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Efficient, scalable and minimally perturbative manufacturing of autolo-
gous and allogeneic engineered T cells remains a central challenge in
the development of effective and accessible cell therapies. Engineered
immune cells have entered clinical trials to treat cancers, infections,
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CRISPR-mediated genome editing of primary human lymphocytes
istypically carried out via electroporation, which can be cytotoxic,
cumbersome and costly. Here we show that the yields of edited primary
humanlymphocytes can be increased substantially by delivering a
CRISPRribonucleoprotein mixed with an amphiphilic peptide identified
through screening. We evaluated the performance of this simple delivery
method by knocking out genesin T cells, B cells and natural killer cells
viathe delivery of Cas9 or Casl2aribonucleoproteins or an adenine base
editor. We also show that peptide-mediated ribonucleoprotein delivery
paired with an adeno-associated-virus-mediated homology-directed
repair template can introduce a chimaeric antigen receptor gene at the
T-cell receptor a constant locus, and that the engineered cells display
antitumour potency in mice. The method is minimally perturbative, does

notrequire dedicated hardware, and is compatible with multiplexed editing

viasequential delivery, which minimizes the risk of genotoxicity. The

peptide-mediated intracellular delivery of ribonucleoproteins may facilitate

the manufacturing of engineered T cells.

genetic diseases and autoimmune disorders’, but manufacturing barriers
in cell therapy pipelines persist, hindering cost-effective development
of these products. Precise T-cell engineering offers advantages over
pseudo-random integration with lentiviral or gammaretroviral (gRV)
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vectors®, but the prevailing delivery strategies for ex vivo clustered
regularly interspaced short palindromic repeats (CRISPR)-mediated
genome editing of human lymphocytes rely on electroporation, which
is a substantial source of cytotoxicity, cost and manufacturing burden
in cell therapy pipelines®. Peptide-enabled delivery to cells is an attrac-
tive alternative involving a low-cost reagent that is simply mixed with
genome-editing cargo before applicationto cellsin culture. With suitably
low toxicity, thisapproach could facilitate serial rounds of precise genome
engineering to manufacture next-generation cell therapies featuring
combinations of precise knock-inand knockout edits, but peptide-based
delivery hasso far shown limited utility in human primary immune cells.

The use of peptides for delivering macromolecular cargo into
cells has focused primarily on highly cationic cell-penetrating pep-
tides® (CPPs) such as the TAT sequence from HIV-1. CPPs, although
often effective at facilitating membrane translocation of fused or
associated cargo, are limited in use due to toxicity in many therapeuti-
cally relevant cell types®. Endosomolytic peptides, such as HA2 from
influenza, are typically amphiphilicand undergo a pH-dependent con-
formational shift’, leading to disruption of the endosomal membrane
and escape of associated cargo to the cytosol. On their own, sequences
like HA2 are too hydrophobic and insoluble® to be easily applied and
require further engineering to haveimproved biochemical properties.
Chimaeric peptides containing afusion of an HA2-derived endosomo-
lytic peptide with a cationic CPP such as TAT canretain the endosomo-
lytic functionality and improve macromolecular delivery’. Forinstance,
sequences derived from the chimaeric HA2-TAT fusion sequence
(including INF7-TAT and E5-TAT) have been used for non-toxic delivery
of shortinterfering RNAs'’. HA2-TAT peptides and their derivatives can
associate with other macromolecules through non-covalent associa-
tions and—with simple co-incubation and application to cells—facilitate
transduction of associated cargo’.

Given the current limitations of non-viral methods for delivering
CRISPR reagents, we sought to screen peptides that previously have
been described to deliver short interfering RNAs, investigate peptide
compatibility with CRISPR ribonucleoproteins (RNPs) and optimize
efficacy in engineering primary human immune cells. In this Article,
we report a convenient and effective strategy for delivering
genome-editing reagents into primary human lymphocytes wherein a
CRISPRRNP s simply mixed with a peptide reagent and applied to cells
inexvivo culture (Fig. 1a). This approach—here named peptide-enabled
RNP delivery for CRISPR engineering (PERC)—mediates highly efficient,
precise, multiplex T-cell engineering with multiple advantages over other
delivery technologies. PERC facilitates non-toxic, minimally perturba-
tive genome editing in primary T cells without the need for dedicated
hardware, and it may enable point-of-care cell therapy manufacturingin
settings where more cumbersome delivery technologies are not feasible.

Results

Identification of ASK peptide for CRISPRRNP delivery into
Tcells

We used anuclear localization signal (NLS)-rich Streptococcus pyogenes
Cas9 construct™ to assess a panel of 37 amphiphilic peptides derived
from an HA2-TAT fusion scaffold (Fig. 1b and Supplementary Table 1)
for the capacity to facilitate delivery of Cas9 RNP for editing the B2M
locusin primary human CD4" T cells (Supplementary Fig.1). We mixed
eachpeptide with pre-formed RNPina20:1 molarratio (peptide:RNP;
determined usinginitial, empirical screening), applied the mixture to
cellsin culture and evaluated genome editing at the B2Mlocus 3 days
later using amplicon-based next-generation sequencing (NGS) to detect
insertions and deletions (indels) (Supplementary Fig. 1a) and flow
cytometryto detectloss of B2M surface expression following biallelic
knockout (Supplementary Fig. 1b). This screenidentified several prom-
ising peptides, with INF7-ASK-TAT (‘A5K’, depicted in green throughout)
being the most potent for facilitating genome editing and the most
consistent in producing high edited cell yields.

Using a Cas9 RNP targeting the T-cell receptor (TCR) a constant
(TRAC) locus (subsequently ‘TRAC-RNP’), we used flow cytometry to
further compare the activity of ASK with that of other amphiphilic
peptides known to facilitate delivery of macromolecular cargo, for
example, the HA2-TAT derivatives ES-TAT*"> and INF7-TAT" " (Fig. 1c
and Supplementary Fig. 2). Among the peptides screened, A5K again
exhibited the highest activity: 68% knockout as compared with 99%
knockout when using an electroporation protocol optimized for RNP
deliveryinT cells'®. We also tested 6HCM18PTD4, a peptide previously
reported to facilitate Cas9 RNP delivery to natural killer (NK) cells"”,
butobserved low editing efficiency and substantial toxicity even with
abbreviated treatment duration (Fig. 1c and Supplementary Fig. 3).
The peptide ppTG21 was previously reported to aid ligand-mediated
delivery of Cas9 RNP to hepatocarcinoma cells'®, but we observed
very low efficiency in T cells. Control conditions containing dimethyl
sulfoxide (DMSO; the solvent for peptide stocks) and RNP exhibited
nominal genome editing frequencies, which could be due to the slight
capacity for NLS-rich Cas9 to promote its own intracellular delivery.
Amongthe peptides tested, A5SK conferred efficient T-cell editing with-
out substantial impact on viability (Fig. 1c and Supplementary Fig. 3),
resulting in significantly higher viability compared with electropora-
tion when assayed 2 days after treatment. Particle size analysis of our
PERC formulations revealed ~-60-nm-diameter particles, larger than
that of Cas9 RNP alone (-20 nm diameter observed, resembling the
~15 nmdiameter of the crystallized enzyme”) (Supplementary Fig. 4).

We evaluated the compatibility of A5K-driven PERC with dif-
ferent commercially available Cas9 reagents. In addition to our
non-commercial NLS-rich Cas9 (ref. 11) and another NLS-rich con-
struct® used in this study, Cas9 protein obtained from Invitrogen,
Integrated DNA Technologies (IDT) and Synthego were all compatible
with PERC (Supplementary Fig. 5). Overall, these results establish
PERC as a convenient, efficient and minimally toxic method for T-cell
genome editing that involves just three readily available reagents
(recombinant protein, synthetic RNA and synthetic peptide) and does
not require dedicated hardware for preparation or application of the
three-component formulation.

