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CRISPR-Cas9 ribonucleoproteins (RNPs) combined with a nu-
cleic acid template encoding a chimeric antigen receptor (CAR)
transgene can edit human cells to produce CAR T cells with
precise CAR insertion at a single locus. However, many human
cells have adverse innate immune responses to foreign nucleic
acids, particularly circular double-stranded DNA (dsDNA).
Here, we introduce Cleaved, LInearized with Protein Template
(Cas9-CLIPT), a circular plasmid containing a single target
sequence for the Cas9 RNP, such that during manufacturing,
Cas9-RNP binds and cleaves the plasmid to linearize the
dsDNA in vitro. Cas9-RNP remains bound to the linearized
template and is delivered to cells to promote precise knock-in
via homology-directed repair with Cas9-CLIPT. Cas9-CLIPT
Nanoplasmids generate up to 1.7-fold higher rates of precise
knock-in relative to linearized dsDNA, reaching efficiencies
up to 60% with non-homologous end joining inhibition.
Cas9-CLIPT-manufactured GD2 TRAC-CAR T cells are potent
against GD2" neuroblastoma cells and exhibit an enriched stem
cell memory phenotype. On several electroporation instru-
ments and approaching clinically relevant yields, we success-
fully manufactured TRAC-CAR T cells using Cas9-CLIPT plas-
mids containing large (2-6 kb) transgenes. Cas9-CLIPT
strategies have the potential to simplify donor template
production and integrate large transgenes, allowing for more
efficient nonviral manufacturing of multifunctional, genome-
edited immune cell therapies.

INTRODUCTION

Seven available US Food and Drug Administration (FDA) approved
chimeric antigen receptor (CAR) T cell therapies against hematologic
malignancies' and one FDA approval for an MAGE-A4 T cell recep-
tor (TCR)-edited T cell therapy’ against synovial sarcoma demon-
strate the promise of engineering primary T cells to advance human
health. However, current techniques to manufacture autologous

genetically engineered T cells are limited by manufacturing time,
cost, and occasional manufacturing failure. The first approved CAR
T product, tisagenlecleucel, takes 3-4 weeks from leukapheresis to
re-infusion® of ~0.1-10 billion therapeutic cells per patient to com-
plete one dose of CAR T cell therapy.® Further, CAR T cell clinical
manufacturing processes report manufacturing failure rates from
1% to 13%.” To be eligible to receive CAR T cell therapy, patients
must have already exhausted alternative lifesaving treatments like
chemotherapy or hematopoietic stem cell transplant that could not
cure their cancer.>” Thus, there is an alarming need to optimize
CAR T manufacturing processes to expedite manufacturing, prevent
manufacturing failure, and reduce costs. With an ongoing debate on
whether there is a risk of secondary malignancy from virally trans-
duced T cells,'” non-viral delivery of CAR transgenes is increasingly
being explored.'"'?

CRISPR-Cas9 genome editing has emerged as an alternative to viral
transduction of T cells. Short guide RNA (gRNA) sequences can com-
plex with Cas9 nuclease to form a ribonucleoprotein (RNP) capable of
producing double-strand breaks (DSBs) at a targeted location in the
genome. These DSBs are repaired via error-prone, non-homologous
end joining (NHE]J) to knock genes out or homology-directed repair
(HDR) to incorporate exogenous DNA.'>'* While the CAR transgene
has been incorporated successfully at multiple loci (TRAC, PDCDI,
and B2M)">'® in human cells, transgene integration specifically
upstream of the endogenous T cell receptor, alpha chain (TRAC)
promoter produces TRAC-CAR T cells with a stem cell memory-
like phenotype that are more resistant to exhaustion. A more stem
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cell-like CAR T cell product is correlated to increased persistence
in vivo, which is beneficial for targeting hematologic malignancies
and solid tumors."” ™"’

TRAC-CAR T cell manufacturing historically has relied on viral vec-
tors or linear, double-stranded DNA (dsDNA) HDR donor templates
generated via polymerase chain reaction (PCR).">'” Often, restric-
tion enzyme digestions paired with DNA purification methods,
such as magnetic solid-phase reversible immobilization (SPRI) beads,
are used to linearize donor DNA templates, which is time-consuming,
expensive, and reduces donor DNA template yield."”'® PCR amplifi-
cation with high-fidelity polymerases, unfortunately, has also resulted

in inconsistent product quality and has been challenging to scale
20,21

up,””
of early-phase clinical trials. dSDNA templates often result in high
cell toxicity and low knock-in efficiencies, especially with templates
>1.5 kb, which ultimately limits CAR T cell yields."®**** Given the
large number of therapeutic cells needed to see benefits in vivo, any
setback to CAR T cell yields can be detrimental to clinical trials.
For example, a recent phase 1 clinical trial for a CRISPR-Cas9 man-
ufactured CD19 CAR at the PDCDI locus for relapsed/refractory B
cell non-Hodgkin’s lymphoma failed to produce enough cells for
three out of eight patients.”*

creating a bottleneck in translational work and deployment

One alternative approach to using dsDNA HDR templates for the
CAR transgene includes linear single-stranded DNAs (ssDNA).
CAR T cell products manufactured with these templates include a
truncated Cas9 target sequence (tCTS) to improve T cell knock-in
and viability™ relative to templates without tCTS. RNP binding to
an ssDNA template has been shown to enhance the trafficking of
the template due to the nuclear localization signal (NLS) on the
Cas9 protein.”® One study found an improvement in knock-in effi-
ciencies of a CAR transgene when using tCTS-modified ssDNA
compared to dsDNA and tCTS-modified dsDNA.”° However, ssDNA
is prone to cytidine deamination by APOBEC-AID deaminases.”’
Base substitution mutations have been observed in genomic DNA
through Cas9-generated DSBs repaired with ssDNA via HDR, result-
ing in imprecise encoding of the intended transgene within the
genome.”” Fewer base substitution mutations were observed in cells
edited with dsDNA templates compared to ssDNA templates.””
Further, plasmid DNA is simple to produce and stable in circular
form, making it easier to store and transport than ssDNA.%® Scalable
dsDNA HDR templates can either be produced with conventional
plasmid backbones or the Nanoplasmid platform specifically de-
signed for antibiotic-free manufacturing of plasmid DN Nano-
plasmid backbones include two components: a small (~300 bp) R6K
origin of replication and RNA-OUT cassette (~70 bp). The latter en-
codes an antisense RNA that enables an antibiotic-free selection of
Escherichia coli cells in the presence of sucrose by preventing the
expression of genome-integrated levansucrase gene sacB and produc-
tion of the toxic oligosaccharides from sucrose.”” Nanoplasmids can
be produced in mass quantities under Good Manufacturing Practice
(GMP) conditions and therefore used in clinical trials as a vector or as
an ancillary material for CAR T cell production.’® > Nanoplasmids

28,29
A.

Molecular Therapy: Methods & Clinical Development

are smaller than traditional plasmids due to their small (<500 bp)
backbone and can improve TRAC-CAR T cell yields 2- to 3-fold rela-
tive to traditional pUC plasmids and linear dsDNA when used as an
HDR donor template.23 In addition, having minimal bacterial back-
bone reduces transgene silencing after genomic insertion.”

In an attempt to eliminate DNA template manufacturing bottle-
necks, gRNA target sequences have been incorporated into plasmid
dsDNA to produce RNP-based linear DNA templates.”>***> Previ-
ous studies conducted with these plasmid templates that include
gRNA target sequences have shown promise in generating cell ther-
apy products via homology-mediated end joining (HME]) transgene
knock-in rather than HDR.*>**** These HMEJ cell products exhibit
higher cell yields and larger knock-in efficiencies relative to linear-
ized or plasmid donor template cell products.”****> Specifically,
TRAC-CAR T cells have been manufactured with Nanoplasmid tem-
plates containing either one or two gRNA target sites.’>” These ap-
proaches exploit NHEJ to insert an anti-GD2 CAR’® or incorporate
two ‘universal guide RNA’ cut sites separate from the TRAC gRNA
to integrate an anti-CD19 CAR.”” However, integration via end
joining processes can result in non-targeted insertion. Furthermore,
using two separate gRNAs increases manufacturing costs and re-
duces the available volume in an electroporation (EP) cuvette for
RNP and donor template. EP instruments are typically volume-
limited, and any volume taken up by a universal gRNA solution re-
duces the volume of the RNP solution targeting the genomic locus or
the HDR template. Within mouse embryonic stem cells, dsSDNA
HDR donor templates with a single gRNA target site together with
transient inhibition of DNA polymerase theta and DNA-protein ki-
nase (PK) boosted HDR integration.’® Whether similar strategies
would benefit CRISPR-Cas9 gene editing in human T cells with
different DNA repair mechanisms and innate immune responses
to nucleic acids is unknown.

Here, we develop a dsDNA Nanoplasmid template called Cas9-
CLIPT (Cleaved, LInearized with Protein Template), that contains a
single Cas9 gRNA target sequence and our HDR template to improve
knock-in via HDR. This strategy facilitates in vitro dsDNA lineariza-
tion, thereby eliminating the need for restriction enzyme-based line-
arization. Importantly, the strategy simplifies the amount of necessary
gene editing reagents and thus reduces manufacturing time,
manufacturing cost, and human error.>**” Our Cas9-CLIPT encodes
a GD2 CAR that can be used to produce TRAC-CAR T cells reaching
HDR knock-in efficiencies up to 60%. We demonstrate improved
HDR knock-in on several EP instruments, with one instrument at
large-scale, relevant for clinical-scale manufacturing. Further,
TRAC-CAR T cells with a large transgene insertion (5.5 kb) express-
ing an inducible fluorescence reporter can be generated using Cas9-
CLIPT manufacturing workflows. Our Cas9-CLIPT platform can
produce high yields of TRAC-CAR T cells that maintain a stem cell
memory phenotype and potency against solid tumor targets. These
advances could streamline non-viral CAR T cell manufacturing to in-
crease CAR T cell yield and simplify cell therapy manufacturing
processes.

