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ABSTRACT 

 

Non-viral engineering of immune cell specificity and function 

Theodore Lee Roth 

 

The immune system is central to the development and resolution of complex 

diseases that still challenge modern therapeutic medicine such as autoimmunity and 

cancer. Recent blunt immune system manipulations, such as systemic monoclonal 

antibodies, have shown great promise in subsets of these conditions. But more 

controlled therapeutic manipulation of immune cell function must involve the ultimate 

source of that functionality, the genome itself. First, we manipulated immune cell 

genomes by extending high efficiency gene knockout technologies to primary human 

and mouse T, B, and NK cells using CRISPR/Cas9 RNP electroporation. Yet only so 

much therapeutic potential can be expected from removing endogenous genetic 

instructions. The ability to target large amounts of new genetic material to specific sites 

in immune cell genomes offers a potentially infinite number of therapeutic modifications. 

Second, we thus present non-viral genome targeting, a simple high efficiency method 

for the targeted integration of large (>3 kB) sequences of DNA into diverse primary 

human immune cell types. We applied non-viral genome targeting in three ways: the 

correction of a monogenic autoimmune mutation in patient cells; the replacement of T 

cell’s endogenous TCR with a new specificity, such as for a common melanoma 

antigen; and the integration of synthetic DNA sequences into endogenous genetic loci 

for a new class of therapeutic cell modifications, termed Genetically Engineered 
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Endogenous Proteins. Finally, we extended non-viral genome targeting to develop a 

robust targeted pooled knockin method, allowing for libraries of large DNA modifications 

integrated into endogenous genomic sites to be rapidly screened for their functional 

effects on primary human T cells. Overall, human immune cell specificity and function 

can now be engineered without costly viral vectors or random integrations through non-

viral genome targeting, opening the next chapter in immune cell therapies for cancer 

and autoimmunity. And beyond its therapeutic potential, large scale modifications of the 

endogenous genome will enable new avenues of biology exploring the evolutionary 

choices, trade offs, and paths untaken, that comprise our collective genome. 
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 The cells of the immune system comprise a dynamic, complex system that 

touches all aspects of human health and biology. As many immune cells, especially the 

T and B cells of the adaptive immune system, circulate throughput the blood, they are 

also easily accessible for manipulation. The promise of manipulating immune cells for 

therapeutic purposes has a long history 1, and many current therapies for diverse 

clinical conditions exist that act primarily by inhibiting or activating immune cells. Steroid 

based immunosuppressants are a mainstay for the treatment of autoimmune, 

inflammatory, and transplant related diseases 2, while monoclonal antibodies against 

immune receptors and cytokines, such as anti-TNF monoclonals, are standard 

therapies for autoimmune disease 3. In the opposite direction, antibodies against 

immune checkpoint receptors such as PD1 and CTLA4 have recently come into use in a 

variety of cancers by not inhibiting the immune system, but rather taking the breaks off 

of existing adaptive immune cells in the tumor setting 4. However, all of these therapies 

are based on systemic administration of small molecule or protein products, with the 

hope that the therapeutic manipulation the desired immune cells is not overwhelmed by 

side effects due to their effects on other cells. 

 In contrast, cellular therapies hold the promise for specific manipulation of the 

therapeutically relevant cell type ex vivo followed by adoptive cell transfer of the 

therapeutic cell product back into a patient 5. Immune cell based therapies have a long 

history, and the types of manipulations used to enhance or alter immune cell function 

have been varied 6. In the cancer setting in the late 1980s and early 1990s, trials began 

at the National Institutes of Health based on removal of T cells from the tumors of 

melanoma patients, the ex vivo expansion of these Tumor Infiltrating Lymphocytes 
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(TILs), and the autologous transfer back into the patient of a much larger amount of T 

cells. While these trials demonstrated the capacity to isolate and manipulate immune 

cells from a patient in a therapeutic setting, they showed inconsistent clinical results 7. 

Similar therapies based on selective ex vivo expansion of a desired immune cell type 

have also been attempted for autoimmune disease, through the selection and polyclonal 

expansion of regulatory T cells in Type 1 Diabetes and other autoimmune patients 8.  