PERC represents a versatile delivery method
We next tested PERC in additional human cell types. PERC facilitated
genome editing of primary human B cells (Supplementary Figs. 6 and 7)
and NK cells (Supplementary Figs. 6 and 8). Following PERC with Cas9
CD45-RNPin B cells, we observed 67% knockout of CD45 surface expression
ascompared with 92% with electroporation. B-cell viability following PERC
was similar to that of non-treated or DMSO-treated cells (Supplementary
Fig.6a). PERCinNK cells was also effective under these conditions, resulting
in17% CD45 knockout as compared with 52% with electroporation. Because
PERC was substantially less toxic to NK cells than electroporation, edited
cellyieldswere similar for both delivery methods (Supplementary Fig. 6b).
Base editingis an attractive strategy to knock out genes or correct
pathogenic single nucleotide polymorphisms without the need for
genomic double-strand breaks or co-delivering ahomology-directed
repair template (HDRT). We investigated the capability of PERC to
deliver an adenine base editor (ABE) RNP to primary human T cells.
As was recently reported”, expression of CCRS, the HIV co-receptor
thatis a clinical target for HIV therapeutics®, can be abolished via an
A-to-G edit abrogating the start codon. Using a construct incorpo-
rating an evolved TadA-8e deaminase® and S. pyogenes Cas9 engi-
neered to recognize the protospacer adjacent motif (PAM) 5'-NG-3'**
(Supplementary Fig. 9), we delivered ABE CCR5-RNP to CD4" T cells
using PERC or electroporation and assessed editing frequencies after
9 days by NGS (Supplementary Figs. 10-12). A single dose of ABE RNP
with PERC achieved 23% editing as compared with 73% with electropora-
tion. To test whether editing could be improved, we performed two or
three sequential PERC treatments and ultimately reached 35% editing
efficiency. These findings establish PERC as a straightforward means
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Fig.1| PERCfacilitates genome editing in primary human T cells. a, Strategy
for peptide-enabled RNP delivery. Peptides are mixed with pre-formed RNPs,
allowing association, and the mixture is applied to primary human T cells.

b, Tested peptide sequences. The influenza HA2 sequence is compared with
TAT-fusion derivatives INF7-TAT and ES-TAT, as well as the A5K peptide.
Differences areinbold. ¢, Cas9 TRAC-RNP delivery to CD4" T cells, facilitated by
peptides or electroporation (e-por). Knockout efficiency was assayed 4 days after
delivery by flow cytometry for TCR surface expression. n.t. is non-treated, and

mock is DMSO only or electroporated (no RNP). Total cell viability was assessed
atday 2 andis reported in relative light units (RLU). Pvalues are from an analysis
of variance and Holm-Sidak multiple comparisons test. d, Editing of CD3* T cells
using Cas9 or Cas12a TRAC-RNP delivered by PERC or electroporation, paired
with or without CAR AAV HDRT. n = 3 biological replicates from distinct human
donors. Bars represent the mean. Error bars represent s.e.m. Pvalues are from
two-tailed Welch’s unpaired t-tests and Holm-Sidak multiple comparisons test.

of base editing with efficiencies that may have clinical relevance, in
particular for inborn errors of immunity*2.

We next tested if PERC could facilitate concomitant delivery
of a non-viral DNA HDRT for making a knock-in in primary human
T cells (Supplementary Figs. 13 and 14). As previously described'®?,
a hybrid single-/double-stranded DNA HDRT containing truncated
Cas9 target sequences to promote nuclear localization can be used
to introduce a FLAG-tag to the CD5 N-terminus. Five days after PERC
orelectroporation-mediated delivery of CD5-Cas9 RNP and FLAG-tag
HDRT into 200 x 10° T cells, we observed that PERC led to a FLAG-tag
signalin 3% of T cells (yielding 2.7 x 10° CD5-FLAG-tag’ T cells), as com-
pared with39% with electroporation (yielding 22 x 10 FLAG-tag" cells).
We suspect that HDRT DNA might disrupt productive peptide-RNP
particle formation and delivery, as the peptide-enabled CD5 knockout
efficiency decreased from 76% to 14% in the presence of HDRT DNA.
Despite the relatively low efficiency, peptide-enabled delivery of RNP
and DNA in tandem facilitates precise knock-in without viral vectors
orelectroporation.

PERC with AAV HDRT facilitates high yields of precisely edited
CAR-Tcells

Toachieve clinically relevant knock-in efficiency for T-cell engineering,
we paired PERC using either Cas9 or Cas12a (acommercially available

engineered Acidaminococcus sp. construct®) with adeno-associated
virus (AAV)-mediated delivery of a 1928z chimaeric antigen receptor
(CAR) HDRT for knock-intargeted to the TRAClocusin T cells (Fig. 1d).
Compared with non-targeting retroviral vectors, precise knock-inat the
TRAClocus hasbeen demonstrated toimprove CAR-T cell anti-tumour
potency>”. At 6 days after treatment, we observed that the frequency
of edited cells was modestly higher with electroporation than with
PERC (Fig. 1d, bottom), but the toxicity of electroporation dramati-
cally decreased the total number of live cells (Fig. 1d, middle) and the
edited cell yield (Fig. 1d, top). We thus observed that PERC using Cas9
or Casl2aresulted in respective 1.4-fold or 2-fold higher CAR-T cell
yields as compared with electroporation. Notably, the same PERC
protocol developed using Cas9 also enabled Cas12a delivery without
requiring enzyme-specific optimization. These results demonstrate
that pairing PERC with AAV HDRT is an efficient, straightforward and
hardware-independent strategy for making precisely engineered
CAR-T cells.

PERC minimally perturbs the T-cell transcriptome

Because T-cell viability was higher after PERC than after electropora-
tion, we sought to characterize theimpact of these two methods on the
T-celltranscriptome (Fig. 2 and Supplementary Fig.15). We measured
messenger RNA (NanoString nCounter CAR-T characterization panel;
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770 genes) from T cells at 6 h, 1 day and 7 days after delivery of a Cas9
RNPtargeting the AAVS1 safe harbour locus. The AAVSI site was targeted
to minimize impacts on cellular pathways in edited cells*®. Outcomes
were analysed for the following pairs of conditions: electroporation of
RNP versus no treatment; PERC versus no treatment; PERC versus DMSO
(the solventin the peptide stock) with RNP; and DMSO with RNP versus
no treatment. We found that, compared with electroporation of RNP,
PERCinduced far fewer changes in gene expression. Using a threshold
of >1.5-fold change in expression as compared with non-treated, 28
genes were significantly affected by electroporation, compared with
7 by PERC. The impact of PERC was similar to that of cells treated with
RNP plus the equivalent amount of DMSO used in peptide-mediated
editing (0.1% v/v). Therefore, the modest effect of peptide with RNP
appearsto be primarily due to the DMSO solvent (and/or the presence
of principally extracellular RNP) as opposed to peptide itself (Fig. 2a
and Supplementary Fig.15). Additionally, analysis of NanoString gene
category annotations indicated that electroporation largely altered
the expression of genes with roles spanning activation, exhaustion,
cell phenotype and toxicity, whereas these effects were diminished
or absent with PERC (Fig. 2b,c and Supplementary Fig. 15c). Because
AS5K is derived from the influenza peptide haemagglutinin, we tested
whether T cellsin PBMC culture might recognize this peptide sequence.
Inan assay for peptide-induced T-cell activation, we did not detect an
A5K-specificresponse. In contrast, alibrary of HIN1-derived peptides
elicited a mild albeit non-statistically significant response (Supple-
mentary Fig.16).In summary, PERC is minimally perturbative to T cells.