2 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2025



www.moleculartherapy.org

A . PNy, ipe C anti-GD2 CAR
SpCas9 RNP editor i~y CRISPR Editing Strategy TexMACS ¢ ImmunoCult 8\ TCR knockout
- IL-7/L15  molecules  IL7ALAS
v TRACexon 1 I I I )
TCCTAACCCTGATCCTCTTGTCCCACAGATATCCAGAACCCTGACCCTGCCCTGTACC
AGGATTGGGACTAGGAGAACAGGGTGTCTATAGGTCTTGGGACTGGGACGGCACATGG Day 0 3 10

PAM Protospacer (P) sequence

Blood Draw + Harvest
CD3/CD28 — TRAC-CART cells
Stop Activation Electroporation
TRAC (Chr14 - E—ﬂ.
D Cas9-CLIPT Control Non-transfected
/‘ o) w634 012|365 ooos | Jo 0
5 g S | fcar: 44 CAR? iJear:
. TRACP + PAM Z TCR TR TcR
\ CAGGGTICTGGATATCTGTEG6 =\ 108 10}
Cas9-CLIPT GTCCCAAGACCTATAGACACCC (@]
Backbone % o] ] i
<
Insert AT BRBAl  cp>-car  |NESERNNN RHAT K R A A R R e

S

Stop
TCR-BV421 (RFU)
Sspl Restriction Site Day 10 Day 8 Day 10
M
AATATT oo 100 .
TTATAA 1.7-fold 1
Control Backbone FAAK 50 80 @Donor A
& mDonorB
g & 5
2265 by 40 & 40
GFAYSRIA o> v [NRGNAAN VA
Stop 20 2
o 0
« &
& & ¢

Cellares Electroporation (CEP)

100 100
100 @Donor A .
W Donor B =
80 ADonorC 80 80 @Donor
 Donor D ) mDonor B
60 W Donor £ = 60 & o0 ADonorC
@ Donor F IS
40 40 R 40
20 20 I 20
o 0 o

Fold Expansion
9% Viability
% CAR'/TCR

> 3 53
S & & &
Ot e® ™ O RAMOSO
$ S & & P & &L
& (&3 < \\b z,"; \‘1 \\,‘: & \\,‘7
@7) & @0 é\’b \Q @’b
A A PR RS
£ s
Q,O’ (S & S
& &
& (F & (F

Figure 1. Robust manufacturing of TRAC-CAR T cells with Cas9-CLIPT

(A) An SpCas9 RNP complex targeted to exon 1 of the TRAC locus was used to insert dsDNA HDR donor templates containing a GD2 CAR transgene under the control of the
endogenous TRAC promoter: Cas9-CLIPT and Control template. Cas9-CLIPT contains a TRAC gRNA site with PAM to be linearized by the RNP with TRAC sgRNA, while the
Control template was linearized via an Sspl restriction site. (B) Cas9-CLIPT or Control DNA (xPGA) were incubated with RNP for 10 min and run on a 1% agarose gel (lanes 3-
6) with a 1-kb plus ladder (lane 1) and controls (lanes 7-12). (C) Isolated T cells were activated with anti-CD3/CD28 beads in TexMACS for 3 days; electroporated with RNP,
PGA, and Nanoplasmid donor templates; recovered in ImmunoCult-XF supplemented with IL-7/IL-15 and M3814; and expanded in ImmunoCult-XF supplemented with IL-7/
IL-15 until day 10 to manufacture TRAC-CART cells. (D) Representative contour plots of Cas9-CLIPT, Control TRAC-CAR T cells, or non-transfected samples analyzed for
CAR and TCR expression on day 8 (day 5 post-EP). (E and F) Bar graphs of Cas9-CLIPT or Control TRAC-CAR T cell (E) CAR or TCR expression on days 8 and 10 of
manufacturing and (F) fold expansion and viability on day 10 with controls RNP only (T cells electroporated with RNP but not Cas9-CLIPT) and No electroporation (EP) (T cells
that were treated with Cas9-CLIPT but were not electroporated). (G) CAR and TCR expression of Cas9-CLIPT and Control TRAC-CAR T cells manufactured at small- (5e6
cells) and large- (50e6 cells) scales on the Cellares EP device, without treatment of PGA or M3814. CAR, chimeric antigen receptor; Cas9-CLIPT, cleaved, linearized with
protein template; dsDNA, double-stranded DNA; RNP, ribonucleoprotein; TRAC, T cell receptor alpha constant. Noase-cLipt = Ncontrol = 6 (3 donors), Nanp only = Nno er =6 (3
donors), Ncaso-cLipT smail cep = Ncasg-cLIPT Large ceP = 2, Ncontrol small cep = 1 (3 separate donors). Error bars represent mean and standard deviation. Statistical significance
was determined with paired t-tests; “*“p < 0.001; ***p < 0.0001.

RESULTS

Manufacturing Cas9-CLIPT TRAC-CAR T cells

TRAC-CAR T cell manufacturing must yield robust numbers of
CAR" cells and requires well-characterized manufacturing of ancil-

donor template could streamline non-viral CAR T cell
manufacturing. We constructed two different HDR templates con-
taining a GD2 CAR as (1) a circular Cas9-CLIPT template that can
be linearized by an RNP with TRAC sgRNA and (2) a “Control” cir-
cular plasmid that can be linearized via an Sspl restriction site (Fig-
ure 1A). We chose to insert the P + PAM sequence upstream of the
left homology arm in an orientation such that Cas9 cleavage would

produce a linearized plasmid, containing the Nanoplasmid backbone

lary materials to meet GMP requirements.’”*’ We explored whether
incorporating a single target sequence consisting of a protospacer
sequence (P) together with the protoadjacent motif sequence
(PAM) for a TRAC single guide RNA (sgRNA) into a Nanoplasmid
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downstream of the right homology arm. In this design, any unin-
tended integration of the backbone through HDR-independent
DNA repair would not disrupt the transcription of the CAR.

We prepared the two HDR templates and performed a gel shift assay
using RNP, with and without poly-L-glutamic acid (PGA)*® for both
HDR templates. After incubation with RNP for 10 min, regardless of
PGA addition, the Cas9-CLIPT Nanoplasmid was linearized (Fig-
ure 1B). The Cas9-CLIPT samples migrated slower within the electro-
phoresis gel, indicating a larger molecular weight for the Cas9-CLIPT
molecular complex than the Sspl-linearized Control Nanoplasmid.
The slow migration depended on the sgRNA sequence, as the Cas9-
CLIPT Nanoplasmid incubated with a non-targeting sgRNA RNP
failed to migrate slowly (Figure S1). These results indicate that
Cas9-CLIPT Nanoplasmid forms a complex with the RNP, based
upon the sgRNA sequence, and becomes linearized within minutes
of incubation with a matching RNP.

The first time the gel shift assay was performed, the Control Nano-
plasmid underwent one freeze/thaw and showed one band of the cor-
rect size (Figure S2). After the Control Nanoplasmid and Cas9-CLIPT
Nanoplasmid underwent multiple freeze/thaws, another gel shift
assay was performed, and two bands were observed for control Nano-
plasmid: one at the correct size of the linear Control Nanoplasmid
and one smaller band (Figure S2). In the second gel shift assay,
only one correct size band was still observed for Cas9-CLIPT Nano-
plasmid. After multiple freeze/thaws, the Control Nanoplasmid be-
comes a heterogeneous template, while the Cas9-CLIPT Nanoplas-
mid remains a homogeneous template.

To examine whether Cas9-CLIPT could be used to engineer a thera-
peutically relevant CAR T cell, we electroporated T cells with Nano-
plasmid templates and an sgRNA targeted to the TRAC locus
complexed within an SpCas9 RNP. In short, we metabolically
primed*"** our T cells with a 3-day activation in TexMACS media,
electroporated on day 3 using a Lonza 4D-Nucleofector X Unit sys-
tem, recovered the T cells in ImmunoCult-XF with interleukin-7
(IL-7)/IL-15 and small molecules, and then expanded the T cells for
7 days in ImmunoCult-XF with IL-7/IL-15 post-EP (Figure 1C).
The use of either TexMACS or ImmunoCult-XF media alone did
not significantly impact the knock-in rate (Figure S3). We used
2 ng Cas9-CLIPT and Control donor template per 1 million cells
because this optimal donor DNA concentration preserved high
knock-in while maintaining T cell viability and expansion (Figure S4).
Thirty minutes post-EP, we recovered the cells with the DNA-PK in-
hibitor Nedisertib (M3814) to block NHE] and promote HDR DNA
repair (Figure S5). On day 5 post-EP (day 8), there was a 1.7-fold in-
crease in CAR" cells when using Cas9-CLIPT as the donor template
(Cas9-CLIPT: 61% [3%], Control: 36% [1%]; p < 0.001) versus Con-
trol TRAC-CARTT cells (data are reported as condition: mean [error])
(Figures 1D and 1E). Non-transfected cells are T cells that did not
receive any treatment during manufacturing; they were cultured ac-
cording to our manufacturing process. We produced Control
TRAC-CAR T cells using a circular Control Nanoplasmid instead
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of linearizing the Control Nanoplasmid prior to EP, although the
linear Control Nanoplasmid resulted in higher CAR knock-in effi-
ciencies (Figure S6). We also tested PCR-generated tCTS dsDNA
donor templates but found that Cas9-CLIPT Nanoplasmid had
improved CAR knock-in efficiencies compared to the PCR-generated
tCTS dsDNA donor template at all DNA doses (Figure S7).

