (Bio-Rad) according to manufacturer’s
instructions. Translocation frequency per haploid genome was calcu-
lated from two technical replicates per sample as the fraction of trans-
location events detected relative to the reference sequence using
QuantaSoft software (version 1.7.4) (Bio-Rad).

RNA purification and sequencing

Total RNA was isolated from unedited and edited T cells using the
RNeasy Mini Kit (QIAGEN) and quality was determined using a
BioAnalyser (Agilent) and a NanoDrop Spectrophotometer. Samples
were quantified using the RNA assays on the Qubit Fluorometer. To-
tal RNA was subjected to mRNA isolation and strand-specific RNA
sequencing library preparation with the Illumina Stranded mRNA
Prep Ligation kit according to manufacturer’s instructions. The
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libraries were validated on the Agilent BioAnalyzer 2100 to check the
size distribution of the libraries and on the Qubit to check the concen-
tration. The RNA-seq libraries were sequenced on an Illumina HiSeq
X instrument, for an average of minimum 30M 150 bp paired end
reads per sample (Source Bioscience).

RNA deamination analysis

RNA-seq variant calling and quality control was performed as
described by Grünewald et al.42 In short, Illumina paired-end
FASTQ sequences were processed through the GATK best practices
for RNA-seq variant calling,57 which produced analysis-ready BAM
files aligned against human hg38 reference genome. RNA variants
were called using GATK HaplotypeCaller58 targeting single-nucleo-
tide variants (SNVs) across chromosomes 1–22, X and Y. Bam-read-
count (https://github.com/genome/bam-readcount) was used to
quantify per-base nucleotide abundances per variant.

Variant loci in the experimental samples (nCas9-UGI-UGI alone or
Pin-point base editor electroporated cells) were filtered to exclude
sites without high confidence reference genotype calls in the control
samples. For a given SNV the read coverage in the control samples
(electroporation control) was set to be above the 90th percentile of
the read coverage across all SNVs in the corresponding experimental
samples. Only loci having at least 99% of reads containing the refer-
ence allele in the control samples were kept. RNA edits in the exper-
imental samples were filtered to include only loci with 10 or more
reads and with greater than 0% reads containing alternate allele.
Base edits labeled as C-to-U comprise C-to-U edits called on the pos-
itive strand as well as G-to-A edits sourced from the negative strand.

Differential gene expression analysis

Sequences were processed through the Illumina DRAGEN RNA
Pipeline v.3.7.5 to quantify transcripts per million and read counts.
Differential expression analysis was then performed using DESeq2
v.1.26.0.59

Cytotoxicity assay

CD19-expressing Raji cells (InvivoGen #raji-null) were used as target
cells in the cytotoxicity assay. Killing of the target cells was measured
by flow cytometry assay or by calcein assay. For the flow cytometry
assay, Raji cells were seeded in 96-well plate (5 � 104/well) and co-
cultured with T cells stained with CellTrace Violet (Invitrogen) at
the indicated E:T ratios. After 3 days of co-culture, cells were stained
with LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen)
and acquired by flow cytometry. With T cells positive for the
CellTrace Violet, the Raji cells and T cells were gated into distinct
populations prior to live-dead analysis. The percent of viable Raji cells
(Rlive) was used to calculate the percent of T cell-mediated (TCM)
killing as follows: TCM killing = 100 – Rlive.

For the calcein assay, Raji cells were loaded with Calcein AM Dye (In-
vitrogen) following the manufacturer’s instructions and co-cultured in
a 384-well plate (1 � 104/well) with T cells at the indicated E:T ratios.
Target cells without effectors served as a negative control and target
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cells incubated with 2%Triton X-100 (Merck-Sigma) served as positive
control (maximum killing). After 6 h of co-culture, culture supernatant
was analyzed at the Envision plate reader (Revvity) with excitation
494 nm and emission 517 nm settings. TCM killing is calculated as
follow: TCM killing = (test condition � negative control condition)/
(positive control condition � negative control condition) � 100.

Cytokine profiling

The MultiCyt QBeads PlexScreen Secreted Protein Assay Kit
(Sartorius) was used to quantify the level of tumor necrosis factor
alpha (TNF-a) and interferon gamma (INF-g) secretion during the
T cell cytotoxicity assays. Protocol D (reduced background, with stan-
dard curve) in the manufacturer’s handbook was followed. The
IntelliCyte IQue PLUS or Sartorius iQue3 flow cytometer using
iQue ForeCyt Enterprise Client Edition 9.0 (R3) Software was used
for both acquisition and data analysis, including plotting the standard
curves and calculating the absolute value of each sample. For samples
that were diluted before analysis, analyte concentration was multi-
plied by the dilution factor. Background analyte concentration (Raji
alone) was subtracted from all values and the data plotted using
Graph Prism v.9.4.1 Software.
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Figure S1. Optimisation and validation of Pin-point platform guide RNAs. Related to Figure 

1.  A) Activity of tracrRNAs incorporating one copy of the MS2 aptamer at either the 3’ terminus 

or at different stem-loop positions within the gRNA scaffold. HEK293 cells were electroporated 

with mRNAs expressing the nCas9-UGI-UGI and rAPOBEC1-MCP components, and 

crRNA:tracrRNA complexes targeting site 2. Data is reported as mean (SEM) from one 
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individual experiment with three replicates.  B) Activity of tracrRNAs incorporating one or two 

copies of the MS2 aptamer at the 3’ terminus of the gRNA scaffold. HEK293T cells stably 

expressing the nCas9-UGI-UGI component were transfected with rAPOBEC1-MCP mRNA and 

crRNA:tracrRNA complexes targeting site 2 or site 3. Data are reported as mean (SEM) from one 

individual experiment with two replicates. In A) and B) editing was analyzed by Sanger 

sequencing three days post-electroporation. Activity for all the Cs in the editing windows is 

reported.  C) C to T conversion of the target C for each of the gRNAs tested at B2M, CD52, 

TRAC and PDCD1 gene targets. Individual crRNAs were delivered in combination with the 

tracrRNA containing one copy of the MS2 aptamer at the 3’ end, nCas9-UGI-UGI mRNA, and 

rAPOBEC1-MCP mRNA to T cells by electroporation. Editing was analyzed by amplicon 

sequencing three days post electroporation. Data represented as mean (SEM), n = 3 independent T 

cell donors. D) Frequency of B2M, CD52, TCRa/b, and PD1 protein knock-out measured by flow 

cytometry three days after delivery of Pin-point mRNAs and crRNA/tracrRNA complexes 

targeting individual genes. Data represented as mean (SEM), n = 3 independent T cell donors. E) 

Comparison of C to T conversion of the target C following individual or combined delivery of 

optimal sgRNAs targeting B2M, CD52, TRAC and PDCD1 loci by Sanger sequencing seven days 

post electroporation. Data represented as mean (SEM), n = 2 independent T cell donors. F) Levels 

of insertions and deletions at B2M, CD52, TRAC and PDCD1 loci following co-delivery of Pin-

point mRNAs and four target sgRNAs analyzed by NGS seven days post electroporation. Data 

represented as mean (SD), n = 3 independent T cell donors. 
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Figure S2 Representative flow cytometry gating strategy for quadruple edited T cells. 