 Based on the inconsistency of transfer of large cell numbers of expanded 

immune cells, more detailed manipulations have been attempted centered around 

further manipulations to enhance immune cell function as well as provide greater 

numbers of the relevant cell type. Early gene therapy trials in TILs used viral vectors to 

randomly integrate a TNF-α expression cassette causing the TILs to produce large 

amounts of this inflammatory cytokine 7. While that early trial did not show consistently 

improved clinical outcomes, the idea of adding in an orthogonal gene cassette through a 

randomly integrating viral vector into human T cells expanded ex vivo has been applied 

to many potential engineering strategies 9. Most prominently, T cells have been 

engineered to express a new Chimeric Antigen Receptor (CAR) based on the fusion of 

the variable domains of human or mouse antibodies specific for an antigen expressed 

on a cancer along with transmembrane and intracellular domains from other immune 

receptors (namely CD8, CD3ζ, and either CD28 or 41BB) 6.  These CAR T cells acquire 

both a new specificity for the target tumor antigen, but also acquire new functionality 

due to their short-circuited activation of the TCR signaling pathway with clustering of the 

CAR. CAR T cells generated using lentiviral integration of the CAR expression cassette 
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have achieved notable clinical success in a variety of hematological malignancies, and 

recently became the first FDA approved T cell based cellular therapies. 

 However, application of CAR T cell therapies beyond B cell tumors has been 

difficult, with issues ranging from target antigen selection to T cell exhaustion especially 

in the solid tumor environment 10. Just as T cell therapies moved from polyclonal, 

unmodified cells to genetically engineered cells in order to manipulate T cell function 

more specifically, moving from random integration of a purely orthogonal gene cassette 

using viral vectors to the targeted integration of new DNA sequences at specific sites in 

the T cell genome offers new therapeutic avenues based on the greater potential control 

over T cell function. Targeted integrations can take into account the endogenous DNA 

sequences around them, and integrate new functional elements directly at the most 

useful site in the genome of T cells. This was prominently recently shown through the 

integration of a CAR to the TCR-α locus, simultaneously knocking out the endogenous 

TCR, causing expression of the CAR sequence, and placing the new CAR under the 

endogenous regulatory control of the TCR 11. Targeted integration though is a much 

more technically challenging endeavor than random viral integration, but has become 

more feasible with recent developments in gene editing technologies. 

 Gene targeting, or the integration of new DNA sequences to a specific target site 

in genome, has been attempted for over 40 years and catalyzed greater understanding 

of DNA repair process such as homology directed repair 12. A key insight has been that 

homology directed repair primarily occurs in non-germ line cells only as a means to 

repair double stranded breaks (whereas cells of the germ line can undergo 

recombination in the absence of double stranded breaks). This is in contrast to the 
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quicker but more error prone Non-Homologous End Joining (NHEJ) DNA repair 

pathways 13. Early developments in gene targeting demonstrated its feasibility, but have 

had been limited in their research and clinical applications in non-germ line cells due to 

the low efficiencies of the process in the absence of a targeted double stranded DNA 

break. 

 A spectrum of DNA nucleases is available to catalyze these double stranded 

DNA breaks, but they are either not targetable at all in the case of exonucleases and 

DNAses, or have target sites approximately 6-8 bps long in the case of restriction 

endonucleases 14. Even a specific 6 bp target site will be found in a DNA sequence as 

long as the 3 billion bp human genome thousands of times, and thus is unviable for 

editing living cells. Restriction endonucleases, termed meganucleases, with longer 

target sites of ~18 bps, overcome this issue, but because their target DNA sequence 

specificity is locked, their use for targeting a specific useful sequence in the human 

genome is limited. However, the recent development of targetable nucleases has 

rapidly overcome the issue of generating targeted dsDNA breaks at user-defined sites. 

While the development of Zinc-Finger Exonucleases (ZFNs) and Transcription 

Activator-Like Effector Nucleases (TALENs) as targetable nucleases showed great 

initial promise, the protein engineering required to target each individual desired 

sequence has limited their application 15. The characterization and rapid development of 

the CRISPR/Cas9 and related systems has further overcome the limitations of ZFNs 

and TALENs. The fact that the Cas9 nuclease is targeted to cut at a specific DNA 

sequence by an RNA component termed the guide RNA (gRNA) enables rapid targeting 
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of diverse genomic sites by simply changing the gRNA sequence 16. This flexibility has 

opened applications across fields, including in immune cell therapies. 