The addition of PGA during RNP incubation and the addition of
Nedisertib during post-EP T cell recovery further increased knock-
in efficiencies.”””*> We observed that greater than 98% of Cas9-
CLIPT and Control TRAC-CAR T cells lacked expression of the
endogenous TCR (Cas9-CLIPT: 99.5% [0.2%], Control: 99.2%
[0.5%]) (Figure 1E). The percentages of CAR knock-in (Cas9-
CLIPT: 62% [2%], Control: 37% [1%]) and TCR knockout
(Cas9-CLIPT: 99.4% [0.3%], Control: 99.0% [0.6%]; p < 0.001)
also remained unchanged until day 7 post-EP (Figure 1E). There
were no significant differences between Cas9-CLIPT and Control
TRAC-CAR T cell fold expansion (Cas9-CLIPT: 8.8 [3.5], Control:
10.0 [3.2], RNP only: 5.6 [1.0], No EP: 22 [6.5]) or viability (Cas9-
CLIPT: 89.7% [3.8%], Control: 88.8% [5.6%], RNP only: 85.8%
[3.3%], No EP: 93% [2.3%]) after manufacturing (Figure IF).
Though, both the EP of T cells and addition of donor template
to Cas9-CLIPT and Control-TRAC CAR T cells hindered T cell
fold expansion and viability in comparison to T cells electropo-
rated with no donor template (RNP only) and T cells that were
not electroporated but were incubated with Cas9-CLIPT Nano-
plasmid (No EP) (Figure 1F).

Since the transport of Cas9-CLIPT into T cells could depend on the
mechanics of the EP instrument, we adapted our workflow on two
other EP devices: the Cellares (South San Francisco, CA) EP (CEP)
system, an automated clinical-scale manufacturing system, and the
Thermo Fisher Scientific Neon NxT system, a precursor to the
large-scale Xenon EP device. The CEP system affords users fine con-
trol over key EP parameters and operates in batch mode to enable
EP at clinical-scale. Though we use PGA during RNP incubation
and Nedisertib during post-EP recovery in all in-house experiments,
PGA and Nedisertib were not used during Cas9-CLIPT TRAC-CAR
T cell manufacturing on the CEP system. In this system, a small-
scale EP that uses 5 million T cells resulted in Cas9-CLIPT
TRAC-CAR T cells with knock-in rates well above Control TRAC-
CAR T cell conditions (CAR knock-in: Cas9-CLIPT: 26% [8%],
Control: 5%; TCR knockout: Cas9-CLIPT: 88% [2%], Control:
90%) (Figure 1G). For a 50 million T cell EP using the CEP system
(large-scale), CAR knock-in efficiency was 15% compared to 26% in
small-scale CEP experiments (CAR knock-in: 15% [8%]; TCR
knockout: 86% [2%]) (Figure 1G). Further optimization on the
CEP system may enhance clinical-scale approaches. Cas9-CLIPT
strategies also improved knock-in using the Thermo Fisher Scienti-
fic Neon NxT EP system at small-scale (Figure S8). A summary of
different media, small molecules, and EP devices was collected
(Table S1). These results demonstrate that the Cas9-CLIPT Nano-
plasmid can increase knock-in efficiencies in various EP conditions
on multiple EP instruments.
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Figure 2. Long-read sequencing of on-target TRAC edits in Cas9-CLIPT CAR T cells

Genomic DNA was extracted on day 10 of manufacturing from Cas9-CLIPT CAR T cells, Control TRAC-CART cells, and non-transfected T cells. Regions surrounding the cut
site were amplified via PCR, and amplicons were sequenced on the PromethlON 24. (A) Indel editing efficiency in genomic DNA isolated from the CAR T products as
measured by long-read sequencing. The modification frequency of each nucleotide around the TRAC cut site was calculated relative to the human genome TRAC reference
sequence. The protospacer (P) and PAM are underlined, and a vertical dotted line indicates where Cas9 nuclease should create a dsDNA DSB. (B) Alignment of long-reads
from sequencing the genomic DNA of Cas9-CLIPT CAR T cells from donor A to the expected transgene amplicon sequence (3,152 bp). Gray histogram indicates the relative

(legend continued on next page)
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On-target genomic analysis of Cas9-CLIPT TRAC-CAR T cells
Insertion of the Cas9-CLIPT donor templates into the TRAC locus
was confirmed by performing long-read sequencing** on genomic
DNA isolated from the cell products. DNA was extracted on day 10
of manufacturing from Cas9-CLIPT and Control TRAC-CAR
T cells from three different donors. The 3-kb regions of interest
were amplified via PCR around the intended insertion site. Ampli-
cons were sequenced using a long-read Oxford Nanopore Technolo-
gies instrument. The modification frequency of each base pair around
the TRAC cut site relative to the wild-type sequence was calculated for
Cas9-CLIPT and Control TRAC-CAR T cell amplicons by dividing by
the number of reads not aligned to the wild-type sequences at each
base pair with the total number of reads observed at each base pair.
High on-target genome editing was observed, as indicated by high in-
del formation precisely at the TRAC target site (Figure 2A). There
were no significant differences in the indel pattern between Cas9-
CLIPT and Control TRAC-CAR T cells (Figure 2A). These alleles
are predicted to result in a TCR knockout through frameshifts in
the coding sequence and nonsense-mediated decay of the resulting
TRAC mRNA transcripts. Notably, the alleles with full-length CAR
insertion were robustly observed in the reads from sequencing (Fig-
ure 2B). An exact match to the GD2-CAR sequence throughout the
transgene and at the junctions of the homology arms was observed
(Figure 2B). These results are consistent with HDR-mediated precise
knock-in of the desired CAR transgene sequences and NHE] inhibi-
tion due to the use of Nedisertib during manufacturing. We estimated
the allelic knock-in efficiency by dividing the number of reads aligned
to the insert by the total number of reads aligned to both the edited
and the unedited samples and found a higher percentage of precise
insertions with Cas9-CLIPT (Cas9-CLIPT: 35% [2.2%], Control:
30% [1.7%], Non-transfected: 0.0% [0.0%]; p = 0.038) (Figure 2C).

While we estimated the allelic knock-in efficiency by dividing the num-
ber of reads aligned to the insert by the total number of reads aligned to
both the edited and the unedited samples and found a higher percent-
age of precise insertions with Cas9-CLIPT (Figure 2C), the allelic
knock-in efficiencies are lower than the observed flow cytometry results
(Figure 1E). This is likely due to PCR bias.** Since our CAR T cell prod-
ucts are not 100% efficient, there are still edited and unedited T cells
within one sample. When performing PCR on one sample, the DNA
from unedited cells will produce a shorter PCR product than the
DNA from edited cells due to the size of the transgene insert. Due to
PCR bias favoring smaller amplicons during annealing and extension
steps, it is easier for the smaller, unedited DNA fragments to be ampli-
fied during PCR than the larger, edited DNA fragments.** Thus, it is
likely the allelic knock-in efficiencies are not as high as the flow cytom-
etry knock-in efficiencies because it was easier to amplify the unedited
DNA than the edited DNA.
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Off-target genomic analysis of Cas9-CLIPT TRAC-CAR T cells
Though CRISPR-Cas9 is a precise genome editing tool, it is possible
that the sgRNA used to edit the TRAClocus of T cells could bind else-
where in the human genome, causing unintended off-target edits.*’
To determine whether any off-target sites exist in Cas9-CLIPT
TRAC-CAR T cells, we performed whole genome sequencing
(WGS) (Figure 3A). WGS allows for unbiased tracking of integration
sites of our transgene since WGS does not have PCR amplification
biases nor does it require the nomination of off-target sites. Genomic
DNA was prepared for long-read nanopore sequencing via Oxford
Nanopore Technologies and aligned to a reference sequence contain-
ing the CAR transgene. Successful mapping to the reference human
genome provided 30X coverage of the genome. On-target integration
was observed in 3,270 of 3,367 reads (97.3%) with alignment to the
CAR transgene (Figure 3B). Off-target integration was minimally
observed in all but two human chromosomes (Figure 3B). Some of
the off-target hits are likely hits because the single-chain variable frag-
ment (scFv) of the CAR transgene aligns with the immunoglobulin
loci found in chromosomes 2 and 22.*” Off-target integration sites
were identified from reads that aligned to both the transgene and
the human genome if there was a minimum alignment length of
150 bp and a minimum MAPQ value of 30 (Figure 3C). Overall,
the few number of reads aligned at off-target sites is likely not cause
for concern for off-target integration when using Cas9-CLIPT
Nanoplasmid.

Phenotypic analysis of Cas9-CLIPT TRAC-CART cells

Ex vivo culture of CAR T cells with artificial activation and high con-
centrations of cytokines can trigger differentiation into short-lived
effector T cells that struggle to persist in vivo.'”** In contrast, preser-
ving the naive, stem cell memory T cell population during CAR T cell
manufacturing can increase CAR T cell persistence. Control TRAC-
CAR T cells undergoing “metabolic priming,” or switching media
formulation post-EP, have improved stem cell memory proper-
ties.""*> We analyzed whether Cas9-CLIPT TRAC-CAR T cells
cultured in a similar manner to metabolically primed CAR T cells
would have a similar phenotype. Spectral flow cytometry was used
to distinguish the CAR*/TCR™ population of Cas9-CLIPT TRAC-
CAR T cells and profile the surface markers for CD8, CD4, and
stem cell memory (Figure S9), such as CD45RA, CCR7, and
CD62L. These stem cell memory markers decrease as T cells differen-
tiate into effector cells (Figure 4A). We found that 59% [11%] of our
Cas9-CLIPT TRAC-CAR were positive for cytotoxic CD8 (Fig-
ure S10), indicating a balanced CD8 and CD4 T cell product. In addi-
tion, T cells can be classified as naive (Ty) (CD45RA*/CD62L"/
CCR7"), naive-central memory (Ty.cy) (CD45RA*/CD62LY/
CCR77), central memory (Tcy) (CD45RA™/CD62LT/CCR7™), cen-

tral-effector memory (Tcmem) (CD45RA™/CD62LT/CCR77),

number of reads at each base pair aligned to the insert and homology arms. Red indicates the negative strand; blue indicates the positive strand. (C) Allelic knock-in efficiency
as measured by long-read sequencing. Knock-in efficiency is defined as the number of reads aligned to the transgene divided by the total number of reads aligned to both the
transgene and the reference genome. DSB, double-stranded break. Three donors, Ncase-cLipt = Ncontrol = NNon-transfected = 8. Error bars represent mean and standard
deviation. Statistical significance was calculated with paired t-tests; *p < 0.05; ****p < 0.0001.