Related to Figure 2. A-E and K-O) Quadruple knockout edited cells. F-J and P to T) Unedited 

cells. A-J) Non-activated T cells. K-T) PMA/ionomycin stimulated cells. A, F, K and P) B2M and 

CD52 expression within the live population. B, G, L and Q) TCRa/b and PD1 expression within 

the B2M+ CD52- population. C, H, M and R) TCRa/b and PD1 expression within the B2M+ 
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CD52+ population. D, I, N and S) TCRa/b and PD1 expression within the B2M- CD52+ 

population. E, J, O and T) TCRa/b and PD1 expression within the B2M- CD52- population. 
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Figure S3 Nomination of CHANGE-seq predicted off-target sites for rhAmpSeq validation. 

Related to Figure 3. A) ~100 predicted off-target sites per target gene (B2M, CD52, PDCD1 and 

TRAC) were selected for rhAmpSeq validation based on the following hierarchal site selection 

criteria:  i) sites present in both donors and all replicates, ii) sites in all replicates of one donor, iii) 

sites in at least two replicates of either donor, and iv) sites in at least one replicate from one 

donor. In cases where we had more than 100 predicted sites we prioritized based on the nuclease-

read counts reported in y-axis for donor 1 and in x-axis for donor 2. Additionally, any predicted 
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site with up to 4 miss-matches discovered by CHANGE-seq was also taken forward for off-target 

validation by rhAMPSeq. See Table S2 for CHANGE-Seq data summary. B) Summary of 

rhAMPSeq confirmed off-target sites in primary human T cells. Mismatches to the on-target site 

are highlighted.  
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Figure S4 ddPCR validation of translocations identified by Capture-seq. Related to Figure 4. 

A) Correlation of translocation frequencies between sgRNA target sites calculated from Capture-

seq and ddPCR analysis of a single SpCas9 edited sample three days post electroporation. The 

ddPCR data points are quantifications of the two outcomes of a reciprocal translocation between 

two sgRNA targets.  B) Individual frequencies of the two outcomes of each predicted reciprocal 

translocation quantified by ddPCR. Control is mock electroporated T cells without RNA. Samples 

were analyzed at three days post electroporation. Data are reported as mean (SEM), n=2 

independent T-cell donors. 
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Figure S5 Gene expression analysis. Related to Figure 5. A) Reads aligned to the Pin-point 

mRNA sequences (nCas9-UGI-UGI and rAPOBEC-MCP) in RNA samples from T cells 

electroporated with Pin-point mRNAs and the four targeting sgRNAs (TRAC, B2M, CD52, 

PDCD1) at different time points post electroporation. Individual samples were run through the 

GATK Best Practice for RNA-Seq Pipeline, where instead of aligning against the transcriptome, 

reads are aligned against the reference sequences (i.e. rAPOBEC1-MCP or nCas9-UGI-UGI) 

corresponding to that sample. As a result, a filtered alignment file (in BAM-format) and Variant 

Call Format (VCF) file was generated for each sample. Using the BAM files, read counts were 
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determined for each component aligned against. B) UpSet plot of the differentially expressed 

genes (DEGs) of RNA-Seq. This panel summarizes the deregulated genes (p < 0.05 and log2 FC 

≥ 1.5) overlap between human T cells electroporated with Pin-point mRNAs and either a non-

targeting (NT) sgRNA or the four targeting sgRNAs and analyzed at day 1, 3 and 7 post 

electroporation. 
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Figure S6 Efficacy and safety of aptamer-less sgRNAs for locus specific knock-in. Related to 

Figure 7. Pin-point mRNAs (nCas9-UGI-UGI and rAPOBEC1-MCP) or nCas9-UGI-UGI alone 

have been co-delivered with 2 aptamer-less gRNAs designed to target the exon 1 of TRAC locus. 

Shortly after electroporation, cells have been transduced with AAV6 carrying the GFP or CD19-

CAR transgene flanked by the homology arms to the TRAC locus. A) Frequency of GFP positive 

cells in the T cell population after delivery of either Pin-point or nCas9-UGI-UGI mRNA and 

transduction with the AAV6-GFP in two donors. B)  Frequency of CD19-CAR positive cells in 

the T cell population after delivery of either Pin-point or nCas9-UGI-UGI mRNA and 

transduction with the AAV6-CAR in two donors. C) Quantification of translocations due to dual 

nicking using Capture-seq. Pin-point mRNAs (nCas9-UGI-UGI and rAPOBEC1-MCP) were 

delivered with three aptamer-containing sgRNAs targeting B2M, CD52 and PDCD1 loci for base-

editing in combination with two paired aptamer-less gRNAs targeting the TRAC locus. SpCas9 
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mRNA was delivered with three sgRNAs targeting B2M, CD52 and PDCD1 loci in combination 

with one of the two paired gRNAs targeting the TRAC locus. Control is mock electroporated T 

cells without RNA. Samples were analysed three days post electroporation. n=2 independent T 

cell donors. D) Quantification of homology-independent integration of AAV donor ITR sequence 

at sgRNA target loci. Pin-point mRNAs (nCas9-UGI-UGI and rAPOBEC1-MCP) were delivered 

with three aptamer-containing sgRNAs targeting B2M, CD52 and PDCD1 loci for base-editing in 

combination with two paired aptamer-less gRNAs targeting the TRAC locus. SpCas9 mRNA was 

delivered with three sgRNAs targeting B2M, CD52 and PDCD1 loci in combination with either 

one of the two paired gRNAs targeting the TRAC locus. Control is mock electroporated T cells 

without RNA. Shortly after electroporation, cells were transduced with AAV6 carrying the CD19-

CAR transgene flanked by sequence homologous to the TRAC locus. Samples were analysed 

fourteen days post electroporation. n=2 independent T cell donors. Results for the two spCas9 

gRNAs targeting TRAC are pooled. For C and D translocation frequency is represented by the 

percentage of Capture-seq sequencing reads marked as translocations by the DRAGEN Structural 