 Using the CRISPR/Cas9 system to cause double stranded breaks in the genome 

of immune cells requires simply the introduction into the cell of the Cas9 protein and the 

short guide RNA. These double stranded breaks are often repaired through the error 

prone NHEJ pathway, causing mutations and insertions/deletions to occur, and thus 

causing knockouts of a protein if a coding region is targeted. These protein and RNA 

components can be complexed into the fully functional CRSIPR/Cas9 ribonucleoprotein 

(RNP) outside of the cell, and then introduced into the cell via a variety of delivery 

modalities. The Marson Lab pioneered the application of gene knockouts to primary 

human T cells through electroporation of pre-formed CRISPR/Cas9 RNPs 17. 

With the development of targeted protein knockouts in primary human T cells, we 

sought to apply this knockout technology in additional therapeutically relevant primary 

human immune cell types, such as B cells (Chapter 2). Beyond protein knockouts 

though, the ability to integrate new DNA sequences at targeted genomic sites would 

offer much greater power for the therapeutic manipulation and engineering of primary 

immune cells (Chapter 3, 4). Finally, methods to rapidly screen different types of 

therapeutic modifications will be essential for prioritizing and selecting genetic 

modifications of immune cell specificity and function for the desired clinical indication 

(Chapter 5). The convergence of the cell therapy field and gene editing field holds great 

potential as the basis for the next-generation of curative cell therapies. 
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ABSTRACT 

Genome editing in human cells with targeted nucleases now enables diverse 

experimental and therapeutic genome engineering applications, but extension to 

primary human B cells remains limited. Here we report a method for targeted genetic 

engineering in primary human B cells, utilizing electroporation of CRISPR-Cas9 

ribonucleoproteins (RNPs) to introduce gene knockout mutations at protein-coding loci 

with high efficiencies that in some cases exceeded 80%. Further, we demonstrate 

knock-in editing of targeted nucleotides with efficiency exceeding 10% through co- 

delivery of oligonucleotide templates for homology directed repair. We delivered Cas9 

RNPs in two distinct in vitro culture systems to achieve editing in both undifferentiated B 

cells and activated B cells undergoing differentiation, reflecting utility in diverse 

experimental conditions. In summary, we demonstrate a powerful and scalable research 

tool for functional genetic studies of human B cell biology that may have further 

applications in engineered B cell therapeutics.  
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INTRODUCTION 

The ability to genetically manipulate human cells provides immense opportunity 

for research and therapeutic applications (1). The engineered nuclease CRISPR-Cas9 

has revolutionized the ability to generate targetable knockout and knock-in genomic 

edits, facilitating mechanistic genetic studies directly in primary human cells, which is 

critical for understanding medically-relevant biology that may not be conserved in model 

organisms (2). Recent studies also provide pre-clinical evidence for the potential of 

CRISPR in therapeutic applications, such as disruption of the hepatitis B virus (3), 

prevention of muscular dystrophy via germline DNA editing in a mouse model (4), 

correction of a CFTR gene defect in intestinal stem cell organoids cultured from cystic 

fibrosis patients (5), and skin transplantation of human epidermal progenitor cells 

engineered to secrete GLP-1 as a treatment for obesity in mice (6).  

The components of CRISPR-Cas9 can be delivered in multiple ways, including 

viral transduction. Electroporation of Cas9 ribonucleoproteins (RNPs), comprised of 

synthetic guide RNA (gRNA) and Cas9 protein, has emerged as a method for high 

efficiency editing in primary human T cells (7). RNP assembly does not require 

molecular cloning, which allows this approach to be readily scaled into a high-

throughout, arrayed platform (8). In addition, electroporation obviates the need for viral 

production and stable genomic integration of CRISPR components, thereby simplifying 

experimentation and offering potential safety benefits for eventual clinical applications.  