6 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2025



www.moleculartherapy.org

A . Align Construct Mapped
Sheared Cas9-CLIPT Align Reads to 9 pp
X Reads to Human
Genomic DNA Construct Reference Genome
DODODD
MOTIDOVL %M@%
AODEVDHDIDHT WGS mmm I Filter Reads by Map
MODDDIU R T (I Quality and Overlap
DODODE Bttt R I Window
I g
construct [ INERAGTEERIIN 724 62 5p) CAR (2265 bp) tbglob polyA (527 bp) _
Alignment with construct
~4000 bp ~7000 bp
downstream of LHA upstream of RHA
WGS reads Alignment with reference genome Alignment with reference genome
Chr 14 ref
sequence
22543320 22547505 22554505
B C

o
S

o

o

Percent of Reads Mapping
to Transgene (%)

o
o

Number of Average 14g2a Average Chromosomal

0.001 T T T 1 T T T 1 T T 1
OV NI I OH A DO NV D
O N &N NN NN NN

S e S o o e S e S e e o o™

Human Chromosome

Supporting Alignment Length Average Alignment Length Average
Integration Site Reads (Gaps Included) MAPQ (Gaps Included) MAPQ
Chr 14 (on target) 3270 796.4 59.9 580.0 59.9
Chr1 10 800.2 60 5612.6 60
Chr2 2 824.1 60 7131.6 60
Chr3 4 717.3 60 41285 60
Chr4 9 906.8 60 4960.8 60
Chrs 5 795.8 60 5443.6 60
Chré 2 603.0 60 14319.0 60
Chr7 2 903.0 60 4019.0 60
Chrg 8 7711 60 4757.8 60
Chro 4 847.0 60 6021.3 60
Chr10 5 780.2 60 4734.8 59
Chr11 6 797.0 60 3262.2 60
Chr12 5 7888 60 7013.2 60
Chr13 4 727.0 60 8351.3 60
Chr15 0 N/A N/A N/A N/A
Chr16 9 746.3 60 4009.7 60
Chr17 0 N/A N/A N/A N/A
Chr18 9 796.9 60 5874.4 57
Chr19 1 261 60 4754 60
Chr 20 5 757.0 60 6312.0 60
Chr21 2 548.0 60 1688.0 60
Chr22 2 905.5 60 5283.0 60
Chr23 3 376.5 60 5120.3 53

Figure 3. Whole-genome sequencing of Cas9-CLIPT TRAC-CAR T cells indicates minimal off-target effects

Genomic DNA was extracted from Cas9-CLIPT TRAC-CAR T cells and sequenced via Oxford Nanopore Technologies Sequencing for unbiased whole-genome sequencing
(WGS) to determine off-target sites. (A) Schematic of unbiased WGS alignment. Sequencing reads were aligned to the transgene, and hits were then mapped to the human
genome. After filtering with an overlap window threshold, reads that aligned to both the transgene and human genome were considered an off-target integration site. (B)
Percentage of reads that were considered an off-target integration site on each chromosome on a log scale. Chromosome 14 contains the on-target TRAC locus for Cas9-
CLIPT TRAC-CAR T cells. (C) The number of integration site reads on each chromosome, and the corresponding average alignment length of the read to the transgene
(14g2a) and human genome (chromosomal). The average MAPQ of each alignment is also reported. One donor, Ngasg-cLipt = 1.

effector memory (Tgy) (CD45RA™/CD62L/CCR7 ), or terminal
effector (Tgpymra) (CD45RAT/CD62L7/CCR77). We observed
that Cas9-CLIPT TRAC-CAR T cells were 8% [6%] Tx, 37% [10%]
Trecns 9% [5%] Tens 30% [15%] Tenens 7% [3%] Teas and 7%
[3%] Tgmras respectively, across three biological donors, indicating
a large portion of naive T cells in the pre-infusion product (p
(TN-CM VS. TN) TCM> TEM: or TEMRA) = 0.010, 0.013, 0.008, or
0.0083) (Figures 4B and 4C).

Potency of Cas9-CLIPT TRAC-CART cells

We evaluated the potency of Cas9-CLIPT TRAC-CAR T cells against
the GD2" neuroblastoma cell line, CHLA-20, by measuring cytotox-
icity after co-culture. We seeded CHLA-20 target cells in 96-well

plates and cultured them for 24 h, after which Cas9-CLIPT and Con-
trol TRAC-CAR T cells were added at 10:1, 5:1, 2.5:1, and 1.25:1 effec-
tor:target (E:T) ratios (Figure 4D). All groups successfully lysed
CHLA-20 cells over 72 h at each E:T ratio (Figures 4E and S11)
with no differences in the extent of cytotoxicity for a 1.25:1 E:T after
72 h of co-culture (Cas9-CLIPT: 66% [22%], Control: 70% [19%],
Cancer only: 0% [0%]; p (Cas9-CLIPT or control vs. cancer only) =
0.001) (Figure 4F). These results demonstrate that our Cas9-CLIPT
integration strategy can create potent TRAC-CAR T cells in vitro.

Large transgene knock-in using Cas9-CLIPT
The immune response of T cells to foreign intracellular circular
plasmid dsDNA limits the knock-in of large (>2 kb) transgenes.23
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Figure 4. Cas9-CLIPT TRAC-CAR T cells are stem cell memory-like and potent against solid tumor cells in vitro

(A) Cas9-CLIPT TRAC-CART cells were analyzed for expression of stem cell memory T cell surface markers by spectral flow cytometry on day 7 post-EP. (B) Representative
contour plots of CD62L vs. CCR7 expression in CD45RA + populations of Cas9-CLIPT TRAC-CART cells. (C) Percentage of naive (CD45RA*/CD62L"/CCR7™), naive-central
memory (CD45RA*/CD62L*/CCR7 "), central memory (CD45RA~/CD62L*/CCRT7*), central-effector memory (CD456RA~/CD62L*/CCR7 "), effector memory (CD45RA™/
CD62L"/CCR77), and terminal effector (CD45RA*/CD62L~/CCR77) T cells. (D) GD2™ neuroblastoma CHLA-20 cells were plated in 96-well plates 24 h before TRAC-CAR
T cell addition. The potency was measured continuously for up to 72 h. (E) Percent change in GFP fluorescence from GD2* CHLA-20 neuroblastoma cells vs. time in cancer/
Cas9-CLIPT or Control TRAC-CAR T cell co-cultures for a 1.25:1 E:T ratio. (F) Percent cytotoxicity at 72 h for cancer/Cas9-CLIPT and Control TRAC-CART cells at an E:T
ratio of 1.25:1 compared to a cancer only control. GFP, green fluorescent protein; E:T, effector:target ratio. Three donors, Ncaso-cLipt = Ncontrol = 8. Error bars represent mean
and standard deviation. Statistical significance was determined with one-way ANOVA; *p < 0.05; **p < 0.01.

To explore whether Cas9-CLIPT strategies could be adapted to larger
transgenes, we constructed a circular Cas9-CLIPT nuclear factor of
activated T cells-mCherry (NFAT-mCh) Nanoplasmid. In addition
to containing an anti-GD2 CAR within the donor template, the trans-
gene insert sequence contains an NFAT response element with min-

49,50 . .
”" to drive expression of a downstream fluores-

imal IL-2 promoter
cent mCherry reporter protein (Figure 5A). NFAT is a key
transcription factor that initiates transcription of IL-2 during T cell
activation through signaling from the endogenous TCR or an inte-
grated CAR.”" The same CAR T cell manufacturing process used to
produce Cas9-CLIPT TRAC-CAR T cells was used to produce
NFAT-mCh TRAC-CAR T cells. Using the large NFAT-mCh Nano-
plasmid, we observed high knock-in efficiency via flow cytometry as-
says (NFAT-mCh knock-in: 38% [4%]) and minimal TCR expression
(NFAT-mCh TCR knockout: 99% [0.5%]) (Figure 5B), indicating that
our Cas9-CLIPT strategy can successfully edit T cells with >5 kb gene
insertions. RNP incubation with PGA prior to the addition of NFAT-
mCh Nanoplasmid significantly increased CAR knock-in and TCR
knockout efficiencies and is necessary for clinically relevant effi-
ciencies of NFAT-mCh TRAC-CAR T cells (Figure S8).