Variant (SV) Caller mapping to each sgRNA target site.   
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PKKKRKVDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGET

AEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIV

DEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQ

LVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNF

KSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAP

LSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILE

KMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTF

RIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPK

HSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIE

CFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY

AHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSL

TFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARE

NQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELD

INRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLI

TQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVI

TLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDV

RKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATV

RKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRK

RMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISE

FSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTK

EVLDATLIHQSITGLYETRIDLSQLGGDSGGSGGSGGSTNLSDIIEKETGKQLVIQESILMLPEEVE

EVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSGGSGGS

TNLSDIIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKP

WALVIQDSNGENKIKMLSGGSKRTADGSEFEPKKKRKV 

Figure S7 Protein sequence of Cas9D10A. Color key: Nuclear Localization Signal (NLS), CAS9D10A, 

UGI. 

 

PKKKRKVSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNTN

KHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIARLYHHADP

RNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLWVRLYVLELYCIILGL

PPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLKELKTPLGDTTHTSPPCPAPELLGGPM

ASNFTQFVLVDNGGTGDVTVAPSNFANGIAEWISSNSRSQAYKVTCSVRQSSAQNRKYTIKVE

VPKGAWRSYLNMELTIPIFATNSDCELIVKAMQGLLKDGNPIPSAIAANSGIY 

Figure S8 Protein sequence of rAPOBEC1-MCP. Color key: NLS, rApobec1, MCP 

 

AACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCG

AGUCGGUGCGCGCACAUGAGGAUCACCCAUGUGCUUUUmU*mU*U 

Figure S9 Sequence of aptamer containing tracrRNA. Color key: gRNA scaffold, MS2 aptamer, 

mN* nucleotides containing 2′-O-methyl 3′phosphorothioate modifications. 
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mN*mN*NNNNNNNNNNNNNNNNNNGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGG

CUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCGCGCACAUGAGGAUCAC

CCAUGUGCUUUUmU*mU*U 

Figure S10 Sequence of aptamer containing sgRNA. Color key: Spacer sequence, gRNA scaffold, 

MS2 aptamer, mN* nucleotides containing 2′-O-methyl 3′phosphorothioate modifications. 

 

mN*mN*NNNNNNNNNNNNNNNNNNGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGG

CUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUmU*mU*U 

Figure S11 Sequence of aptamer-less sgRNA. Color key: Spacer sequence, gRNA scaffold, mN* 

nucleotides containing 2′-O-methyl 3′phosphorothioate modifications. 

 

GACGCTGTGGCTCTGCATGACTCACTAGCACTCTATCACGGCCATATTCTGGCAGGGTCAGT

GGCTCCAACTAACATTTGTTTGGTACTTTACAGTTTATTAAATAGATGTTTATATGGAGAAG

CTCTCATTTCTTTCTCAGAAGAGCCTGGCTAGGAAGGTGGATGAGGCACCATATTCATTTTG

CAGGTGAAATTCCTGAGATGTAAGGAGCTGCTGTGACTTGCTCAAGGCCTTATATCGAGTA

AACGGTAGTGCTGGGGCTTAGACGCAGGTGTTCTGATTTATAGTTCAAAACCTCTATCAAT

GAGAGAGCAATCTCCTGGTAATGTGATAGATTTCCCAACTTAATGCCAACATACCATAAAC

CTCCCATTCTGCTAATGCCCAGCCTAAGTTGGGGAGACCACTCCAGATTCCAAGATGTACA

GTTTGCTTTGCTGGGCCTTTTTCCCATGCCTGCCTTTACTCTGCCAGAGTTATATTGCTGGGG

TTTTGAAGAAGATCCTATTAAATAAAAGAATAAGCAGTATTATTAAGTAGCCCTGCATTTC

AGGTTTCCTTGAGTGGCAGGCCAGGCCTGGCCGTGAACGTTCACTGAAATCATGGCCTCTT

GGCCAAGATTGATAGCTTGTGCCTGTCCCTGAGTCCCAGTCCATCACGAGCAGCTGGTTTCT

AAGATGCTATTTCCCGTATAAAGCATGAGACCGTGACTTGCCAGCCCCACAGAGCCCCGCC

CTTGTCCATCACTGGCATCTGGACTCCAGCCTGGGTTGGGGCAAAGAGGGAAATGAGATCA

TGTCCTAACCCTGATCCTCTTGTACCACAGATATCCAGAACCCTGAACCTGCCGTGTACCAG

CTGAGAGACTCTAAATCCAGTGACAAGTCTGTCTGCCTAggaagcggagctactaacttcagcctgctgaagca

ggctggagatgtggaggagaaccctggacctATGCTGCTGCTGGTCACATCTCTGCTGCTGTGCGAGCTGCCC

CATCCTGCCTTTCTGCTGATCCCCGACATCCAGATGACCCAGACCACAAGCAGCCTGTCTGC

CAGCCTGGGCGATAGAGTGACCATCAGCTGTAGAGCCAGCCAGGACATCAGCAAGTACCT

GAACTGGTATCAGCAAAAGCCCGACGGCACCGTGAAGCTGCTGATCTACCACACCAGCAG

ACTGCACAGCGGCGTGCCAAGCAGATTTTCTGGCAGCGGCTCTGGCACCGACTACAGCCTG

ACAATCAGCAACCTGGAACAAGAGGATATCGCTACCTACTTCTGCCAGCAAGGCAACACCC

TGCCTTACACCTTTGGCGGAGGCACCAAGCTGGAAATCACCGGCTCTACAAGCGGCAGCGG

CAAACCTGGATCTGGCGAGGGATCTACCAAGGGCGAAGTGAAACTGCAAGAGTCTGGCCC

TGGACTGGTGGCCCCATCTCAGTCTCTGAGCGTGACCTGTACAGTCAGCGGAGTGTCCCTG

CCTGATTACGGCGTGTCCTGGATCAGACAGCCTCCTCGGAAAGGCCTGGAATGGCTGGGAG

TGATCTGGGGCAGCGAGACAACCTACTACAACAGCGCCCTGAAGTCCCGGCTGACCATCAT

CAAGGACAACTCCAAGAGCCAGGTGTTCCTGAAGATGAACAGCCTGCAGACCGACGACAC

CGCCATCTACTATTGCGCCAAGCACTACTACTACGGCGGCAGCTACGCGATGGATTATTGG

GGCCAGGGCACCAGCGTGACCGTTTCTTCTGCCGCCGCTATCGAAGTGATGTACCCTCCTCC

TTACCTGGACAACGAGAAGTCCAACGGCACCATCATCCACGTGAAGGGCAAGCACCTGTGT

CCTTCTCCACTGTTCCCCGGACCTAGCAAGCCTTTCTGGGTGCTCGTTGTTGTTGGCGGCGT

GCTGGCCTGTTACAGCCTGCTGGTTACCGTGGCCTTCATCATCTTTTGGGTCCGAAGCAAGC
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GGAGCCGGCTGCTGCACTCCGACTACATGAACATGACCCCTAGACGGCCCGGACCAACCA