B cells present an attractive platform for genetic editing given their involvement in 

numerous autoimmune and infectious diseases (9). One report described targeting of 

the immunoglobulin heavy chain locus in order to enforce class switching in mouse B 
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cells and immortalized human-derived B cell lines (10), while another used targeted 

gene knockouts to study V(D)J recombination in mouse pro-B cell lines (11). Other 

studies have demonstrated the ability to generate high-efficiency gene knockouts in 

primary mouse B cells expressing a Cas9 transgene (12, 13). Extension of these 

CRISPR-based editing techniques to primary human B cells has clear applications. 

While most research studies of B cells have been conducted in model systems or cell 

lines, use of CRISPR could enable detailed molecular and mechanistic studies of 

primary human B cells, providing valuable new insights into molecular function that may 

be relevant to human disease. B cells have also received minimal attention as a 

platform for therapeutic genetic manipulation, in contrast to T cells, of which engineered 

cell therapies are already clinically approved (14, 15). Given the critical role of the B cell 

in humoral immunity, the vast range of potential peptide and non-peptide specificities 

conferred by the B cell receptor, and its ability to act at a distance via secretion of 

soluble immunoglobulin (16), engineered B cell therapies would have broad potential 

applications.  

To achieve genetic manipulation of primary human B cells, we developed a 

methodology to deliver CRISPR-Cas9 RNPs by electroporation to B cells isolated from 

human peripheral blood or tonsils. We demonstrated genetic editing in experimental 

conditions reflecting a wide range of biological B cell states via application to two 

distinct in vitro culture systems, one which retained B cells in an undifferentiated state 

via co-culture with feeder cell lines, and another which permitted analysis of 

differentiating B cells that had been activated with soluble factors. We ablated single or 

even multiple genes at once by delivering appropriately targeted RNPs, and we 
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additionally confirmed efficient editing at both genomic and protein expression levels. 

Finally, we demonstrated knock-in editing of a targeted gene by introducing a single- 

stranded DNA oligonucleotide (ssODN) template for homology directed repair (HDR) 

(17). Taken together, our findings establish a methodology for CRISPR-Cas9-based 

editing of primary human B cells, which will allow for experimental and therapeutic 

genomic editing of the humoral immune system.  
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MATERIALS AND METHODS 

Stromal cell lines  

A stable BAFF/CD40L-expressing OP9 cell line (OP9-BAFF/CD40L) was generated by 

a retroviral transduction approach using a CD40L-P2A-BAFF containing plasmid in a 

similar fashion to the CD40L-expressing OP9 cell line described previously (18). The 

pGEM-T plasmid containing human CD40L cDNA (NM_000074.2) and the pMD18-T 

plasmid containing human BAFF cDNA (NM_006573.3) were purchased from Sino 

Biological Inc. The CD40L coding region (excluding the stop codon) was amplified via 

PCR, with the addition of a 5’ BglII restriction site and a partial P2A linker at the 3’ site, 

using the following primers: forward 5’-cg gaa ttc AGA TCT ATG ATC GAA ACA TAC 

AAC CAA ACT TC-3’; reverse 5’- C CTC CAC GTC TCC AGC CTG CTT CAG CAG 

GCT GAA GTT AGT AGC TCC GCT TCC GAG TTT GAG TAA GCC AAA GG-3’. The 

BAFF coding region was amplified using the partial P2A linker sequence at the 5’ site 

and a BamHI site at the 3’ site using the following primers: forward 5’-CTG CTG AAG 

CAG GCT GGA GAC GTG GAG GAG AAC CCT GGA CCT ATG GAT GAC TCC ACA 

GAA AGG-3’; reverse 5’-gcg tcg GGA TCC TCA CAG CAG TTT CAA TGC AC-3’. Both 

products were purified and joined in a PCR reaction using the flanking primers. The 

CD40L-P2A-BAFF product and the pMIY2 retroviral expression construct with an IRES 

EYFP reporter downstream of the cloning site were digested using BglII and BamHI and 

then ligated, and the correct sequence was verified. Retrovirus was generated by 

transfection of 293T cells with Effectene (Qiagen) and a mixture of pMIY2-CD40L-P2A- 

BAFF and the GAG/Pol and VSV packaging plasmids. The medium was replaced at 24 

hr and collected at 48, 72, and 96 hr. The virus-containing medium was filtered and then 
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used to transduce low-passage OP9 bone marrow stromal cells (ATCC-CRL2749). OP9 

cells that were positive for YFP and therefore infected with the retrovirus were stained 

with an anti-CD40L-PE antibody (Clone 24-31, Biolegend) were sorted using a FACS 

Aria II cell sorter (BD). OP9 or OP9-BAFF/CD40L cells were cultured in Alpha-MEM 

media (Invitrogen) supplemented with 20% fetal bovine serum (FBS, Wisent).  