PERC with AAV results in high yields of double knock-in

CAR-T cells

Ideal manufacturing for T-cell-based immunotherapies should enable
editing at multiple genomicsites, but simultaneous multiplex editing
using agenome editing nuclease increases the frequency of transloca-
tions®*, which are a cause for concern in therapeutic applications™.
This issue has been addressed using multiplex base editing®**, a
strategy with some practical limitations due to the scarcity of com-
mercially available base editor proteins as well as the inability to facili-
tate knock-ins. Performing sequential delivery of nucleases to T cells
decreases the frequency of translocations™, but this practice has not
beenwidely adopted due to the impracticality and cell death associated
with repeated electroporation for CRISPR RNP delivery. On the basis
of the limited phenotypic impact and high viability associated with
PERC, we investigated its capacity for repeat dosing.

To test whether PERC could facilitate multiplex editing of T cells,
we conducted sequential or simultaneous double knock-ins using
Cas9 RNPs (Fig. 3a,b and Supplementary Fig. 17) or a combination of
Cas9 RNP and Cas12aRNP (Fig. 3c,d and Supplementary Fig.18).Inthe
first case, the NY-ESO-1 TCR was targeted to TRACand a1928z CARwas
targeted to B2M as an example of co-expressing two transgenic antigen
receptors. The intent of knocking out TRAC and B2M is to ameliorate
graft-versus-host and host-versus-graft responses, respectively*. In
the second case, the CAR was targeted to TRAC and a human HLA-E
antigen was targeted to B2M (as an N-terminal fusion to B2M). The
goal of forced HLA-E expressionis to prevent the host NK cell ‘missing
self’ response®. We observed that PERC generated similar yields of
double knock-in T cells when used with Cas9, either sequentially or
simultaneously, whichwere also similar to electroporation-mediated
editing (Fig. 3a,b). When pairing Cas9 and Casl2a enzymes (another
approach to decrease translocations®), PERC resulted in edited cell
yields comparable to electroporation when simultaneous double
knock-in was performed (Fig. 3c,d) and substantially higher yields of
double knock-in cells than electroporation after sequential rounds of
editing using two different nucleases (Fig. 3d).

We quantified the frequency of balanced or dicentric transloca-
tions following multiplex editing of the TRACand B2Mloci using droplet
digital PCR (ddPCR). For both types of translocation, simultaneous

editing resulted in more translocations than did sequential editing,
with no detectable translocations following two sequential applica-
tions of PERC (Fig. 3e). Because sequential delivery via electroporation
causes substantial decreases in cell counts (Supplementary Figs. 17c
and 18c¢), it is not a practical strategy for minimizing translocations
when using a pair of targeted nucleases. In contrast, sequential PERC
is less detrimental to cell viability and thus represents a strategy for
minimizing translocation frequencies when using multiple targeted
nucleases. Inaseparate experiment, we evaluated RNPs targeting two
loci, EMXI and HEKsite4, for off-target edits using amplicon-based
NGS. These sites were used because other guide RNAs were selected
for their lack of off-target sites, rendering them impractical for this
analysis. Editing frequencies were low at both off-target sites (<1% at
EMXI; <4% at HEKsite4), and off-target versus on-target editing ratios
were similar between PERC and electroporation (Supplementary Fig.
19). In all, PERC facilitates reliable and high-yield sequential editing
that could be adopted to manufacture multiplex-edited cells with less
risk of genotoxicity.

PERCinT cells for multiplex editing withimproved
preservation of naive phenotype

Totest whether sequential RNP delivery could facilitate more complex
editing, we used PERC to make single, double or triple knockouts of the
clinically relevant TRAC, B2M and CDS (ref.38) genes in primary human
T cells (Fig. 4a—-c and Supplementary Figs. 20-22). We performed
PERC-mediated TRACknockout either with (Fig. 4b) or without (Fig.4c)
addition of CAR AAVHDRT and conducted analogous electroporation
editing. PERC improved edited cell yields compared with electropo-
ration: 3-fold higher for single knockout (TCR"), 8.5-fold higher for
double knockout (TCR™ B2M") and 14-fold higher for triple knockout
(TCR"B2M™CDS5") T cells (Fig. 4c). This trend was also apparent with
AAV-treated cells (Fig. 4b), again suggesting that serial PERC could
supportimproved manufacturing of complex and translocation-free
cell therapy products, which has otherwise been impractical using
electroporation.

Clinical outcomes with adoptive cell therapies can be affected by
notonly cellular doses but also cellular phenotypes of engineered T-cell
products®. After three rounds of PERC, the proportion of T cellswitha
terminal effector phenotype (CD62L"° CD45RA™) was similar to that of
non-treated cells. In contrast, the few surviving thrice-electroporated
cells exhibited anincrease in this phenotype (Fig. 4d and Supplemen-
tary Figs. 23-26), which is associated with less robust anti-tumour
activity*°. Comparison of single versus triple delivery indicated
that electroporation led to a decrease in the naive-like phenotype
(CD62L" CD45RA™), whereas PERC maintained a stable proportion,
which is important for the therapeutic application of CAR-T cells**!
(Supplementary Fig. 24).

Consideringtheimportance of edited cell yield through the dura-
tion of the manufacturing process to clinical transplantation (Fig. 4e),
we tracked sequentially edited cells in extended culture (Fig. 4f). We
delivered a Cas12a RNP and AAV for CAR knock-in at the TRAC locus,
followed 2 days later by a Cas9 RNP for knocking out B2M. Cells were
cultured for14 days,and CAR* B2M™ cell yields resulting from PERC or
electroporation were measured over time (Fig. 4g and Supplementary
Fig. 27). Overall, peptide-treated cells survived and expanded better
thandid electroporated cells, resulting in similar or higher edited cell
yields for the three donors tested.

PERC produces potent CAR-T cells

Having established the improved cell yields and reduced phenotypic
impact associated with PERC (as compared with electroporation), we
next tested the cytotoxicity of PERC CAR-T cells. We engineered bulk
T cells to express a1928z CAR using either gRV transduction, elec-
troporated Cas12a TRAC-RNP plus AAV HDRT, or PERC with Casl2a
TRAC-RNP plus AAV HDRT (Fig. 5a and Supplementary Fig. 28). The CAR*
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frequencies by ddPCR for treatment with one or two RNPs, sequentially or
simultaneously, corresponding to the experimentinaandb. In each experiment,
n=2-3Dbiological replicates from distinct human donors. Bars represent the
mean. Error bars represent s.e.m. Pvalues are from two-tailed Welch’s unpaired
t-tests. n.t., non-treated.

T-cell percentages were similar across the three engineering strategies
(Fig. 5b). We compared conditions with or without repetitive stimula-
tionvia co-culture with CD19" A549 target cells. Repetitive stimulation
diminished the naive phenotype and increased the terminal effector
phenotype for cells generated using each strategy (Supplementary
Fig. 28b). Cells from each condition were then co-cultured for 1 day
with luciferase-expressing NALM6 acute lymphoblastic leukaemia
cells, and cytotoxicity was quantified. After repetitive stimulation,
TRAC-CAR-T cells generated by either method outperformed the gRV
condition (Fig. 5¢,d), demonstrating that PERC CAR-T cells recapitulate
the advantage of targeting a CAR to the TRAClocus®.