GAAAGCACTACCAGCCTTACGCTCCTCCTAGAGACTTCGCCGCCTACCGGTCCAGAGTGAA

GTTCAGCAGATCCGCCGATGCTCCCGCCTATCAGCAGGGCCAAAACCAGCTGTACAACGAG

CTGAACCTGGGGAGAAGAGAAGAGTACGACGTGCTGGACAAGCGGAGAGGCAGAGATCCT

GAAATGGGCGGCAAGCCCAGACGGAAGAATCCTCAAGAGGGCCTGTATAATGAGCTGCAG

AAAGACAAGATGGCCGAGGCCTACAGCGAGATCGGAATGAAGGGCGAGCGCAGAAGAGG

CAAGGGACACGATGGACTGTACCAGGGACTGAGCACCGCCACCAAGGATACCTATGACGC

CCTGCACATGCAGGCCCTGCCTCCAAGATAAtgagtttaaacccgctgatcagcctcgactgtgccttctagttgccagcc

atctgttgtttgcccctcccccgtgccttccttgaccctggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagta

ggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctcta

tggGATTCTCAAACAAATGTGTCACAAAGTAAGTATTCTGATGTGTATATCACAGACAAAAC

TGTGCTAGACATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAA

TCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCC

CAGCCCAGGTAAGGGCAGCTTTGGTGCCTTCGCAGGCTGTTTCCTTGCTTCAGGAATGGCC

AGGTTCTGCCCAGAGCTCTGGTCAATGATGTCTAAAACTCCTCTGATTGGTGGTCTCGGCCT

TATCCATTGCCACCAAAACCCTCTTTTTACTAAGAAACAGTGAGCCTTGTTCTGGCAGTCCA

GAGAATGACACGGGAAAAAAGCAGATGAAGAGAAGGTGGCAGGAGAGGGCACGTGGCCC

AGCCTCAGTCTCTCCAACTGAGTTCCTGCCTGCCTGCCTTTGCTCAGACTGTTTGCCCCTTAC

TGCTCTTCTAGGCCTCATTCTAAGCCCCTTCTCCAAGTTGCCTCTCCTTATTTCTCCCTGTCT

GCCAAAAAATCTTTCCCAGCTCACTAAGTCAGTCTCACGCAGTCACTCATTAACCCACCAA

TCACTGATTGTGCCGGCACATGAATGCACCAGGTGTTGAAGTGGAGGAATTAAAAAGTCAG

ATGAGGGGTGTGCCCAGAGGAAGCACCATTCTAGTTGGGGGAGCCCATCTGTCAGCTGGGA

AAAGTCCAAATAACTTCAGATTGGAATGTGTTTTAACTCAGGGTTGAGAAAACAGCTACCT

TCAGGACAAAAGTCAGGGAAGGGCTCTCTGAAGAAATGCTACTTGAAGATACCAGCCCTA

CCAAGGGCAGGGAGAGGACCCTATAGAGGCCTGGGACAGGAGCT 

Figure S12 Sequence of the CAR template.  Color key: NNNNN TRAC homology arms, nnnnnn 

GSG+P2A,  NNNNN 1928Z-CAR, nnnnn bGH poly(A) signal. 
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Table S1.  Base editing guide RNA information. crRNAs exhibiting the highest level of target 

C>T conversion and associated protein loss for each gene are underlined.   