8

To demonstrate whether our integrated construct resulted in func-
tional CAR T cells, we stimulated NFAT-mCh and Cas9-CLIPT
TRAC-CAR T cells with either phorbol 12-myristate 13-acetate
(PMA)/ionomycin or the GD2" neuroblastoma cell line, CHLA-
20. We performed flow cytometry after 24 h to measure the
NFAT-driven expression of mCherry in CAR" T cells. Stimulation
of T cells with either method successfully induced expression of
mCherry to different extents in CAR" NFAT-mCh T cells, which
we gated into ‘high’ and ‘low’ fractions (mCh high and mCh low)
in the CAR*/mCh™ population (Figure 5C). The low gate includes
some mCherry expression driven by NFAT in the absence of stim-
ulation, while the high gate is specific to antigen or PMA/ionomycin
stimulation. Stimulated NFAT-mCh CAR T cells had significantly
higher percentages of mCh High cells than unstimulated NFAT-
mCh or Cas9-CLIPT CAR T cells (NFAT-mCh + PMA/ionomycin:
32.1% [2.7%], NFAT-mCh + CHLA-20: 7.2% [1.4%], NFAT-mCh:
1.6% [0.4%], Cas9-CLIPT: 0.01% [0.02%]; p [NFAT-mCh + PMA-
ionomycin or CHLA-20 vs. NFAT-mCh or Cas9-CLIPT] < 0.001;
p (NFAT-mCh + PMA/ionomycin vs. CHLA-20) < 0.0001) (Fig-
ure 5D). Unstimulated NFAT-mCh CAR T cells also had higher
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expression of mCh Low cells than those stimulated with PMA/ion-
omycin or CHLA-20 cells, indicating a low-level activation of NFAT
(NFAT-mCh + PMA/ionomycin: 2.0% [0.5%], NFAT-mCh +
CHLA-20: 5.6% [0.4%], NFAT-mCh: 11.7% [2.7%], Cas9-CLIPT:
0.5% [0.07%]; p (NFAT-mCh vs. NFAT-mCh + PMA/ionomycin
or CHLA-20 or Cas9-CLIPT) < 0.001; p (NFAT-mCh + CHLA-20
vs. NFAT-mCh + PMA/ionomycin or Cas9-CLIPT) < 0.001 or =
0.002) (Figure S12). Antigen-stimulated NFAT-mCh CAR T cells
had higher mCherry mean fluorescence intensity (MFI) than unsti-
mulated cells, showing higher mCherry expression within the CAR*
population (NFAT-mCh + PMA/ionomycin: 4.7 [0.2], NFAT-
mCh + CHLA-20: 3.1 [0.1], NFAT-mCh: 2.7 [0.1], Cas9-CLIPT:
2.4 [0.01]; p (NFAT-mCh + PMA/ionomycin vs. NFAT-mCh +
CHLA-20 or NFAT-mCh or Cas9-CLIPT) < 0.001; p (NFAT-
mCh + CHLA-20 vs. NFAT-mCh or Cas9-CLIPT) < 0.001; p
(NFAT-mCh vs. Cas9-CLIPT) < 0.001) (Figure 5D). Stimulation
by GD2 antigens by the CHLA-20 neuroblastoma resulted in weaker
mCherry expression versus PMA/ionomycin stimulation, as the
former had a higher percentage of mCh Low cells and correspond-
ingly a lower percentage of mCh High cells (Figures 5C and S12).

On-target genomic analysis of NFAT-mCh TRAC-CART cells
Similar to the Cas9-CLIPT TRAC-CAR T cells, we also confirmed
precise insertion via HDR of the NFAT-mCh transgene at the
genomic level via long-read sequencing™ on genomic DNA isolated
from the NFAT-mCh TRAC-CAR T cell products. DNA was ex-
tracted on day 10 of manufacturing from NFAT-mCh TRAC-CAR
T cells from three different donors. The regions of interest were
amplified via PCR around the intended insertion site. Amplicons
were sequenced using a long-read Oxford Nanopore Technologies
instrument. The modification frequency of each base pair around
the TRAC cut site relative to the wild-type sequence was calculated
for NFAT-mCh TRAC-CAR T cell amplicons by dividing by the
number of reads not aligned to the wild-type sequences at each
base pair with the total number of reads observed at each base
pair. High on-target genome editing was observed, as indicated by
high indel formation precisely at the TRAC target site (Figure 6A).
There were no significant differences in the indel pattern between
NFAT-mCh, Cas9-CLIPT, and Control TRAC-CAR T cells (Fig-
ure 6A). We estimated the allelic knock-in efficiency by dividing
the number of reads aligned to the insert by the total number of
reads aligned to both the edited and the unedited samples and
found precise insertions of NFAT-mCh (NFAT-mCh: 14% [2.4%];
p < 0.0001) (Figure 6B).

Molecular Therapy: Methods & Clinical Development

Potency of NFAT-mCh TRAC-CART cells

Despite the lower expression, we detected NFAT-driven mCherry
fluorescence in images of Cas9-CLIPT NFAT-mCh CAR T cells
with GD2" neuroblastoma cells on the IncuCyte live-imaging plat-
form (Figure 6C). mCherry fluorescence was detected for up to
72 h (Figure S13), indicating sustained expression with antigen expo-
sure. The number of mCh" cells decreased with lower E:T ratios
(NFAT-mCh: (10:1) 556 [228], (5:1) 459 [190], (2.5:1) 235 [98],
(1.25:1) 141 [49], Cas9-CLIPT: (10:1) 5 [3], (5:1) 2 [1], (2.5:1) 2 [1],
(1.25:1) 3 [2]; p (10:1, 5:1, 2.5:1, 1.25:1) = 0.0004) (Figure S13), while
the average intensity was unchanged at 12 h (NFAT-mCh: (10:1) 30
[1], (5:1) 29 [5], (2.5:1) 25 [2], (1.25:1) 25 [2]) (Figure S14). At 10:1,
5:1,2.5:1, and 1.25:1 E:T ratios, all groups successfully lysed CHLA-20
cells over 72 h at each E:T ratio (Figure 6D) with no differences in the
extent of cytotoxicity for a 1.25:1 E:T after 72 h of co-culture (NFAT-
mCh: 64% [14%], cancer only 0% [0%]; p [NFAT-mCh vs. cancer
only] = 0.005) (Figure 6E). These results indicate that our Cas9-
CLIPT integration strategy can create potent GD2 TRAC-CAR
T cells via a functional large transgene.

DISCUSSION

We have demonstrated a streamlined manufacturing process of virus-
free TRAC-CAR T cells'”*' by simplifying the preparation of donor
templates and increasing knock-in of small and large transgenes
into T cells. By adding a single TRAC target sequence into a CAR-con-
taining Nanoplasmid, we made Cas9-CLIPT, eliminating the costly,
time-consuming, and challenging production of linearized HDR
donor templates via PCR or restriction digestion of circular plasmids.
Nanoplasmid DNA can be easily manufactured within recombinant
bacteria at scale using GMP conditions*>** and is already in use in
clinical trials,’® making the Cas9-CLIPT platform adaptable for clin-
ical production of TRAC-CAR T cell therapies. Manufacturing
TRAC-CAR T cells with Cas9-CLIPT significantly increases knock-
in efficiencies to mirror efficiencies commonly observed when using
retroviruses to produce CAR T cells.”

CAR knock-in was assisted in some cases by including PGA during
RNP complexing, as the knock-in efficiency decreases without it (Fig-
ure S8). PGA is an anionic polymer that is theorized*® to prevent RNP
aggregation. However, the addition of PGA to other non-viral CAR
T cell workflows has had inconsistent effects, with some studies
observing seemingly no benefit to knock-in or viability.> It is possible
that the addition of PGA to non-viral CAR T cell manufacturing is
donor dependent. However, successful EP is dependent on the charge

Figure 5. Large knock-in using Cas9-CLIPT enables fluorescent reporter of CAR activation

(A) Schematic of Cas9-CLIPT NFAT-mCh DNA containing a GD2 CAR transgene under the control of the endogenous TRAC promoter and an mCherry reporter gene
conditionally expressed with NFAT binding domains and the minimal IL-2 promoter targeted to the TRAC locus. Cas9-CLIPT templates contain a TRAC gRNA site with PAM
to be linearized by the RNP. (B) NFAT-mCh CAR T cells contain an inducible mCherry reporter gene dependent on CAR activation. A representative contour plot and bar
graph depict NFAT-mCh CAR T cell TCR and CAR expression. (C) One million NFAT-mCh CAR T cells were stimulated with either PMA/ionomycin or 200,000 CHLA-20
neuroblastoma cells for 24 h. Stimulated and unstimulated Cas9-CLIPT NFAT-mCh or Cas9-CLIPT TRAC-CAR T cell samples were then assayed for NFAT-driven mCh
expression. Representative contour plots detail CAR vs. mCh expression. (D) Bar graphs of percentage of CAR*/mCh High populations and mCh MFI. MFI, mean fluo-
rescence intensity. Three donors, Neaso-cLipt = NnraT-meon = 6. Error bars represent mean and standard deviation. Statistical significance was determined with one-way

ANOVA; “*p < 0.0001.
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Figure 6. Long-read sequencing of on-target TRAC edits in potent NFAT-mCh CAR T cells

Genomic DNA was extracted on day 10 of manufacturing from Cas9-CLIPT, NFAT-mCh, and Control TRAC-CAR T cells, as well as non-transfected T cells. Regions
surrounding the cut site were amplified via PCR, and amplicons were sequenced on the PromethlON 24. (A) Indel editing efficiency in genomic DNA isolated from the CAR T
products as measured by long-read sequencing. The modification frequency of each nucleotide around the TRAC cut site was calculated relative to the human genome
TRAC reference sequence. The protospacer (P) and PAM are underlined, and a vertical dotted line indicates where Cas9 nuclease should create a dsDNA DSB. (B) Allelic
knock-in efficiency as measured by long-read sequencing. Knock-in efficiency is defined as the number of reads aligned to the transgene divided by the total number of reads
aligned to both the transgene and the reference genome. (C) GD2* neuroblastoma GFP* CHLA-20 cells were plated in 96-well plates 24 h before TRAC-CAR T cell addition.
GFP expression was measured continuously for up to 72 h. (D) Percent change in GFP fluorescence from GD2* CHLA-20 neuroblastoma cells vs. time in cancer/NFAT-mCh
CAR T cell co-cultures for E:T ratios of 10:1, 5:1, 2.5:1, or 1.25:1 and (E) bar graph of extent of cytotoxicity at 72 h for 1.25:1 E:T ratios. Error bars represent mean and
standard deviation. Three donors, Ncaso-cLipT NFaT-mch = 6. Error bars represent mean and standard deviation. Statistical significance was determined with paired t-tests;

*p < 0.05; **p < 0.01; ***p < 0.0001.

of its cargo,”> so neutralization of positive Cas9 charges by nega-
tively-charged PGA may prevent inhibitory interactions with the het-
erogeneous surface charge of T cells,” thereby eliminating a potential
barrier to delivery. While we employed PGA, it did not affect the
extent of Cas9-CLIPT Nanoplasmid linearization, which manifests
as a heavier band than linearized Control Nanoplasmid in our gel
electrophoresis assay (Figure 1B).