To evaluate the in vivo anti-tumour potency of multiplex edited
cells, we conducted sequential TRAC-CAR B2M-KO editing using either
PERC or electroporation (Fig. 5e and Supplementary Fig. 29). To gen-
erate a sufficient number of cells, the PERC protocol used in earlier
experiments was scaled up from 100 p culture to 9 mlwith similar edit-
ing efficiency, viability and edited cell yield. In anin vitro cytotoxicity
assay, T cells performed similarly between the two delivery methods
(Fig. 5f). We performed an in vivo ‘stress test’, in which the CAR-T cell
dose is lowered to reveal the functional limits of different CAR-T cell
populations. A total of 4 x 10° or 2 x 10° CAR" T cells (irrespective of the
efficiency of B2M knockout, whichis not expected to impact potency
in this model system) generated using each method were injected
intravenously into NSG mice engrafted with 5 x 10° NALM6 cells 4 days
prior. Tumour burden was evaluated over time by bioluminescence
imaging (BLI) (Supplementary Fig. 30). An assessment on day 21 (the
last timepoint when all CAR-T-cell-injected mice were alive) indicated

asimilar tumour burden for each method within each CAR-T cell dose
(Fig. 5g). PERC and electroporation also conferred similar survival
within each dose over the course of the experiment (Fig. 5h). Taken
together, these results demonstrate that PERC CAR-T cells have similar
therapeutic potency in this preclinical model to their electroporation
counterpart.

Discussion

Our findings establish PERC as an appealing alternative to electropora-
tion for inexpensive, facile and efficient production of sophisticated
cell therapy products generated from primary human T cells. PERC
workswell for Cas9 and Cas12anucleases as well as an ABE, suggesting
broad compatibility with CRISPR effectors. PERC opens up new possibil-
ities for ex vivo manufacturing of both autologous and allogeneic (‘off
the shelf’) products featuring sequential combinations of knockouts,
knock-ins and/or therapeutic base editing of clinically relevant genes.
As compared with electroporation, PERC offers several advantages:
minimal perturbation of cell transcriptome and phenotype, compat-
ibility with sequential delivery to avoid the genotoxicity of simultane-
ousedits, and independence from dedicated hardware. PERC is as easy
to implement as viral transduction while enabling precision genome
editing of multiple loci (Fig. 5i). Additionally, PERC produces edited
cell yields surpassing those attained using electroporation. Edited
cellyieldisamoreimportant metric compared with editing efficiency
when generatinga cell therapy product; even so, with careful guide RNA
selection, itis indeed possible to attain editing efficiencies via PERC
that approachthose attained via electroporation of CRISPR enzymes.
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by flow cytometry for TCR, CAR, B2M and CDS5 surface expression. Reported CAR*
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cell phenotypes between delivery methods (independent of editing outcome),

Days after editing

Days after editing

as measured by flow cytometry for CD62L and CD45RA surface expression.

Pie segments represent the mean proportion of each phenotype. The dotted
lines denote comparisons, with Pvalues from a two-way analysis of variance
and Holm-Sidak multiple comparisons test (Supplementary Figs. 24 and 25
indicate the comparisons). e, Depiction of metrics for evaluating improvement
in cellmanufacturing. f, Schematic of sequential editing. g, Expansion of edited
cells over time, relative to the number of cells used for editing; n = 3 biological
replicates from distinct human donors, plotted separately.

PERC minimizes cell handling steps (as compared with electropo-
ration) and could be incorporated into fully automated cell process-
ing pipelines. Although middle-income regions may have access
to therapeutic cell manufacturing hardware compatible with viral
transduction, there is a critical lack of infrastructure such as clean
rooms mandated by electroporation-based editing protocols**. PERC

minimizes cell handling steps, is compatible with broadly available
automated cell manufacturing hardware and could be incorporated
into point-of-care manufacturing, thus enabling clinical applications
that otherwise would be impractical.

Beyond accelerating broader adoption of CRISPR-mediated engi-
neering for next-generationimmunotherapy applications, PERC could
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Fig. 5| Functional evaluation of CAR-T cells generated using PERC.

a, Schematic of the repetitive stimulation (rep-stim) and cytotoxicity assay.
CD3" T cells were edited to express a CAR using either gRV, Cas12a RNP
electroporation and AAV, or Cas12a RNP PERC and AAV. b, Percentages of CAR*
cellsin each condition with or without repetitive stimulation using CD19* A549
cells. c,d, NALM6 cytotoxicity assay for T cellsin each condition (c), and area
under the curve analysis (d). n = 3 biological replicates from distinct human
donors. Barsrepresent the mean. Error bars represent s.e.m. (3 biological

replicates x 3 technical replicates). P values are from two-tailed Welch’s unpaired
t-tests. e, Schematic of the in vivo tumour challenge experiment, usingn =8

mice per group. f, NALM6 cytotoxicity assay. Error bars represent s.e.m. from
three technical replicates. g, BLI values on the last measurement day on whichall
CAR-T-cell-injected mice were alive. Pvalues are from two-tailed Welch’s unpaired
t-tests. h, Kaplan-Meier survival analysis. Pvalues are from a log-rank test.
P<0.001foreach comparison of an edited condition versus non-treated (n.t.)
cells. i, Table summarizing different delivery methods evaluated.

beapplied with base editing enzymes to treatinbornerrors of immunity
by correcting pathogenic mutations*. Because PERC requires only
three chemically defined reagents that are straightforward to obtain
(plus AAV for efficient knock-in), it can be a practical tool for laboratory
research, industrial manufacturing and clinical pipelines. The adop-
tion of PERC could reduce costs, minimize genotoxicity and expand
access to precisely engineered therapeutic lymphocytes (including
inapoint-of-care production context), and with further development
could facilitate in vivo genome editing.

Methods

Cell culture

Primary adult blood cells from anonymous healthy human donors
were purchased as leukapheresis packs from STEMCELL Technologies.
Specific lymphocytes were isolated by magnetic negative selection
using EasySepisolationkits for human CD4" T cells, CD8' T cells, CD3"
Tcells, Bcellsor NK cells (STEMCELL) per the manufacturer-provided

instructions. T cells were stored in liquid nitrogen until use. Band NK
cells were used fresh.

Isolated T cells were thawed (on day -3 relative to delivery) and
cultured overnight in X-VIVO 15 medium (Lonza) supplemented with
5% foetal bovine serum (FBS), 50 uM 2-mercaptoethanol and 10 mM
N-acetyl-L-cysteine. Cells were activated (on day -2 relative to delivery)
and cultured at 1 x 10° cells mI™ for 2 days in supplemented X-VIVO
15 medium with anti-human CD3/CD28 magnetic Dynabeads (Gibco
40203D) at a bead-to-cell ratio of 1:1, 200 U mI IL-2 (Proleukin),
5ng ml™? IL-7 (R&D Systems) and 5 ng mlI™" IL-15 (R&D Systems).
After 2 days of activation, Dynabeads were removed from the cell
culture using an EasySep cell separation magnet (STEMCELL). For
genome editing, 200 x 10*T cells per well were suspended in 100 pl
Opti-MEM (Gibco) (treatments detailed below). After 1 h of treatment,
FBS-supplemented X-VIVO-15 recovery medium (or in experiments
involving AAV treatment, medium without FBS) was added to cells.
Unless specified otherwise, after genome editing (as described below),

Nature Biomedical Engineering | Volume 7 | May 2023 | 647-660

654


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-023-01032-2

cellswere cultured in supplemented X-VIVO 15 at 0.5 x 10° cells mI ™ with
300 U mlI™IL-2 (Proleukin) and split every 2-3 days.

Isolated B cells were activated and cultured at 1 x 10 cells ml™ for
2 days inIscove’s modified Dulbecco’s medium (Thermo Fisher) sup-
plemented with10% FBS, 50 uM 2-mercaptoethanol, 100 ng mI™ MEG-
ACD40L (Enzo), 200 ng ml™anti-human RP105 (BioLegend), 500 U mI™*
IL-2 (Proleukin), 50 ng mL™ IL-10 (Thermo Fisher) and 10 ng mI™ IL-15
(R&D Systems). For genome editing, 200 x 10° B cells per well were
suspended in100 pl consisting of a mixture of Opti-MEM (Gibco) and
up to20% peptide:RNP formulation (treatments detailed below). After
1h of treatment, recovery medium was added to return cells to the
original culture conditions. After treatment, B cells were cultured at
0.5 x10° cells mI™ and split every 2-3 days.