Gene spacer sequence (5’-3’) PAM Target 

exon 

Target C 

position 

Base editing 

outcome  

gRNA ID 

B2M CACAGCCCAAGATAGTTA

AG 
TGG Exon 2 3 

PTC 
B2M_Ex2_PTC1_C3 

B2M ACAGCCCAAGATAGTTAA

GT 
GGG Exon 2 2 

PTC 
B2M_Ex2_PTC2_C2 

B2M TTACCCCACTTAACTATCT

T 
GGG Exon 2 6, 7 

PTC 
B2M_Ex2_PTC3_C6 

B2M CTTACCCCACTTAACTATC

T 
TGG Exon 2 7, 8 

PTC 
B2M_Ex2_PTC4_C7 

B2M ACTCACGCTGGATAGCCTC

C 
AGG 

Exon 1 

SD 
6 

SD 

disruption 
B2M_Ex1_SD_C6 

B2M TTGGAGTACCTGAGGAAT

AT 
CGG 

Exon 2 

SA 
10 

SA 

disruption 
B2M_Ex2_SA_C10 

B2M TCGATCTATGAAAAAGAC

AG 
TGG 

Exon 3 

SA 
6 

SA 

disruption 
B2M_Ex3_SA_C6 

B2M AACCTGAAAAGAAAAGAA

AA 
AGG 

Exon 4 

SA 
4 

SA 

disruption 
B2M_Ex4_SA_C4 

CD52 GTACAGGTAAGAGCAACG

CC 
TGG Exon 1 4 

PTC 
CD52_Ex1_PTC1_C4 

CD52 CTCCTCCTACAGATACAAA

C 
TGG Exon 2 16 

PTC 
CD52_Ex2_PTC2_C16 

CD52 CAGATACAAACTGGACTC

TC 
AGG Exon 2 7 

PTC 
CD52_Ex2_PTC3_C7 

CD52 CTCTTACCTGTACCATAAC

C 
AGG 

Exon 1 

SD 
7 

SD 

disruption 
CD52_Ex1_SD_C7 

CD52 GTATCTGTAGGAGGAGAA

GT 
GGG 

Exon 2 

SA 
5 

SA 

disruption 
CD52_Ex2_SA_C5 

CD52 TGTATCTGTAGGAGGAGA

AG 
TGG 

Exon 2 

SA 
6 

SA 

disruption 
CD52_Ex2_SA_C6 

CD52 GTCCAGTTTGTATCTGTAG

G 
AGG 

Exon 2 

SA 
14 

SA 

disruption 
CD52_Ex2_SA_C14 

TRAC AACAAATGTGTCACAAAG

TA 
AGG Exon 1 3 

PTC 
TRAC_Ex1_PTC1_C3 

TRAC CTTCTTCCCCAGCCCAGGT

A 
AGG Exon 1 15 

PTC 
TRAC_Ex1_PTC2_C15 

TRAC TTCTTCCCCAGCCCAGGTA

A 
GGG Exon 1 14 

PTC 
TRAC_Ex1_PTC3_C14 

TRAC AGCCCAGGTAAGGGCAGC

TT 
TGG Exon 1 5 

PTC 
TRAC_Ex1_PTC4_C5 

TRAC TTTCAAAACCTGTCAGTGA

T 
TGG Exon 3 4 

PTC 
TRAC_Ex3_PTC5_C4 

TRAC TTCAAAACCTGTCAGTGAT

T 
GGG Exon 3 3 

PTC 
TRAC_Ex3_PTC6_C3 

TRAC CCGAATCCTCCTCCTGAAA

G 
TGG Exon 3 2 

PTC 
TRAC_Ex3_PTC7_C2 

TRAC CTTACCTGGGCTGGGGAA

GA 
AGG 

Exon 1 

SD 
5 

SD 

disruption 
TRAC_Ex1_SD_ C5 

TRAC TTCGTATCTGTAAAACCAA

G 
AGG 

Exon 3 

SA 
8 

SA 

disruption 
TRAC_Ex3_SA_C8 

PDCD1 TCCAGGCATGCAGATCCC

AC 
AGG Exon 1 11 

PTC 
PDCD1_Ex1_PTC1_C11 
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PDCD1 TGCAGATCCCACAGGCGC

CC 
TGG Exon 1 3 

PTC 
PDCD1_Ex1_PTC2_C3 

PDCD1 CGACTGGCCAGGGCGCCT

GT 
GGG Exon 1 8, 9 

PTC 
PDCD1_Ex1_PTC3_C8 

PDCD1 ACGACTGGCCAGGGCGCC

TG 
TGG Exon 1 9, 10 

PTC 
PDCD1_Ex1_PTC4_C9 

PDCD1 ACCGCCCAGACGACTGGC

CA 
GGG Exon 1 6, 7 

PTC 
PDCD1_Ex1_PTC5_C6 

PDCD1 CACCGCCCAGACGACTGG

CC 
AGG Exon 1 

7, 8, 19, 

20 

PTC 
PDCD1_Ex1_PTC6_C7 

PDCD1 TGTAGCACCGCCCAGACG

AC 
TGG Exon 1 12, 13 

PTC 
PDCD1_Ex1_PTC7_C12 

PDCD1 GGGCGGTGCTACAACTGG

GC 
TGG Exon 1 12 

PTC 
PDCD1_Ex1_PTC8_C12 

PDCD1 CGGTGCTACAACTGGGCT

GG 
CGG Exon 1 9 

PTC 
PDCD1_Ex1_PTC9_C9 

PDCD1 CTACAACTGGGCTGGCGG

CC 
AGG Exon 1 4 

PTC 
PDCD1_Ex1_PTC10_C4 

PDCD1 CACCTACCTAAGAACCATC

C 
TGG Exon 1 15, 16 

PTC 
PDCD1_Ex1_PTC11_C15 

PDCD1 GGGGTTCCAGGGCCTGTCT

G 
GGG Exon 2 7, 8 

PTC 
PDCD1_Ex2_PTC12_C8 

PDCD1 GGGGGTTCCAGGGCCTGT

CT 
GGG Exon 2 8, 9 

PTC 
PDCD1_Ex2_PTC13_C8 

PDCD1 GGGGGGTTCCAGGGCCTG

TC 
TGG Exon 2 9, 10 

PTC 
PDCD1_Ex2_PTC14_C9 

PDCD1 CAGCAACCAGACGGACAA

GC 
TGG Exon 2 8 

PTC 
PDCD1_Ex2_PTC15_C8 

PDCD1 CCCGAGGACCGCAGCCAG

CC 
CGG Exon 2 16 

PTC 
PDCD1_Ex2_PTC16_C16 

PDCD1 GGACCGCAGCCAGCCCGG

CC 
AGG Exon 2 11 

PTC 
PDCD1_Ex2_PTC17_C11 

PDCD1 CGTGTCACACAACTGCCCA

A 
CGG Exon 2 10 

PTC 
PDCD1_Ex2_PTC18_C10 

PDCD1 GTGTCACACAACTGCCCA

AC 
GGG Exon 2 9 

PTC 
PDCD1_Ex2_PTC19_C9 

PDCD1 CGCAGATCAAAGAGAGCC

TG 
CGG Exon 2 3 

PTC 
PDCD1_Ex2_PTC20_C3 

PDCD1 GCAGATCAAAGAGAGCCT

GC 
GGG Exon 2 2 

PTC 
PDCD1_Ex2_PTC21_C2 

PDCD1 CACCTACCTAAGAACCATC

C 
TGG 

Exon 1 

SD 
7 

SD 

disruption 
PDCD1_Ex1_SD_C7 

PDCD1 GGAGTCTGAGAGATGGAG

AG 
AGG 

Exon 2 

SA 
6 

SA 

disruption 
PDCD1_Ex2_SA_C6 

PDCD1 TTCTTTGAGGAGAAAGGG

AG 
AGG 

Exon 5 

SA 
3 

SA 

disruption 
PDCD1_Ex5_SA_C3 
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Table S2. CHANGE-seq off-targets nomination. 

The average and individual nuclease read counts (replicates 1-3) for each amplified site are reported, for 

two human donors evaluated (identified as D71 and D73). Sites selected for rhAmpSeq validation are 

identified in column L. These sites have been selected based on hierarchical selection criteria (column M) 

as defined in the table and in methods section. Genomic coordinates and sequence for each amplified site    

are reported. Mismatches to the on-target site are reported in lowercase. 

Provided as separate file. 

Table S3. Summary of rhAmpSeq on-target and off-target editing outcomes in T cells edited 

with the Pin-point system or SpCas9 for sites predicted by the CHANGESeq off-target 

discovery.  

Percentage editing in edited samples (raw editing), control samples (control), and corrected editing 

calculated by subtracting the value of the control sample from the edited sample (background corrected 

editing), together with matched read depth at each interrogated site. Data is representative of either base 

editing (BE) or Insertions/Deletions (INDEL) events in cells edited with the Pin-point system (PnP) or 

SpCas9 for indicated on-target (TRAC/ B2M/ PDCD-1/ CD52) and predicted off-target sites. Bayesian 

statistics has been performed on the dataset, citing the evidence ratio, posterior probability and * as 

measures of statistical significance. On-targets are highlighted in green and validated off-targets in red.    