Cas9-CLIPT bound to SpCas9 with NLS may increase trafficking to
the nucleus to increase knock-in, similar to ssDNA HDR donor tem-
plates bound with Cas9 via truncated target sequences.”> Bound Cas9
may also cleave the donor template and genomic target efficiently,
leading to an increased chance of HDR due to the proximity of ho-
mologous sequences to the on-target site.”*>> Other non-viral pro-
cesses have incorporated gRNA cut sites to increase the knock-in of
a CD19 CAR” and a reporter gene.”’” The latter study also integrated
a large (6.3 kb) multicistronic CAR transgene,”” which bypasses the
usual 1.5-kb limit for linearized HDR donor templates in
T cells."®*® We also bypass this limit by achieving high knock-in

with our 5.0-kb inducible NFAT-mCh GD2-CAR construct with a
single gRNA cut site as opposed to the double cut variant. Finally, ho-
mology-independent targeted integration (HITI) templates with a
single cleavage site perform differently from HITI templates with
two cleavage sites for non-HDR knock-in within mice in vivo.”
Mechanisms within mammalian cells that distinguish one vs. two
cleaved ends of the template may not involve bound Cas9, as with
our Cas9-CLIPT strategy, but still promote transgene knock-in for
our human T cell system.

Other end joining integration processes like microhomology-medi-
ated end joining (MME]) or HME] are also repair mechanism possi-
bilities when using an sgRNA target site.”*’>>> MMEJ is an end
joining repair mechanism that uses short homology arms (5-25 bp
long) to integrate transgenes.”* However, MME]J can introduce
many indels at homology arm junctions as well as random integration
directions.” HMEJ is also an end joining repair mechanism that uses
long homology arms (~800 bp long) to integrate transgenes.” It is
possible that Cas9-CLIPT could integrate the entire linearized
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Nanoplasmid, including the plasmid backbone located downstream
of the right homology arm. However, in our Cas9-CLIPT design,
poly-adenylation sequences at the end of the CAR transgene and
the presence of the right homology arm likely prevent the Nanoplas-
mid backbone from being transcribed via the endogenous TRAC pro-
moter or even integrated in our proliferating cells. We observed all
Cas9-CLIPT TRAC-CAR T cell sequencing reads in Integrative Geno-
mics Viewer (IGV). According to the sequences at the junctions
where the left and right homology arms meet the transgene, indels
and random direction integrations were not observed and therefore
we have concluded that MME] repairs were not observed. All reads
that contained transgene sequences were continuous and showed
no gaps in sequences at the homology arms, indicating that HDR
was likely the DNA repair mechanism used when generating Cas9-
CLIPT TRAC-CAR T cells. This may be due to Nedisertib addition,
known to block end joining repair mechanisms (Figure S5).”>*’
Non-HDR integration events can also be reduced while increasing
HDR insertion by simultaneously inhibiting DNA-PK and polymer-
ase theta-mediated end joining with small molecule inhibitors Nedi-
sertib, ART558,*® and AZD7648.°” Control TRAC-CAR T cell knock-
in efficiencies tripled when treated with Nedisertib and ART558
compared to untreated control TRAC-CAR T cells (Figure S5), indi-
cating these drugs could be used to further increase knock-in effi-
ciency with the Cas9-CLIPT strategy in future studies.”” Treatment
with both Nedisertib and ART558 significantly decreased TRAC-
CAR T cell count compared to untreated TRAC-CAR T cells and
TRAC-CART cells treated with only Nedisertib. Therefore, the com-
bination of DNA-PK inhibitors and polymerase theta-mediated end
joining inhibitors would need to be optimized in the future to ensure
clinically relevant CAR T cell yields.

Knock-in of Cas9-CLIPT Nanoplasmid on the CEP system provides a
proof-of-principle and indicates the feasibility of moving to auto-
mated and scaled-up TRAC-CAR T cell therapy biomanufacturing
(Figure 1G). This move is likely to have significant benefits compared
to the current commercial CAR T cell manufacturing workflow, as the
ability of Cellares Cell Shuttle technology to manufacture 16 cell ther-
apy batches in parallel reduces facility size and labor requirements.
Furthermore, efficiency and performance gains rooted in the Cell
Shuttle’s automated handling systems and closed ISO8 internal envi-
ronment could significantly decrease process failure rates and reduce
batch prices. The cells can be processed in a fully closed, single-use
cartridge. The integrated Cellares platform using the Cas9-CLIPT
strategy is estimated to produce 10 times more cell therapy batches
per year, with the same footprint and the same workforce, as in con-
ventional contract development and manufacturing organizations. At
such a scale, the CEP system has the potential to produce relevant
doses of TRAC-CAR T cells for future in vivo experiments. Successful
in vivo experiments have been performed with the transgene sequence
of the Control construct.'”*' The in vivo results in these published
studies demonstrate solid tumor regression with the same third-gen-
eration CAR, transgene, and CRISPR editing strategy from a linear
dsDNA template. Since the memory phenotype of our Cas9-CLIPT
TRAC-CAR T cells matches the phenotypes observed in our Control
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TRAC-CAR T cells and the CAR T cells produced in published
studies,'”*! we anticipate that our Cas9-CLIPT TRAC-CAR T cells
will have similar functional properties regarding potency and persis-
tence in vivo (Figure 4B).

Our Cas9-CLIPT donor template simplifies non-viral CAR T cell pro-
duction by eliminating expensive, difficult-to-scale-up dsDNA linear-
ization and purification steps. We demonstrate an 8.8-fold expansion
of Cas9-CLIPT TRAC-CAR T cells during manufacturing while
increasing CAR knock-in efficiency to over 60% with a 2.2-kb insert.
Compared to recombinant adeno-associated virus (rAAV) donor
templates, we could effectively insert an inducible fluorescent reporter
(5.5 kb transgene) at rates exceeding 35%, bypassing the cargo limit of
4.5 kb for rAAV.>>* Cas9-CLIPT likely has the potential to knock-in
even larger transgenes, enabling the inclusion of the co-expression of
additional genes. The overexpression of transcription factors like
PRODH2® or FOXO1°"°* could increase metabolic fitness or mem-
ory formation in TRAC-CAR T cells. Armored CAR T cells have also
been engineered to express SynNotch receptors, which more reliably
express downstream cytokines, like IL-2, at higher rates than NFAT
response elements® and logic gates to CAR expression to mitigate
off-target cytotoxicity.”* The integration of these multifunctional de-
signs using Cas9-CLIPT at clinical scale could ultimately further
improve the safety and efficacy of gene-edited immune cell therapies.

MATERIALS AND METHODS

Cell lines

GD2" human neuroblastoma CHLA-20 cells were gifted to us by Dr.
Mario Otto (University of Wisconsin-Madison). These cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher
Scientific, Waltham, MA) and 1% penicillin/streptomycin (P/S)
(Gibco, Thermo Fisher Scientific). AkaLUC-GFP CHLA-20 cells
were created through viral transduction by Dr. James Thomson
(Morgridge Institute for Research). In short, Phoenix cells (American
Type Culture Collection [ATCC], Manassas, VA) were grown in
DMEM with 10% FBS and 1% P/S and selected with 1 pg/mL diph-
theria toxin (Cayman Biologics, Ann Arbor, MI) and 300 pg/mL
hygromycin (Thermo Fisher Scientific). The selection of transgene-
positive cells was confirmed by flow cytometry for mouse Lyt2 expres-
sion as a reporter gene (BioLegend, San Diego, CA). We grew 3T3
cells in DMEM with 10% FBS and 1% P/S. Cell authentication was
performed using short tandem repeat analysis (Idexx BioAnalytics,
Westbrook, ME) and per ATCC guidelines using cell morphology,
growth curves, and Mycoplasma testing within 6 months using the
MycoStrip Mycoplasma Detection Kit (Invitrogen, Waltham, MA).
Cell lines were maintained in culture at 37°C in 5% CO,.

Nanoplasmid constructs

A GD2-CAR plasmid construct encoding a 2A.14G2A-CD28-0X40-
CD3{ CAR gifted to us by Malcolm Brenner (Baylor College of Med-
icine) was synthesized and the sequence verified (Control) (GenScript,
Piscataway, NJ). An additional sequence encoding the TRAC sgRNA
plus PAM (5-CAGGGTTCTGGATATCTGTGGG-3') was cloned
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into the Nanoplasmid before the 5" end of the left homology arm via
mutagenesis, synthesized, and the sequence verified (Cas9-CLIPT)
(GenScript). Two other sequences with the TRAC sgRNA were de-
signed in Benchling to contain additional transcripts encoding six
NFAT response elements with minimal IL-2 promoter*>*’ to drive
expression of an H2B-mCh reporter gene (Cas9-CLIPT NFAT-
mCh) that was synthesized and the sequence verified (GenScript).
All transgenes are flanked by 500-bp homology arms and were cloned
into a pUC57 backbone. Plasmid products were shipped to Aldevron
(Fargo, ND), where they were cloned into a Nanoplasmid backbone.
Nanoplasmid backbones include two components: a small
(~300 bp) R6K origin of replication and an RNA-OUT cassette
(~70 bp). The latter encodes an antisense RNA that enables an anti-
biotic-free selection of E. coli cells in the presence of sucrose by
preventing the expression of the genome-integrated levansucrase
gene sacB and production of the toxic oligosaccharides from sucrose.>”
Nanoplasmids were manufactured using a proprietary E. coli fermen-
tation process” and conventional DNA purification workflow. The
latter applies the same methods for bacterial cell lysis, bacterial cell
debris removal, chromatography, formulation, and DNA quality con-
trol as used for the “traditional” plasmids. Nanoplasmids were manu-
factured on-site at Aldevron and resuspended in DNase-free water at
2 mg/mL. Insert sequences can be found in Table S2.