Isolated NK cells were cultured at 1 x 10° cells ml™ for 6 days
in X-VIVO 15 medium (Lonza) supplemented with 5% FBS, 50 uM
2-mercaptoethanol and 10 mM N-acetyl-L-cysteine and 1,000 U mi™*
IL-2 (Proleukin), and activated with MACSiBead particles pre-loaded
with anti-human CD335 (NKp46) and anti-human CD2 antibodies
(Miltenyi Biotec). After 6 days of activation, MACSiBead particles
were removed from the cell culture using an EasySep cell separation
magnet (STEMCELL). For genome editing, 200 x 10° NK cells per well
were suspendedin100 pl consisting of a mixture of Opti-MEM (Gibco)
and up to 20% peptide:RNP formulation (treatments detailed below).
After1hoftreatment, FBS-supplemented X-VIVO-15recovery medium
was added to cells. After genome editing, NK cells were cultured at
0.5 x10° cells mI with1,000 U mI™ IL-2 and split at 5 days.

Cell viability assays

Cellviability was assessed using a CellTiter-Glo assay (Promega G7570)
according to the manufacturer-provided instructions. Luminescence
was measured using a Spark plate reader.

Peptides

TAT peptide was purchased from GenScript (GSCRPT-RP20256), and
other peptides were procured via custom solid phase synthesis (CPC
Scientific; 95% purity). All peptides were stored lyophilized or as10 mM
stocks in DMSO at -20 °C in a desiccator. Peptide sequences are indi-
catedinFig.1and Supplementary Table 1.

Cas9 proteins

The S. pyogenes Cas9 protein used in all experiments (except those
shown in Supplementary Fig. 5) has six SV40 nuclear localization
sequences (Cas9-6 x NLS); four are N-terminal, and two are C-terminal™
(Addgene ID# 88917; referred to as ‘4 x NLS-Cas9-2 x NLS’ in Staahl
etal., 2017). A cysteine-free Cas9-6 x NLS construct (Addgene ID#
194246; C80S/C574S) was also used without distinction, since the two
constructs are functionally equivalent. Cas9-6 x NLS was expressed
in Escherichia coli and purified via nickel affinity chromatography
(using a detergent wash to remove lipopolysaccharides), heparin affin-
ity chromatography and size exclusion chromatography as previ-
ously described'®. Purified proteins were concentrated to -50 pMina
buffer of 25 mMsodium phosphate pH7.25,300 mM NaCland 200 mM
trehalose and stored at =80 °C. Protein expression and purification
were performed by UC Berkeley MacroLab. Cas9-triNLS (Addgene ID#
196245; referred to as 3 x NLS-Cas9 when originally reported®’) was
expressed and purified by the R.C.W. lab using the same protocol. Alt-R
A.s. Casl12a Ultra (10001273), Alt-R S.p. Cas9 Nuclease V3 (1081058)
and Alt-R S.p. HiFi Cas9 Nuclease V3 (1081061) were purchased
from IDT. SpCas9 2NLS Nuclease was purchased from Synthego.
Invitrogen TrueCut Cas9 Protein v2 (A36498) was purchased from
Thermo Fisher.

Cas9sgRNAs
S. pyogenes Cas9 single guide RNAs (sgRNAs) were purchased with
manufacturer-recommended standard chemical modifications

from Synthego and resuspended in water, or from IDT(AIt-R) and
resuspended in IDT duplex buffer or diethyl pyrocarbonate
(DEPC)-treated water. Before use, sgRNAs were diluted to 15 pM in
20 mM HEPES pH 7.5 and 150 mM NacCl, then refolded by warming to
95 °Cfor 5 minand slow cooling to room temperature for 25 min. Spacer
sequencesare listed in Supplementary Table 2.

RNP formation

For peptide-mediated delivery experiments, Cas9 protein was diluted
to 10 puM in ‘RNP buffer’ (20 mM HEPES pH 7.5, 150 mM NacCl, 10%
glycerol and 2 mM MgCl,). The sgRNA was diluted to 15 pM in 20 mM
HEPES pH 7.5,150 mM NaCl, 10% glycerol and 2 mM MgCl,. The molar
ratio of Cas9:sgRNA was 1:1.5 unless otherwise specified. Cas9 was
mixed with sgRNA in equal volumes yielding 5 uM RNP complex, with
the RNP concentration defined by the amount of Cas9 protein. For
non-viral knock-in experiments, Cas9 was diluted to 20 uM in RNP
buffer and mixed with sgRNA at 30 pM in equal volumes, yielding
a final concentration of 10 uM RNP. For electroporation, Cas9 was
diluted in RNP buffer to40 puM, and sgRNA was diluted to 60 pMin IDT
duplex buffer (30 mM HEPES pH 7.5 and 100 mM potassium acetate)
or DEPC-treated water. Cas9 was mixed with sgRNA in equal volumes,
yielding 20 pM RNP complex.

Dynamiclight scattering

Representative samples of Cas9 RNP and RNP:peptide formulation
were assessed using a Zetasizer Nano ZS (Malvern Panalytical) instru-
ment with a quartz low-volume cuvette (ZEN2112). Approximating a
3-fold scale-up of the typical conditions used in Cas9-based editing
experiments, 27 pl of B2M-Cas9 RNP was prepared at 5 pM (135 pmol)
in RNP buffer, and particle size was measured at room temperature.
The 27 pl RNP sample was then supplemented with 3 pl A5K peptide
at1mMina10% DMSO stock, a mixing step analogous to that used in
editing experiments (following RNP formation and preceding addition
of RNP:peptide to cells). The resulting 30 pl RNP:peptide formulation
contained 4.5 pM Cas9 RNP (135 pmol) and 1 mM A5K peptide (3 nmol).
This formulation was incubated at room temperature for 1 min, and
particle size was determined using the same settings as used for the
RNP-only solution. Data were analysed ‘by number’ using Zetasizer
analysis software.

Peptide and RNP delivery formulations (T, B and NK cells)
Peptides (10 mM in 100% DMSO) were diluted in DEPC-treated water
to 1 mM (resulting in a solution of 90% water and 10% DMSO) and
added to RNP, resulting in a volume no greater than 20% of the even-
tual final volume (for example, <20 pl formulation for a well with
100 pl cells in Opti-MEM). The RNP/peptide mixture was added to a
96-well round-bottom plate, and 200 x 10° cells in 100 pl Opti-MEM
(Gibco) per well was added to the RNP/peptide mixture. The final
dose of RNP during cell treatment was 50 pmol per well with a final
peptide concentration of 10 uM, unless stated otherwise. In all cases
of peptide-enabled delivery, the final concentration of DMSO was
proportional to the peptide concentration: 0.1% DMSO per 10 pM
peptide; this concentration of DMSO was used for the ‘mock’ nega-
tive control conditions. For experiments notinvolving AAV, afteralh
incubation at 37 °C,100 pl of treated volume was split in halfinto two
plates, then 150 pl culture medium was added per well, thus diluting
but notremoving the treatment. For experimentsinvolving AAV, after
editing, 200 x 10° cells in 100 pl Opti-MEM were centrifuged, superna-
tantwasdiscarded, cells were recovered with100 plserum-free culture
medium and AAV was added subsequently; after an overnight incuba-
tion, the medium was exchanged for fresh serum-containing medium,
and cells were split starting 2 days after editing. The concentration
of additives and stimulation cocktail in the recovery medium was
such that the final concentrations matched the description above for
eachcelltype.