Provided as separate file. 

Table S4: Summary of rhAmpSeq on-target and off-target editing for additional sites with 

up to four miss-matches.  

Percentage editing in edited samples (raw editing), control samples (control), and corrected editing 

calculated by subtracting the value of the control sample from the edited sample (background corrected 

editing), together with matched read depth at each interrogated site. Data is representative of either base 

editing (BE) or Insertions/Deletions (INDEL) events in cell edited with the Pin-point system (PnP) or 

SpCas9 for indicated on-target (TRAC/ B2M/ PDCD-1/ CD52) and predicted off-target sites. Bayesian 

statistics has been performed on the dataset, citing the evidence ratio, posterior probability and * as 

measures of statistical significance. On-targets are highlighted in green and validated off-targets in red.    

Provided as separate file. 

Table S5. Identity of translocations in 4 target knockout samples. 

Total reads assigned to individual translocation clusters identified by the DRAGEN Structural Variant 

Caller (MANTA). Read depth at breakpoints on each chromosome (Chr A and Chr B) are shown for 

translocations involving at least one gRNA target. 

Provided as separate file. 

Table S6. Quantification of translocations in 4 target knockout samples 

Total number of reads mapping to intervals +/-1000bp of gRNA target sites on each chromosome (Chr 

A and Chr B) for groups of translocations involving similar breakpoints. In cases where a breakpoint on 

either ChrA or ChrB is not adjacent to a captured gRNA target site the total number of reads mapping to 

the breakpoint is reported. Cluster reads reports the sum of reads supporting each group of 

translocations.  
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Provided as separate file. 

Table S7 Quantification of translocations at each target site in 4 target knockout samples 

Total number of reads mapping to intervals +/-1000bp of each gRNA target site. Cluster reads reports 

the total number of reads assigned to translocation clusters by MANTA mapping within +/-1000bp of 

each captured gRNA target site.  

Provided as separate file. 

Table S8. Lists of downregulated genes in T cells electroporated with Pin-point mRNAs and 

the 4 targets gRNAs B2M, CD52, PDCD1 and TRAC or the scramble gRNA  

Provided as separate file. 

Table S9 – Identity of translocations following multi target editing with paired nicking guide 

RNAs. 

Total reads assigned to individual translocation clusters identified by the DRAGEN Structural Variant 

Caller (MANTA). Read depth at breakpoints on each chromosome (Chr A and Chr B) are shown for 

translocations involving at least one gRNA target. 

Provided as separate file. 

Table S10 – Quantification of translocations following multi target editing with paired nicking 

guide RNAs. 

Total number of reads mapping to intervals +/-1000bp of gRNA target sites on each chromosome (Chr 

A and Chr B) for groups of translocations involving similar breakpoints. In cases where a breakpoint on 

either ChrA or ChrB is not adjacent to a captured gRNA target site the total number of reads mapping to 

the breakpoint is reported. Cluster reads reports the sum of reads supporting each group of 

translocations.  

Provided as separate file. 

Table S11 – Quantification of translocations at each target site following multi target editing with 

paired nicking guide RNAs. 

Total number of reads mapping to intervals +/-1000bp of each gRNA target site. Cluster reads reports 

the total number of reads assigned to translocation clusters by MANTA mapping within +/-1000bp of 

each captured gRNA target site.  

Provided as separate file. 

Table S12 – Identity of AAV off target integration sites following simultaneous multi target editing 

and CAR knock-in. 

Total reads assigned to individual clusters identified by the DRAGEN Structural Variant Caller 

(MANTA). Read depth at AAV ITR integration sites +/-1000bp of captured gRNA targets are shown. 

Provided as separate file. 

Table S13 – Quantification of AAV off target integration events following simultaneous multi 

target editing and CAR knock-in. 
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Total number of reads mapping to intervals +/-1000bp of captured gRNA target sites with AAV ITR 

integrations. Cluster reads reports the sum of reads supporting each integration.  

Provided as separate file. 

Table S14.  Guide RNAs utilised with SpCas9 optimal for indels formation.  

Gene spacer sequence (5’-3’) PAM Target exon 

B2M GAGTAGCGCGAGCACAGCTA AGG Exon 1 

CD52 CAGCCTCCTGGTTATGGTAC AGG Exon 1 

PDCD1 CTGCAGCTTCTCCAACACAT CGG Exon2 

TRAC CAGGGTTCTGGATATCTGT GGG Exon 1 

 

Table S15.  Guide RNAs utilized for the knock-in in the TRAC locus.  

Gene spacer sequence (5’-3’) PAM Target exon 

TRAC GAGAATCAAAATCGGTGAAT AGG Exon 1 

TRAC AACAAATGTGTCACAAAGTA AGG Exon 1 
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Table S16. Gene specific sequences for primers used for NGS genomic DNA amplification to 

detect base editing and indel events. 

Gene spacer sequence (5’-3’) gRNA name Forward Primer (5’-3’) Reverse Primer (5’-3’) 