 

Human peripheral blood B cell isolation and culture  

Healthy human subjects between the ages of 18 and 40 years with no family history of 

autoimmune disease were recruited with approval by the Research Ethics Board of the 

University Health Network and informed consent of all subjects for collection of human 

peripheral blood samples. Peripheral blood mononuclear cells (PBMCs) were isolated 

via Ficoll-Paque Plus (GE Healthcare) gradient centrifugation following vendor 

instructions, and residual RBCs were lysed (RBC lysis buffer, Biolegend). Cells were 

washed once with 10% RPMI (Sigma) at room temperature. Primary B cells were 

negatively isolated from PBMCs using a Human B Cell Isolation Kit II (Miltenyi) following 

vendor instructions. Isolated B cells were rested in complete RPMI consisting of RPMI 

1640 (Sigma) supplemented with 10% FBS (Wisent), L-glutamine (Gibco), non-essential 

amino acids (Gibco), and penicillin-streptomycin (Gibco) for up to 1 hr at room 

temperature while RNPs were prepared (see below). Following electroporation, B cells 

were plated onto the OP9 or OP9-BAFF/CD40L stroma.  

 

 

 



	

	 16	

Human tonsil B cell isolation and culture  

Human tonsil samples were obtained from donors undergoing routine tonsillectomies 

through a protocol approved by the UCSF Human Research Protection Program and 

Institutional Review Board. Samples were deidentified upon collection and subsequent 

studies were considered not human subjects research according to the guidelines from 

the UCSF Institutional Review Board.  Tonsillar tissue was mechanically dissociated 

using scissors in phosphate-buffered saline (PBS, Gibco) containing 0.5 µg/ml 

amphotericin B (Sigma-Aldrich), then passed over a 40 µm nylon cell strainer. From this 

suspension, mononuclear cells were enriched by Ficoll gradient centrifugation in 

accordance with vendor-supplied instructions. Briefly, 15 ml of Ficoll-Paque PLUS (GE 

Life Sciences) media was added to a SepMate-50 conical tube (Stemcell Technologies), 

and 30 ml of tonsillar cell suspension were carefully layered on top. SepMate tubes 

were centrifuged at 1200 x g at room temperature for 10 min, and the top layer was 

poured into a new 50 ml conical tube. Leftover cells above the SepMate insert were 

scraped off using a sterile pipette tip and collected as well. Cells were washed three 

times with PBS, resuspended in a 9:1 by volume mixture of FBS (Gibco) and dimethyl 

sulfoxide (DMSO) at a cell density of 50 million cells per ml for cryopreservation.  

B cells were subsequently isolated from cryopreserved aliquots using the Dynabeads 

Untouched Human B cells kit (Thermo Fisher Scientific) following vendor instructions, 

then resuspended in complete Iscove’s modified Dulbecco’s medium (IMDM) consisting  

of IMDM with GlutaMAX (Gibco) supplemented with 10% FBS (Gibco), 1x penicillin- 

streptomycin (UCSF CCF), 0.25 µg/ml amphotericin B (Sigma-Aldrich), 100 U/ml 

Nystatin (Sigma-Aldrich), 50 µM 2-mercaptoethanol (Thermo Fisher Scientific), and 1x 
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Insulin-Transferrin-Selenium (Gibco). Cells were cultured in 96 well U-bottom plates 

(Corning) at a density of 100,000 cells in 200 µl volume per well and stimulated with 100 

ng/ml anti-CD40 antibody (Clone G28.5, Bio-X-Cell) and 20 ng/ml recombinant human 

IL-4 (Peprotech) for 48 to 72 hr prior to electroporation.  