Nature Biomedical Engineering | Volume 7 | May 2023 | 647-660

655


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-023-01032-2

RNP electroporation (T, Band NK cells)

Ina4D nucleofector (Lonza), 50 pmol of Cas9, Cas12a or ABE RNP was
electroporated into 200 x10° T, B or NK cells resuspended in 20 pl of
P3 buffer and supplement (Lonza V4XP-3032) using the EH-115 pulse
code. Cells wereincubated for 10 min at 37 °C, then rescued with 80 pl
of pre-warmed culture medium before diluting for further cell culture
asabove.For AAV knock-inexperiments, 60 pmol of RNP was electropo-
rated into 0.5 x10°or1x 10°T cells per well.

Recombinant AAV6 vectors were used to deliver HDRT for making
knock-ins. (1) The SpCas9-compatible TRAC-targeted CAR AAV contains
homology arms for targeting near the beginning of TRAC exon 1. The
cargo is P2A,1928z CAR, P2A. In this editing strategy, after knock-in,
the CARistranscribed cocistronically with the mRNA encoding endog-
enous TCRa but translated as a separate protein, and the TCR is not
surface expressed® The CAR contains a CD8A signal sequence, SJ25C1
scFv, CD28 hinge, CD28 transmembrane domain, CD28 costimula-
tory domain and CD3{ signalling domain. (2) The SpCas9-compatible
TRAC-targeted NY-ESO-1TCR AAV contains homology arms for targeting
near the beginning of TRACexon1. The cargois P2A, TCR chain, P2A and
aportion of the TCRa chain; the C-terminal portion of NY-ESO-1 TCRa
is encoded by endogenous TRAC exons. (3) The SpCas9-compatible
B2M-targeted CAR AAV contains homology arms for targeting near
the beginning of B2M exon 1. The cargo is 1928z CAR, stop codon and
bGH polyA tail. (4) The Cas12a-compatible TRAC-targeted CAR AAV
contains homology arms for targeting TRACexon 1. This site is distinct
from where the SpCas9-compatible CAR is targeted, but the cargo is
the same. (5) The Cas12a-compatible B2M-targeted peptide-B2M-HLA-E
AAV contains homology arms for targeting B2M exon 2. The cargo is
P2A, signal sequence, HLA-G peptide (which is presented on HLA-E),
linker, B2M rescue, linker, HLA-E, stop codon and bGH polyA tail. After
knock-in, the B2M that is expressed is the fusion with HLA-E”".

Peptide immunogenicity assay

Primary human PBMCs were isolated from leukapheresis packs from
STEMCELL Technologies and stored in liquid nitrogen until use.
Cells were thawed and cultured in RPMI-1640 supplemented with
non-essential amino acids, L-glutamine and 5% human AB serum at a
concentration of 1x10° cells in 100 pul medium per well in 96-well TC
plates. ASK peptide, influenza A (HIN1) HA protein PepTivator pool
(MiltenyiBiotec) or SARS-CoV-2 spike protein PepTivator pool (Miltenyi
Biotec) were each diluted in DMSO and added to PBMC culture at afinal
concentration of 1 pg peptide ml™ or as otherwise indicated; phorbol
12-myristate 13-acetate (PMA, STEMCELL) at final concentration of
50 ng ml™ plus ionomycin (STEMCELL) at final concentration of 1 uM
were added to PBMCs as a positive control. After 2 h of incubation,
brefeldin A (BD Biosciences) was added at 1 ug ml™. After 8 h of incuba-
tion, cells were stained for T-cell surface markers (CD3, CD4 and CDS8),
fixed and permeabilized using a Cytofix/Cytopermkit (BD Biosciences)
according tomanufacturer-provided protocol, stained for intracellular
TNF and IFN-y, and analysed by flow cytometry.

TCR knockout, AAV-mediated CAR knock-in and sequential
B2M and CD5 knockouts

CD3"* T cells were prepared as described above, with activation on
day -2 relative to delivery. On day O, RNP formed with TRAC sgRNA
(Cas9:sgRNA ratio of 1:1.2) was delivered using ASK peptide or elec-
troporation. For electroporation, 60 pmol RNP was delivered for1 x 10°
cells per well, and cells were rescued in serum-free X-VIVO 15 medium
with 300 U mlI™ IL-2 (Proleukin). For ASK peptide-mediated delivery,
50 pmol RNP was delivered using 1,500 pmol A5K for 2 x 10° cells per
100 pl of medium (15 puM final peptide concentration). After 1 hincu-
bation at 37 °C, cells were pelleted by centrifugation (300g for 5 min)
then resuspended in serum-free X-VIVO 15 medium with 300 U ml™*
IL-2to 2 x10° cells mI™. Cells were transduced with AAV at a multiplic-
ity of infection of 5 x 10*. After overnight incubation, the serum-free

AAV-containing medium was replaced with fresh X-VIVO 15 medium
with 300 U mI™ IL-2, and cells were resuspended to 1 x 10° cells mI™.
In parallel with the CAR knock-in condition, a similar condition was
conducted with TRAC-targeting RNP without virus.

Onday 2, cells were counted with trypanblue stain to estimate the
number oflive cells. A subset of TRACknockout or CAR-knock-intreated
cells were separated and pelleted by centrifugation (300g for 5 min),
and cell density was normalized to 1x 10° cells mI™ in fresh medium.
Theremaining cells were pelleted and treated using the same protocols
for electroporation and ASK peptide-mediated delivery as described
above with RNP targeting B2M. After treatment, cells were rescued
with X-VIVO 15 medium supplemented with 300 U mI™ IL-2, and cell
density was adjusted to 1 x 10° cells mlI™. On day 4, cells were counted
with trypan blue stain, and cell density of each treatment condition
was adjusted to 1x 106 cells mI™ in fresh medium. Another subset of
doubleknockout/CAR-knock-in treated cells was separated for a third
round of sequential editing as above with RNP targeting CDS. Cells were
rescued with supplemented X-VIVO 15 medium containing 300 U ml™
IL-2and cell density adjusted to1 x 10° cells ml™. On day 6, each editing
condition was counted with trypan blue stain, and cell density of each
treatment was adjusted to 1 x 10° cells mI™ in fresh medium. Because
eachtreatment’s branchbegan with different starting cellnumbers, the
totallive cell count for each condition (for example, for 1x, 2x or 3x edit-
ing) was normalized to a theoretical starting condition of 4 x 10° cells,
and adjusted cell counts were extrapolated on the basis of the prolifera-
tion measured every 2 days. On day 7, flow cytometry was performed
to assay editing efficiencies and cell numbers of TCR, B2M and CD5
knockoutand CAR knock-in. On the basis of these values, anormalized
cellyield for day 6 was calculated for ASK peptide-mediated delivery (or
electroporation) for each condition. Separately, T-cell phenotypes were
examined by staining for surface expression of CD45RA and CD62L.

CDS8' T-cell sequential editing experiment in Fig. 3

CD8" T cells were activated from n =3 donors and underwent editing
onday 0 and/or day 2 after Dynabead removal. TRAC editing involved
Cas9 RNP and NY-ESO-1TCR AAV, and B2M editing involved Cas9 RNP
and 1928z CAR AAV. Cells were passaged every 2 days. Flow cytometry
was conducted 6 days after the first edit. Cells were pelleted and resus-
pended in QuickExtract DNA extraction solution (Biosearch Technolo-
gies #SS000035-D2), incubated at 65 °C for 10 min and then 96 °C for
5min, and stored at —20 °C until genomic DNA extraction.