B2M CACAGCCCAAGATAGTT

AAG 
B2M_Ex2_PTC1_C3 

ACTCACGTCATCCAGCA

GAGA 

TGGGACTCATTCAGGG

TAGT 

B2M ACAGCCCAAGATAGTT

AAGT 
B2M_Ex2_PTC2_C2 

ACTCACGTCATCCAGCA

GAGA 

TGGGACTCATTCAGGG

TAGT 

B2M TTACCCCACTTAACTAT

CTT 
B2M_Ex2_PTC3_C6 

ACTCACGTCATCCAGCA

GAGA 

TGGGACTCATTCAGGG

TAGT 

B2M CTTACCCCACTTAACTA

TCT 
B2M_Ex2_PTC4_C7 

ACTCACGTCATCCAGCA

GAGA 

TGGGACTCATTCAGGG

TAGT 

B2M ACTCACGCTGGATAGCC

TCC 
B2M_Ex1_SD_C6 

GGCCTTGTCCTGATTGG

CTG 

CGCTTCCCCGAGATCC

AG 

B2M TTGGAGTACCTGAGGA

ATAT 
B2M_Ex2_SA_C10 

AGGTGGAAGCTCATTTG

GCC 

ACCAGTCCTTGCTGAA

AGAC 

B2M TCGATCTATGAAAAAG

ACAG 
B2M_Ex3_SA_C6 

TCTGAGGCTAGTAGGA

AGGGC 

TCCTCAGGACAGTGA

AACA 

B2M AACCTGAAAAGAAAAG

AAAA 
B2M_Ex4_SA_C4 

GGGAGCACCAAAGGGA

TACAC  

TAAGTTGCCAGCCCTC

CTA  

CD52 GTACAGGTAAGAGCAA

CGCC 
CD52_Ex1_PTC1_C4 

AAGCTGCTACCAAGAC

AGCC  

CAGGTTTCTCTCAGGG

CAGC  

CD52 CTCCTCCTACAGATACA

AAC 
CD52_Ex2_PTC2_C16 

GAGTTCGAGACCAGCCT

GAC 

AGGAAAATGCCTCCG

CTTAT 

CD52 CAGATACAAACTGGAC

TCTC 
CD52_Ex2_PTC3_C7 

GAGTTCGAGACCAGCCT

GAC 

AGGAAAATGCCTCCG

CTTAT 

CD52 CTCTTACCTGTACCATA

ACC 
CD52_Ex1_SD_C7 

AAGCTGCTACCAAGAC

AGCC  

CAGGTTTCTCTCAGGG

CAGC  

CD52 GTATCTGTAGGAGGAG

AAGT 
CD52_Ex2_SA_C5 

GAGTTCGAGACCAGCCT

GAC 

AGGAAAATGCCTCCG

CTTAT 

CD52 TGTATCTGTAGGAGGAG

AAG 
CD52_Ex2_SA_C6 

GAGTTCGAGACCAGCCT

GAC 

AGGAAAATGCCTCCG

CTTAT 

CD52 GTCCAGTTTGTATCTGT

AGG 
CD52_Ex2_SA_C14 

GAGTTCGAGACCAGCCT

GAC 

AGGAAAATGCCTCCG

CTTAT 

TRAC AACAAATGTGTCACAA

AGTA 
TRAC_Ex1_PTC1_C3 

GCCGTGTACCAGCTGAG

AGA 

AAGGCCGAGACCACC

AATCA 

TRAC CTTCTTCCCCAGCCCAG

GTA 
TRAC_Ex1_PTC2_C15 

GCCGTGTACCAGCTGAG

AGA 

AAGGCCGAGACCACC

AATCA 

TRAC TTCTTCCCCAGCCCAGG

TAA 
TRAC_Ex1_PTC3_C14 

GCCGTGTACCAGCTGAG

AGA 

AAGGCCGAGACCACC

AATCA 

TRAC AGCCCAGGTAAGGGCA

GCTT 
TRAC_Ex1_PTC4_C5 

GCCGTGTACCAGCTGAG

AGA 

AAGGCCGAGACCACC

AATCA 

TRAC TTTCAAAACCTGTCAGT

GAT 
TRAC_Ex3_PTC5_C4 

CTGCAAGGGACAGGAG

GTG 

CTCACCTCAGCTGGAC

CAC 

TRAC TTCAAAACCTGTCAGTG

ATT 
TRAC_Ex3_PTC6_C3 

CTGCAAGGGACAGGAG

GTG 

CTCACCTCAGCTGGAC

CAC 

TRAC CCGAATCCTCCTCCTGA

AAG 
TRAC_Ex3_PTC7_C2 

CTGCAAGGGACAGGAG

GTG 

CTCACCTCAGCTGGAC

CAC 

TRAC CTTACCTGGGCTGGGGA

AGA 

TRAC_Ex1_SD_anti_

C5 

GCCGTGTACCAGCTGAG

AGA 

AAGGCCGAGACCACC

AATCA 

TRAC TTCGTATCTGTAAAACC

AAG 

TRAC_Ex3_SA_anti_

C8 

GGGGATATGCACAGAA

GCTGC 

CTCAGAGCTTAGGATG

CACCC 

PDCD1 TCCAGGCATGCAGATCC

CAC 

PDCD1_Ex1_PTC1_C

11 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 TGCAGATCCCACAGGC

GCCC 

PDCD1_Ex1_PTC2_C

3 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 
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PDCD1 CGACTGGCCAGGGCGC