Nanoplasmid linearization by restriction digest

To linearize Control Nanoplasmid for use as a dsSDNA HDR template,
a restriction digest of the Nanoplasmid construct using SspI-HF (cat-
alog no. R3132S, New England Biolabs [NEB], Ipswich, MA) was per-
formed. Four restriction digest batch reactions in 1.5-mL Eppendorf
tubes (50 uL Nanoplasmid, 125 pL CutSmart buffer, 25 puL SspI-HF
enzyme, and 1,050 pL DNase-free water for 1,250 pL total) were ali-
quoted (50 pL into PCR tubes for a total of 96 reactions). These were
incubated in a thermocycler at 37°C for 15-60 min and heat inacti-
vated at 65°C for 20 min according to the manufacturer’s instruc-
tions. Gel electrophoresis was then performed on the finished product
to assess whether proper cutting took place, followed by SPRI
cleanups to purify and concentrate the material to 2 mg/mL. PCR re-
actions were pooled into eight 1.5-mL Eppendorf tubes (600 pL) with
an equal volume of SPRI (Beckman Coulter, Brea, CA) beads that
incubated for 5 min at room temperature. The product was washed
twice with 70% ethanol and eluted in 75 pL DNase-free water and
pooled into one tube (600 pL). This product was subject to a second
round of cleanups and was eluted in 30 pL water. DNA was quantified
using the NanoDrop2000 and Qubit dsDNA Broad Range (BR) Assay
(Thermo Fisher Scientific) and diluted to 2 mg/mL according to Qu-
bit measurements.

PCR-generated dsDNA HDR template production

Plasmids were used to make dsDNA PCR-generated donor template
with tCTS adapters. This work was previously done,'” but in brief,
plasmids were MidiPrepped using the PureYield MidiPrep system
(Promega, Madison, WI). PCR amplicons were generated from
plasmid templates using Q5 Hot Start Polymerase (NEB) and pooled
into 100-pL reactions for SPRI cleanup (1X) using AMPure XP beads

according to the manufacturer’s instructions (Beckman Coulter).
Each 100 pL starting product was eluted into 5 uL water. Bead incu-
bation and separation times were increased to 5 min, and elution time
was increased to 15 min at 37°C to improve yield. PCR products from
round 1 cleanup were pooled and subjected to a second round of SPRI
cleanup (1X) to increase total concentration. The round 2 elution vol-
ume was 20% of the round 1 input volume. Template concentration
and purity were quantified using NanoDrop 2000 and the Qubit
dsDNA BR assay, and templates were diluted in water to an exact con-
centration of 2 pg/pL according to Qubit measurements.

Isolation of T cells from peripheral blood

Peripheral blood was drawn from healthy donors using an institu-
tional review board-approved protocol (2018-0103). Blood was
collected into lithium heparin-coated vacutainer tubes and trans-
ferred to 50 mL conical tubes. CD3" primary human T cells were iso-
lated by negative selection per the manufacturer’s instructions (cata-
log nos. 15021 and 15061, RosetteSep Human T Cell Enrichment
Cocktail, STEMCELL Technologies, Vancouver, Canada). T cell pel-
lets were resuspended in dilution medium (PBS with 2% FBS) and
counted using a hemocytometer with 0.4% trypan blue viability stain
(Thermo Fisher Scientific). Cells were then resuspended at 1 million/
mL in TexMACS Cell Culture Medium (catalog no. 130-097-196,
Miltenyi Biotec, Bergisch Gladbach, Germany). T cell cultures were
supplemented with 10 ng/mL IL-7 (catalog no. 207-IL-005/CF,
BioTechne, Minneapolis, MN) and 10 ng/mL IL-15 (catalog no.
247-ILB-005/CF, BioTechne) and stimulated with T cell TransAct
(10 pL for each mL of culture, catalog no. 130-111-160, Miltenyi Bio-
tec) for 72 h, respectively.

T cell EP on Lonza 4D-Nucleofector X Unit

Following T cell activation, the RNP and DNA were electroporated
into T cells in 16-well EP cuvettes on a 4D-Nucleofector X Unit (cat-
alog no. V4XP-3032, Lonza, Walkersville, VA) using pulse code EH-
115. One million cells were electroporated per well in the cuvette. Per
reaction, a TRAC locus-specific sgRNA (5-CAGGGUUCUGG
AUAUCUGU-3') (IDT, Coralville, IA) (2 pL of 100 uM, IDT) was
incubated with SpCas9 (0.8 pL of 10 mg/mL, catalog no.
9212-0.25MG, Aldevron) and PGA (15,000-50,000 kDa, 1.6 uL of
10 mg/mL solution in DNase free water, catalog no. 26247-79-0,
Millipore Sigma, Burlington, MA) for 15 min at 37°C to form the
RNP complex. During incubation, T cells were centrifuged at 300 g
for 5 min and counted on the Countess II FL. Automated Cell Counter
(Thermo Fisher Scientific) with 0.4% trypan blue viability stain. One
million cells per reaction were then aliquoted and centrifuged at 90 g
for 10 min. Following RNP incubation, linearized dsDNA HDR tem-
plates were added to the mixtures (1 uL) in PCR tubes and incubated
for at least 5 min. Cells were then resuspended in 18.6 pL P3 buffer
(Lonza) and transferred to PCR tubes containing the RNP:DNA mix-
tures. Contents were then transferred to cuvettes (total volume 24 pL)
and electroporated. Immediately following EP, 80 pL ImmunoCult-
XF (catalog no. 10981, STEMCELL Technologies) with no cytokines
was added to each reaction, which were then rested for 30 min at
37°C. Cells were then moved to a 96-well flat-bottom plate containing
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160 pL medium supplemented with 10 ng/mL IL-7 (BioTechne),
10 ng/mL IL-15 (BioTechne), and 2.5 pM Nedisertib (M3814) (cata-
log no. S8586, Selleckchem, Houston, TX). Cells were cultured for
24 h and then transferred to 12-well plates with 1 mL media and incu-
bated at 37°C for 48 h.

T cell EP on CEP system

Following T cell activation, RNPs and DNA were electroporated into
T cells in the CEP cartridges (Cellares) using EP parameters co-devel-
oped with Cellares. For each at-scale reaction, 50 million cells were
electroporated. Per reaction, an sgRNA (CAGGGUUCUGGA
UAUCUGU) (IDT) specific for the TRAC locus (8.33 nmol, IDT)
was incubated with SpCas9 (2.05 nmol, catalog no. 9212-0.25MG, Al-
devron) for 15 min at 37°C to form the RNP complex. During incu-
bation, T cells were counted on the NucleoCounter NC-200
(ChemoMetec, La Jolla, CA), aliquoted (50 million T cells per reac-
tion), and centrifuged at 300 g for 10 min. Following RNP incubation,
linearized dsDNA HDR templates were added to the mixtures
(222 pg) in PCR tubes and incubated for at least 5 min. Cells were
then resuspended in 1 mL Cellares EP Buffer, combined with the
RNP:DNA mixtures, and transferred to the CEP chambers for EP.
Cells were rested for 30 min at 37°C, then split into two wells of a
G-Rex 6M Well Plate (catalog no. 80660M, Wilson Wolf, St. Paul,
MN) containing 30 mL medium per well supplemented with 10 ng/
mL IL-7 (BioTechne) and 10 ng/mL IL-15 (BioTechne). Cells were
cultured for 3 days and then half the media was removed and replaced
with fresh media. The cells were then incubated at 37°C for 48 h
before being evaluated for editing efficiency.

T cell EP on Thermo Fisher Neon NxT EP system

Following T cell activation, the RNP and DNA were electroporated
into T cells in Neon NxT 10 pL pipette tips (catalog no. N1025,
Thermo Fisher Scientific) on a Neon NxT EP system (catalog
no. NEONIS, Thermo Fisher Scientific) using pulse code
1600V/10ms/3. One million cells were electroporated per condition.
Per reaction, a TRAC locus-specific sgRNA (5'-CAGGGUUCUG
GAUAUCUGU-3') (0.154 uL of 100 uM, IDT) was incubated with
SpCas9 (0.2 pL of 10 mg/mlL, catalog no. 9212-0.25MG, Aldevron)
and PGA (0.123 pL of 10 mg/mL solution in DNase-free water, cat-
alog no. 26247-79-0, Millipore Sigma) for 15 min at 37°C to form
the RNP complex. During incubation, T cells were centrifuged at
300 g for 5 min and counted on the Countess II FL Automated Cell
Counter (Thermo Fisher Scientific) with 0.4% trypan blue viability
stain. One million cells per reaction were then aliquoted and centri-
fuged at 90 g for 10 min. Following RNP incubation, linearized
dsDNA HDR templates were added to the mixtures (1 pL) in PCR
tubes and incubated for at least 5 min. Cells were then resuspended
in 10 pL genome editing buffer (Thermo Fisher Scientific) and
transferred to PCR tubes containing the RNP:DNA mixtures. Con-
tents were then transferred to Neon NxT 10 uL pipette tips and elec-
troporated. Immediately following EP, 80 pL ImmunoCult-XF (cata-
log no. 10981, STEMCELL Technologies) with no cytokines was
added to each reaction, which were then rested for 30 min at 37°C.
Cells were then moved to a 96-well flat-bottom plate containing
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160 pL medium supplemented with 10 ng/mL IL-7 (BioTechne),
10 ng/mL IL-15 (BioTechne), and 2.5 pM Nedisertib (M3814) (cata-
log no. S8586, Selleckchem). Cells were cultured for 24 h and then
transferred to 12-well plates with 1 mL media and incubated at
37°C for 48 h.