CD3'T-cell sequential editing experiment in Fig. 3

CD3" T cells were activated from n =3 donors and underwent editing
onday 0 and/or day 2 after Dynabead removal. TRAC editing involved
Cas9 RNP and 1928z CAR AAV, and B2M editing involved Cas12a RNP
and HLA-E AAV. Cells were passaged every 2 days. Flow cytometry was
conducted 6 days after the first edit.

Base editing

ABES8e-SpCas9-NG base editor protein (Supplementary Fig. 14) was
expressed and purified by Aldevron and stored in a buffer of 20 mM
HEPES-KOH pH 7.5,150 mM NaCland 10% (v/v) glycerol at =80 °C. The
construct comprises (from N-terminus to C-terminus) a bipartite SV40
NLS, a catalytically dead ‘8¢’ TadA deaminase domain®, another ‘8¢’
TadAthatis catalytically active,aD10A nickase version of the ‘NG’ PAM
Cas9 (ref.24),abipartite SV40 NLS and a nucleoplasmin NLS. ABES8e-NG
Cas9 RNP was formed with ‘CCR50ff-1" sgRNA (Supplementary Table
2) following the RNP formation protocol above. Then 200 pmol RNP
was applied to primary human T cells (protocol described above) with
20 uM A5K peptide (final concentration in 100 pL Opti-MEM). Cells
were treated with either asingle dose, followed up with asecond dose
4 days later or followed up again with a third dose another 3 dayslater.
Genomic DNA was extracted and flow cytometry analysis was done
9 days after the first dose (2 days after the third dose). Editing efficiency
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was analysed by deep sequencing as described below. Flow cytometry
analysis was used for measuring knockout of CCRS5 surface expression
and edited cell yields.

Non-viral FLAG-tag knock-in

AnHDRT was designed to append an N-terminal fusion of FLAG-tag to
the extracellular portion of CD5 downstream of the signal peptide. The
template was synthesized as a single-stranded 160-mer DNA oligonu-
cleotide with a40 ntlefthomology armand a40 ntrighthomology arm,
aswellas with truncated Cas9 bindingsites as previously described'*”.
Per treatment well,200 pmol HDRT oligo (1:1 primer-to-template ratio)
was mixed with 200 pmol RNP, to which 3,000 pmol A5K was added
(for 30 uM final concentration of ASK in 100 pl Opti-MEM). At 5 days
after editing, cells were stained for CD5 and FLAG-tag and analysed on
an Attune NXT flow cytometer.

Flow cytometry

Flow cytometry was performed on an Attune NxT flow cytometer with
a96-wellautosampler (Thermo Fisher Scientific) or onan LSRFortessa
X-50 flow cytometer (BD Biosciences). Cells were resuspended in FACS
buffer (phosphate-buffered saline (PBS), 2% FBS and 1 mM EDTA) and
stained with live-dead stain and surface marker-targeting antibodies
(Supplementary Table 3) according to manufacturer-provided instruc-
tions. Sampling was at defined volumes (60 pl per well) to quantify cell
counts. Cytometry data were processed and analysed using FlowJo
software (BD Biosciences).

Amplicon-based deep sequencing

Genome editing was quantified by NGS of PCR amplicons. Cells were
pelleted by centrifugation at 300g for 5 min, washed once with PBS,
resuspended in 50 pl of QuickExtract solution (Lucigen) per well and
incubated at 65 °C for 10 min, then 95 °C for 5 min. Genomic DNA was
stored at =20 °C. PCR amplification was performed using PrimeSTAR
GXL DNA polymerase (Takara Bio) or Kapa HiFi (Roche) according to
the manufacturer-provided protocol. Amplicons were purified using
SPRIbeads (UC Berkeley sequencing core), and concentrations were
quantified viaNanoDrop. Ampliconlibraries were pooled and sequenced
on an lllumina MiSeq at 300 bp paired-end reads to a depth of at least
10,000 reads per sample. Editing outcomes were analysed using Cortado
(https://github.com/staciawyman/cortado). Briefly, reads were adapter
trimmed and then merged into single reads. These joined reads were
alignedtothetargetreference sequencetoidentify editingeventsatthe
cutsite.Indel frequencies were calculated by counting any reads with an
insertion or deletion overlapping the cutsite or occurring withina3 bp
window on either side of the cut site. Single nucleotide polymorphisms
occurring within the window around the cut site were not counted
towards this value. The total number of indel reads was divided by the
totalnumber of aligned readstoarrive at % indels. For base editing experi-
ments, the joined reads were aligned to the target reference sequence to
identify base editingevents at the targeted locus. The frequency of base
editing was calculated asthe number of reads with an edit divided by the
total aligned reads, calculated individually for eachssite.

Translocation analysis

Cells were pelleted by centrifugation at 300g for 5 min, resuspended
in 40 pl of QuickExtract solution (Lucigen) per well and incubated
at 65 °C for 10 min, then 95 °C for 5 min. Genomic DNA was stored
at 20 °C. Primers (Supplementary Table 4) and 5’ 6-FAM-labelled
probes were synthesized by IDT (ZEN-3’ lowa Black FQ quencher).
ddPCR reactions were prepared using ddPCR Supermix for probes
(no dUTP) (Bio-Rad #1863023), and droplets were generated and read
usinga QX200 droplet generator and reader. Data were analysed using
the Bio-Rad QuantaSoft Analysis Pro software. Experimental samples
were compared to control samples, scaled accordingly if amounts of
template DNA differed.

Extended culture experiment

CD3"Tcells were edited with Cas12a TRAC-RNP and CAR AAV onday O
and with Cas9 B2M-RNP on day 2 using either electroporation or A5SK
delivery. Edited cells and non-treated cells were maintained in culture
for 2 weeks and passaged every 2 days.

gRV transduction

The gRV vector contains a 1928z CAR and a truncated LNGFR sepa-
rated by aP2A tag. Virus was concentrated using Retro-X concentrator
(TakaraBio). Tissue culture plates were pre-treated with RetroNectin
(TakaraBio; 15 pg mlin PBS, overnightat4 °C).CD3" T cells were mixed
with polybrene (10 pg ml™) and virus, plated, centrifuged (2,000g,
1h,30 °C), incubated overnightina TCincubator and resuspended in
fresh T-cell medium. Subsequently, cells underwent a second round
of gRV transduction.

Targetcells

mKate2-NLS* CD19" A549 cells were cultured in Dulbecco’s modified
Eagle medium (Gibco) supplemented with FBS (Gibco, 10%), sodium
pyruvate (Gibco, 1%), HEPES buffer (Corning, 1%) and penicillin-strep-
tomycin (Gibco, 1%). Firefly luciferase® CD19" NALM6 cells were cultured
inRPMI (Gibco) supplemented with FBS (10%), sodium pyruvate (1%),
HEPES buffer (1%), penicillin-streptomycin (1%), non-essential amino
acids (Gibco, 1%) and 2-mercaptoethanol (0.1%).

Repetitive stimulation

After 2 days of activation, CD3" T cells from three donors were edited
with Casl2a TRAC-RNP using electroporation or A5K peptide and
transduced with CAR AAV. Other T cells were transduced with gRV
or not edited. Flow cytometry was conducted 6 days after editing to
determine CAR" percentages and the numbers of T cells to co-culture
with A549 cells (-1:1 effector cell to target cell ratio). At 12 h intervals,
T cellswere removed from the previous co-culture and seeded onto new
pre-plated target cells, for four rounds in total. Other T cells for each
editing condition were cultured without target cells. Afterwards, flow
cytometry was conducted to determine CAR", CD4*,and CD8" percent-
ages and CD62L/CD45RA phenotypes, and T cells were evaluated in a
cytotoxicity assay with NALM6 target cells.