CTGT 

PDCD1_Ex1_PTC3_C

8 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 ACGACTGGCCAGGGCG

CCTG 

PDCD1_Ex1_PTC4_C

9 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 ACCGCCCAGACGACTG

GCCA 

PDCD1_Ex1_PTC5_C

6 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 CACCGCCCAGACGACT

GGCC 

PDCD1_Ex1_PTC6_C

7 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 TGTAGCACCGCCCAGAC

GAC 

PDCD1_Ex1_PTC7_C

12 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 GGGCGGTGCTACAACT

GGGC 

PDCD1_Ex1_PTC8_C

12 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 CGGTGCTACAACTGGGC

TGG 

PDCD1_Ex1_PTC9_C

9 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 CTACAACTGGGCTGGCG

GCC 

PDCD1_Ex1_PTC10_

C4 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 CACCTACCTAAGAACCA

TCC 

PDCD1_Ex1_PTC11_

C15 

CTGAGCAGTGGAGAAG

GCG 

CACACAGCTCAGGGT

AAGGG 

PDCD1 GGGGTTCCAGGGCCTGT

CTG 

PDCD1_Ex2_PTC12_

C8 

GAAGAGGCTCTGCAGT

GGAG 

TGGAGAAGCTGCAGG

TGAAG 

PDCD1 GGGGGTTCCAGGGCCT

GTCT 

PDCD1_Ex2_PTC13_

C8 

GAAGAGGCTCTGCAGT

GGAG 

TGGAGAAGCTGCAGG

TGAAG 

PDCD1 GGGGGGTTCCAGGGCC

TGTC 

PDCD1_Ex2_PTC14_

C9 

GAAGAGGCTCTGCAGT

GGAG 

TGGAGAAGCTGCAGG

TGAAG 

PDCD1 CAGCAACCAGACGGAC

AAGC 

PDCD1_Ex2_PTC15_

C8 

GGGACAACGCCACCTTC

A 

CAGGCTCTCTTTGATC

TGCG 

PDCD1 CCCGAGGACCGCAGCC

AGCC 

PDCD1_Ex2_PTC16_

C16 

GGGACAACGCCACCTTC

A 

CAGGCTCTCTTTGATC

TGCG 

PDCD1 GGACCGCAGCCAGCCC

GGCC 

PDCD1_Ex2_PTC17_

C11 

GGGACAACGCCACCTTC

A 

CAGGCTCTCTTTGATC

TGCG 

PDCD1 CGTGTCACACAACTGCC

CAA 

PDCD1_Ex2_PTC18_

C10 

GGGACAACGCCACCTTC

A 

CAGGCTCTCTTTGATC

TGCG 

PDCD1 GTGTCACACAACTGCCC

AAC 

PDCD1_Ex2_PTC19_

C9 

GGGACAACGCCACCTTC

A 

CAGGCTCTCTTTGATC

TGCG 

PDCD1 CGCAGATCAAAGAGAG

CCTG 

PDCD1_Ex2_PTC20_

C3 

CAACGGGCGTGACTTCC

A 

GAGCTCCTGATCCTGT

GCAG 

PDCD1 GCAGATCAAAGAGAGC

CTGC 

PDCD1_Ex2_PTC21_

C2 

CAACGGGCGTGACTTCC

A 

GAGCTCCTGATCCTGT

GCAG 

PDCD1 CACCTACCTAAGAACCA

TCC 
PDCD1_Ex1_SD_C7 

GGCACCCTCCCTTCAAC

CT 

CTCCAGACCCCTCGCT

CC 

PDCD1 GGAGTCTGAGAGATGG

AGAG 
PDCD1_Ex2_SA_C6 

GAAGAGGCTCTGCAGT

GGAG 

TGGAGAAGCTGCAGG

TGAAG 

PDCD1 TTCTTTGAGGAGAAAGG

GAG 
PDCD1_Ex5_SA_C3 

GAAGAGGCTCTGCAGT

GGAG 

TGGAGAAGCTGCAGG

TGAAG 

 

Table S17. Probes used for Capture-Seq experiments. 

Provided as separate file. 

Table S18. Primers and probes used to detect translocation events by ddPCR 

Translocation Primer 1 Probe Primer 2 

B2M-CD52 GGGCATTCCTGAAGCTG

AC 

AGAAAGAGAGAGTAGCGCGAGC GAGTCCTGGCAGTGGT

G 

B2M-PDCD1 GGGCATTCCTGAAGCTG

AC 

CCTTAGCTGTGCTCGCGCTACT AGGGACTGAGGGTGG

AAG 
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B2M-TRAC ATGTCTCGCTCCGTGGCC

TTAG 

CCTGTCAGTGATTGGGTTCCGAAT

CCTCCTCC 

CATGAGCAGATTAAA

CCCGGCCAC 

CD52-B2M GCCACGAAGATCCTACC

AAA 

TTCCTCTTCCTCCTACTCACCATC GGGAGAGGAAGGACC

AGA 

CD52-PDCD1 AGACAGCCACGAAGATC

CTA 

TTCCTCTTCCTCCTACTCACCATC AGGGACTGAGGGTGG

AAG 

CD52-TRAC CCTCTTCCTCCTACTCAC

CATCA 

AACCTGTCAGTGATTG GGTTCC CATGAGCAGATTAAA

CCCGGCCAC 

PDCD1-B2M GGCATGCAGATCCCACA

G 

AAGTCACGGAGCGAGAGCAC GGCCACCAAGGAGAA

CTTG 

PDCD1-CD52 GGCATGCAGATCCCACA

G 

TCTGGGCGGTGCTACAACTG CCTCCATGCCAAGCAA

CT 

PDCD1-

TRAC 

GGCATGCAGATCCCACA

G 

CCTGTCAGTGATTGGGTTCCGAAT

CCTCCTCC 

CATGAGCAGATTAAA

CCCGGCCAC 

TRAC-B2M CAGCCTGCTCTGCCTTG CATGCAAGCCCATAACCGCTGTG AAGTCACGGAGCGAG

AGAG 

TRAC-CD52 AAACCGTGGGTGTGTCC CTGGGACATGCAAGCCCATAA CCTCCATGCCAAGCAA

CT 

TRAC-

PDCD1 

CAGCCTGCTCTGCCTTG CATGCAAGCCCATAACCGCTGT AGGGACTGAGGGTGG

AAG 

TRAC-

PDCD1_OT1 

CAGCCTGCTCTGCCTTG CATGCAAGCCCATAACCGCTGTG AGAGAGAGAGACGCA

TGGTCAACC 

B2M-

PDCD1_OT1 

GGGCATTCCTGAAGCTG

AC 

CCTTAGCTGTGCTCGCGCTACT AGAGAGAGAGACGCA

TGGTCAACC 

CD52-

PDCD1_OT1 

GCCACGAAGATCCTACC

AAA 

TTCCTCTTCCTCCTACTCACCATC AGAGAGAGAGACGCA

TGGTCAACC 

PDCD1-

PDCD1_OT1 

GGCATGCAGATCCCACA

G 

TCTGGGCGGTGCTACAACTGG AGAGAGAGAGACGCA

TGGTCAACC 

PPIA CTCTGAGCACTGGAGAG

AAAG 

TAAGGGTTCCTGCTTTCACAGAAT TGAAGGGAGCAACCC

AAATA 

 

 


	An aptamer-mediated base editing platform for simultaneous knockin and multiple gene knockout for allogeneic CAR-T cells ge ...
	Introduction
	Results
	Multiplex editing in human T cells with the Pin-point base editing system
	Characterization of multi-gene knockout T cells
	Assessment of gRNA-specific off-target editing
	Assessment of chromosomal translocations
	Molecular assessment of RNA deamination
	Phenotypic analysis of edited T cells
	Multi-gene editing of CAR-T cells with the Pin-point platform
	Generation of allogeneic CAR-T cells by multi-gene editing and simultaneous site-specific knockin of the CAR with the Pin-p ...

	Discussion
	Materials and methods
	gRNA design
	Editing reagents
	Primary human T cell isolation and culture
	T cell electroporation
	Lentiviral transduction
	AAV transduction
	Flow cytometry
	Amplicon sequencing of genomic DNA samples
	CHANGE-seq off-target discovery
	rhAmpSeq off-target validation
	rhAmpSeq panel design
	rhAmpSeq library preparation
	Bioinformatic processing of rhAmpSeq data

	Capture-seq
	Library preparation
	Hybridization capture probe design
	Hybridization capture and sequencing
	Read alignment and structural variant identification
	Quantification of translocations
	Estimating the probability of translocations in individual cells
	Quantification of AAV ITR integration

	Translocation quantification by ddPCR
	RNA purification and sequencing
	RNA deamination analysis
	Differential gene expression analysis

	Cytotoxicity assay
	Cytokine profiling

	Data and code availability
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