T cell culture

TRAC-CAR T cells were cultured in TexMACS media supplemented
with IL-7/IL-15 (10 ng/mL) at 1 million cells/mL for the first 3 days.
After EP, TRAC-CAR T cells were cultured in ImmunoCult-XF for
7 days with IL-7/IL-15 (10 ng/mL). Every 2 days, cells were centri-
fuged at 300 g for 5 min and counted on the Countess II FL Auto-
mated Cell Counter with 0.4% trypan blue viability stain. Cells were
then resuspended in culture medium at 1 million cells/mL. The
same process was repeated on days 5 and 7 post-EP.

Flow cytometry analysis

CAR was detected using a 1A7 anti-14G2A antibody (National Can-
cer Institute, Biological Resources Branch, Bethesda, MD) conju-
gated to allophycocyanin (APC) using a Lightning Link APC Anti-
body Labeling kit (catalog no. 705-0010, Novus Biologicals,
Centennial, CO). TCR was detected using an anti-human TCR a/
B antibody conjugated to BV421 (catalog no. 306722, BioLegend).
Flow cytometry to assess CAR and TCR positivity was performed
on day 8 of manufacturing on an Attune NxT flow cytometer
(Thermo Fisher Scientific). Immunophenotyping of cells was per-
formed on day 10 of manufacturing using a spectral immunopheno-
typing panel on an Aurora spectral cytometer (Cytek, Cerritos, CA).
Briefly, cells were plated in a 96-well round-bottom plate (100,000
cells for CAR/TCR and 250,000 cells for spectral immunophenotyp-
ing), washed with 200 uL PBS, and spun at 1,200 g for 1 min, twice.
Cells were then stained for viability with either GhostRed 780 (cat-
alog no. 50-105-2988, Tonbo Biosciences, San Diego, CA) or Live-
Dead Blue (catalog no. 123105, Thermo Fisher Scientific). For
CAR/TCR staining, 1 pL GhostRed 780 was added to 10 mL PBS
to make a stock solution, and 100 pL stock solution was added to
each sample and incubated for 30 min in the dark. For spectral
flow staining, Live-Dead Blue stain was resuspended in 50 pL of
DMSO, 1 pL added per 1 mL PBS to make a stock solution, and
200 pL stock solution was added to each sample and incubated
for 30 min in the dark. After viability staining, samples were washed
twice and blocked for 30 min with 50 uL fluorescence-activated cell
sorting (FACS) buffer (0.5% BSA in PBS) with TruStain FcX solu-
tion (0.5 pL/sample, catalog no. 422301, BioLegend). Antibodies
were then added to 100 pL BD Brilliant Stain Buffer (catalog no.
659611, BD Biosciences, Franklin Lakes, NJ) at the optimized
amounts found in Table S3 and incubated for 1 h. Cells were
then washed, resuspended in 200 or 75 pL FACS buffer, and
analyzed on the Attune or Aurora, respectively. For spectral immu-
nophenotyping, we used CD4, CD8, TCR, and CAR positivity to
define populations, and for all markers, cells were gated by relative
size, shape, singlets, viability, TCR negativity, and CAR transgene
positivity to find an analyzable population of viable CAR T cells.
All antibodies are listed in Table S3.
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Stimulation of CAR T cells and flow cytometry

One million Cas9-CLIPT NFAT-mCh TRAC-CARTT cells were stim-
ulated in 12-well plates with either PMA/ionomycin (10 ng/mL PMA,
1 pg/mL ionomycin) or 200,000 GD2* neuroblastoma CHLA-20
cells. Cells were counted and harvested after 24 h and stained for
flow cytometry. Briefly, 100,000 cells were plated in a 96-well
round-bottom plate, washed with 200 uL PBS, and spun at 1,200 g
for 1 min twice. Cells were then stained for viability with GhostRed
780 and CAR in 100 pL of BD Brilliant Stain Buffer and incubated
for 30 min in the dark. NFAT-mCh CAR T cells were stained for
CAR and viability. Cells were then washed, resuspended in 75 pL
FACS buffer, and analyzed on the Cytek Aurora instrument and
were gated by relative size, shape, singlets, viability, TCR negativity,
and CAR transgene positivity to find an analyzable population of
viable CAR T cells. All antibodies are listed in Table S3.

In vitro cytotoxicity assay on IncuCyte

A total of 10,000 AkaLUC-GFP CHLA-20 cells were seeded in tripli-
cate on 96-well plates and incubated for 24 h at 37°C. Twenty-four
hours later, 100,000, 50,000, 25,000, 12,500, 6,250, or 3,130 CAR"
T cells from day 10 of manufacturing were added to each well for
E:T ratios of 10:1, 5:1, 2.5:1, 1.25:1, 0.625:1, or 0.313:1, respectively.
The plate was centrifuged for 5 min at 100 g and then placed in the
IncuCyte S3 Live-Cell Analysis System (Sartorius, GOttingen, Ger-
many) and stored at 37°C in 5% CO,. Images were taken every 3 h
for 48 h. Green object count was used to calculate the number of can-
cer cells in each well, and fluorescent images were analyzed with
IncuCyte Base Analysis software.

Spectral flow cytometry data analysis

Analysis of spectral flow cytometry data was performed using Cytek’s
SpectroFlo program. Single positive controls for each color were
collected and analyzed in SpectroFlo for positive and negative popu-
lations. SpectroFlo’s unmixing algorithm was then used to compen-
sate for spillover and autofluorescence of cells. Data were then ex-
ported to FlowJo (version 10.9.0), where samples were gated for
non-debris, singlets, and live cells. TCR and CAR positivity were
used to gate cell populations for in vitro samples. Representative plots
were generated in Flow]Jo using fluorescence minus one controls to set
positive gates.

Linearization gel assays

TRAC sgRNA (1 puL of 100 pM) was incubated with SpCas9 (0.8 uL of
10 mg/mL) with or without PGA (1.6 pL of 10 mg/mL solution in
DNase-free water) for 15 min at 37°C to form the RNP complex.
To RNP complexes with and without PGA, Cas9-CLIPT or
Control Nanoplasmid was added and incubated for 10 min.
RNP:Nanoplasmid complexes were then run on a 1% agarose gel
with a 1-kb ladder.

Data analysis and software

All data analyses were performed in GraphPad Prism (version 10.0.2)
and Microsoft Excel. Statistical tests were done in GraphPad Prism
and are indicated in the figure legends. Nanoplasmid sequences

were designed in Benchling. FlowJo was used to analyze .fcs files ex-
ported from SpectroFlo and Attune NxT software. Representative
flow plots were exported from Flow]Jo. Figures were created and orga-
nized using Adobe Illustrator (version 28.0). A p value less than 0.05
was defined as significant.

DNA extraction and PCR amplification

Genomic DNA was extracted from each sample using DNA
QuickExtract (Lucigen, Middleton, WI) and the following program:
65°C for 15 min, 68°C for 15 min, and 98°C for 10 min. Amplicon
primer sequences were designed in Benchling to flank the homology
arms of the donor DNA templates. PCR was performed according to
the manufacturer’s instructions with Q5 Hot Start Polymerase (NEB)
using the following programs for expected amplicon sizes: 3 kb ampli-
con: 98°C (30s), 30 cycles of 98°C (10s), 68°C (30s), 72°C
(1:30 min), and a final extension at 72°C (2 min); 6 kb amplicon:
98°C (30 s), 40 cycles of 98°C (10s), 68°C (30 s), 72°C (5 min),
and a final extension at 72°C (5 min). Forward primer: 5'-GGC
CTTTTTCCCATGCCTGCCT-3' and reverse primer: 5-TGCCC
TCTCCTGCCACCTTCTC-3'.

Oxford Nanopore Technologies sequencing

DNA concentration of PCR samples was quantified using NanoDrop
2000 and Qubit dsDNA BR assay (Thermo Fisher Scientific), and
PCR samples were diluted in nuclease-free water to an exact concen-
tration of 30 ng/pL according to Qubit measurements. Samples were
sequenced on the Oxford Nanopore Technologies PromethION 24
according to the manufacturer’s instructions. Prior to read alignment,
the reference sequence was filtered from all non-IUPAC characters.
All variants exhibiting a FILTER status of PASS are merged into
the consensus sequence. Passing reads are sorted using a 2:1 weighted
preference (length:quality), and the top 90% are kept for further
analysis. QUAL is the Phred-scaled probability that the site has no
variant and is computed as QUAL = —10*log10 (posterior genotype
probability of a homozygous-reference genotype [GT = 0/0]). Anal-
ysis was performed using IGV and CRISPResso2 (crispresso2.
pinellolab.org).

WGS for off-target sites

Genomic DNA was extracted from Cas9-CLIPT CAR T cells using
the Gentra Puregene kit (Qiagen, Germantown, MD) per the manu-
facturer’s instructions and quantified using Qubit. Samples were
sequenced on the Oxford Nanopore Technologies PromethION 24
according to the manufacturer’s instructions. WGS reads were
aligned to the scFv region of the CAR transgene; reads with alignment
to the transgene were subsequently mapped to the human genome
(GRCh38). Mapping was performed with minimap?2 utilizing the first
half of the detectIS pipeline.***>® Reads were filtered for a minimum
alignment length to chromosome or CAR of 150 bp and a minimum
MAPAQ value of 30. Integration sites were identified from reads align-
ing to both the transgene and the human genome filtered with an
overlap window threshold (distance between the transgene aligning
and the human genome aligning segments/total length of read) of 0.5.
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