Cytotoxicity assays

The assay for the repetitive stimulation experiment used T cells that
were edited by three different CAR delivery methods with or without
having undergonerepetitive stimulation, or that were non-treated. The
assay corresponding to the in vivo experiment used T cells that were
sequentially edited for TRAC-CAR knock-in and B2M knockout using
either ASK or electroporation, or that were non-treated.

Seven 2-fold serial dilutions of T cells were plated in a 96-well flat
clear-bottom plate (Thermo Fisher Scientific #165306), with 5 x10*
CAR'* (or non-treated) T cells in the first set of wells. A total of 5 x 10*
NALME6 cells were added to each well. The medium was X-VIVO 15,
human serum (5%), penicillin-streptomycin (0.5%), IL-7 (5 ng ml™) and
IL-15 (5 ng mI™), and the total volume per well was 100 pl. The control
for maximum signal was NALM6 cells, and the control for minimum
signal was NALM6 cells and Tween-20 (0.2%). Co-cultures were platedin
triplicate and incubated for approximately 24 h. Then, 100 pl D-luciferin
(GoldBio, 0.75 mg ml™) was added to each well, and luminescent signal
was measured using a GloMAX Explorer microplate reader (Promega).
Cytotoxicity was calculated as: 100% x (1 - (sample — minimum)/(maxi-
mum - minimum)). Error was propagated in calculating the standard
error of the mean (s.e.m.).

Invivo tumour challenge experiment

After 2 days of Dynabead activation, CD3" T cells were edited with Cas9
TRAC-RNP using electroporation or ASK peptide and transduced with
CAR AAV. Two days later, Cas9 B2M-RNP editing was performed using
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electroporation or ASK peptide. Flow cytometry was conducted 6 days
after the first edit.

NOD.Cg-Prkdcs® 112rg™™"/Sz) (NSG) mice were handled ethically
and in accordance with the protocol AN194345-01E approved by the
University of California, San Francisco (UCSF) Institutional Animal
Care and Use Committee. Before and during the experiment, mice
were maintained on Clavamox antibiotic. A total of 5 x 10° NALM6
cells were injected into the tail vein of mice that were between 8 and
12 weeks old. After the first BLI measurement (after NALM6 injection
and before T-cell injection), mice were assigned to each T-cell con-
dition so as to maintain a similar average mass and tumour burden
across conditions. Four days after NALM6 injection, 2 x 10° or 4 x 10°
CAR'T cellsthat had undergone sequential editing (cellnumbers were
based on CAR knock-in, independent of B2M knockout percentage) or
4 x10°non-treated T cells were injected into the tail vein. Mouse health
and survival were monitored over time. BLIwas performed one or two
times per week using aXenogen in vivoimaging system. At eachimag-
ing session, mice were injected intraperitoneally with luciferin (3 mg
luciferin per 0.2 mI DPBS) and anaesthetized with isoflurane (Medline
Industries). The defaultimaging exposure was 1 min, and shorter expo-
sures were used forimages that had a saturating signal at 1 min. Lumi-
nescence was quantified using Living Image software (PerkinElmer).
Reported BLI values are an average from imaging each mouse on its
frontand onits back. Mice were euthanized per the approved protocol
in the event that they reached end points such as loss of mobility or
other signs of morbidity.

Transcriptome analysis

CD4' T cellswere edited witha Cas9 RNP targeting AAVS1. The decision
totarget thislocus enables effects on RNA levels to be attributed to the
delivery methods under comparison, without the effects of disrupting
acellular component such as the TCR. RNA was extracted from treated
cells (non-treated, DMSO, A5K, electroporation) from four donors at
three timepoints (6 h,1day and 7 days after editing) using the RNeasy
Microkit (Qiagen #74004), quantified usinga NanoDrop and stored at
-80 °C.RNA samples were submitted to the UCSF-HDFCCC Laboratory
for Cell Analysis shared resource facility for nCounter analysis using
the NanoString CAR-T characterization panel. Gene expression fold
changes and Benjamini-Yekutieli-adjusted P values for volcano plots
were determined using nSolver analysis software. For each treatment
comparisonofinterest, analysis was run for each timepoint separately
and foralltimepointsincorporated. Because the latter approach made
use of more data as input, it was more sensitive at identifying signifi-
cantly affected genes; for this reason, and because it was less biased to
timepoint-specific outcomes, we focused on this analysis. Plots were
generated in MATLAB.

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

Data availability

The data supporting the results in this study are available within the
paper and its Supplementary Information. Sequencing data are avail-
able fromthe NCBISRA with BioProject ID PRJNA923785. Cas9 plasmids
areavailable on Addgene (ID#196245 and 196246). All data, including
the pre-processed nCounter data, are available from the correspond-
ingauthors onreasonable request. Source data are provided with this
paper.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

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

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

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

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

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

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection.
Data analysis nSolver analysis software (v 4.0) was used to analyse gene-expression data according to NanoString-provided guidelines. Plots were generated
in MATLAB (R2021b).

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

Data

Policy information about availability of data

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

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

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

The data supporting the results in this study are available within the paper and its Supplementary Information. Source data for the main figures are provided with
this paper. Sequencing data are available from the NCBI SRA with BioProject ID PRINA923785. Cas9 plasmids are available on Addgene (ID# 196245 and 196246). All
data, including the pre-processed nCounter data, are available from the corresponding authors on reasonable request.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The study did not involve human research participants.
Population characteristics —
Recruitment —

Ethics oversight —

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences D Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size Sample sizes were determined on the basis of preliminary experiments and/or experimental designs used in related studies.
Data exclusions  No data were excluded.

Replication In vitro experiments used immune cells from 2, 3 or 4 healthy human donors. The capability of the ASK peptide to deliver RNPs was replicated
across experiments. For all cell types investigated, there were no experiments in which the A5K peptide was not capable of delivering RNPs.

Randomization  After the first BLI measurement, which took place after NALM6 injection and before T-cell injection, mice were assigned to each T-cell
condition so as to maintain a similar average mass and tumour burden across conditions.

Blinding Blinding was not used. Experimental readouts were primarily instrument measurements such as NGS and flow cytometry.

Reporting for specific materials, systems and methods

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

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| & Flow cytometry
D Palaeontology and archaeology |Z| D MRI-based neuroimaging

|Z| Animals and other organisms
D Clinical data

D Dual use research of concern

XNXOXOOS

Antibodies

Antibodies used Antibodies are listed in Supplementary Table 3.

Validation The antibodies were validated by the manufacturers.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

NALMG6 cells were from the Justin Eyquem lab. A549 cells were provided by the Kole Roybal lab. Primary cells were derived
from healthy human donors (female and male).

The cell lines were not authenticated.
Cell lines were not tested for mycoplasma contamination.

No commonly misidentified cell lines were used.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals Male NSG mice were between 8-12 weeks old at the start of the experiment.
Wild animals The study did not involve wild animals.
Reporting on sex The applicability of the findings is not sex-specific; no sex-based analysis was performed.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight The study was conducted in accordance with a protocol approved by the UCSF Institutional Animal Care & Use Committee.

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

Flow Cytometry

Plots

Confirm that:

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

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

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Samples were prepared as described in Methods.

Data were collected on an Attune NxT flow cytometer (Thermo Fisher Scientific) or an LSRFortessa X-50 flow cytometer (BD
Biosciences; special order research product).

Flow-cytometry data were collected using either Attune NxT software or FACSDiva software and analysed using FlowJo
software.

Flow-activated cell sorting was not conducted.
For T cells, lymphocytes were gated using FSC-A vs. SSC-A,; single cells were gated using FSC-W vs. FSC-H followed by SSC-W

vs. SSC-H; and live cells were gated as low for GhostDye Red 780. CD4+ and CD8+ cells were identified. Gating for phenotypes
used CD62L vs. CD45RA. Gating for editing varied by the genes targeted for knockout and transgenes that were knocked in.

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