 

Assembly of ribonucleoprotein (RNP) complexes  

Assembly of RNPs was performed as previously described (7). Briefly, for experiments 

depicted in Figure 1, pre-annealed complexes of CRISPR-targeting RNA (crRNA) and 

trans-activating crRNA (tracrRNA) were obtained at 40 µM from Synthego and mixed 

with 40 µM recombinant Streptococcus pyogenes Cas9 (UC Berkeley QB3 Macrolab) to 

form RNPs at 20 µM. In experiments depicted in Figures 2 and 3, chemically 

synthesized crRNA and tracrRNA (IDT and Dharmacon) at concentrations of 160 µM 

were mixed and incubated at 37°C for 30 min to form guide RNA (gRNA) at a 

concentration of 80 µM. Next, this gRNA was mixed in a 1:1 ratio by volume with 40 µM 

Cas9 and incubated at 37°C for 15 min to form RNPs at a concentration of 20 µM. The 

selection of target sequences to maximize on-target and minimize off-target binding was 

aided by the web applications Deskgen and Benchling.  

 

Primary B cell electroporation  

B cells were resuspended in 20 µl of P3 buffer (Lonza) and added to 16-well 

Nucleocuvette Strips (Lonza) at a density of 1 to 3 million cells per reaction. To this, 2 to 

5 ul of RNPs at 20 µM were added, with or without 1 µl of 100 µM HDR template. For all 

experiments depicted in Figure 2, a control HDR template with no homology to the 
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human genome was added to increase Cas9 editing efficiency (19). Nucleocuvette 

Strips were loaded into an Amaxa 4D Nucleofector (Lonza) and electroporated using 

the EH-115 (for Figure 1) or EH-140 (for Figures 2 and 3) pulse codes.  

 

Post-electroporation B cell culture  

For experiments depicted in Figure 1, B cells were resuspended in complete RPMI with 

20% FBS for 30 minutes prior to plating onto 24-well plates that had been pre-seeded 

with OP9 or OP9-BAFF/CD40L stromal cells overnight at a density of 50,000 cells per 

well in complete RPMI. For experiments depicted in Figures 2 and 3, B cells were 

resuspended in complete IMDM prior to plating onto 96-well plates. Each reaction was 

split into 6 wells and resuspended in a final volume of 200 µl per well containing 100 

ng/ml anti-CD40 and 20 ng/ml IL-4.  

 

Flow Cytometry  

For experiments depicted in Figure 1: Cell suspensions were stained with antibodies in 

PBS containing 2% FBS and 0.1% NaN3 for 30 min on ice. Propidium iodide was used 

to exclude nonviable cells. Flow cytometry data were collected on a FACS Canto II (BD) 

and analyzed with FlowJo v9. For experiments depicted in Figures 2 and 3: Cell 

suspensions were stained with antibodies diluted in flow buffer consisting of PBS with 

2% FBS, 1 mM EDTA, and 0.1% NaN3 for 20 min on ice. Nonviable cells were excluded 

by labeling with fixable viability dye eFluor780 (eBioscience) during surface staining as 

described (20). To detect intracellular phosphorylated STAT3, cells were fixed in a final 

concentration of 2% (v/v) paraformaldehyde at room temperature for 10 min, then 
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permeabilized in ice cold 90% methanol added dropwise, before staining with anti-

pY705 STAT3-Alexa Fluor 647 (BD Bioscience) at room temperature for 30 min. Cells 

were washed twice with flow buffer between all steps. Flow cytometry data were 

collected on an LSR Fortessa (BD) and analyzed with FlowJo v10. All samples were 

gated on FSC-A versus SSC-A over a broad range of FSC-A to include blasting 

lymphocytes, followed by FSC-W versus FSC- H and then SSC-W versus SSC-H gates 

to exclude doublets.  

 

IL-21 stimulation  

To assay plasma cell differentiation, post-electroporation B cells were cultured in the 

presence of 100 ng/ml anti-CD40, 20 ng/ml IL-4, and 20 ng/ml recombinant human IL- 

21 (Peprotech) for 5 days. To assay STAT3 phosphorylation, B cells that had been 

cultured in the presence of anti-CD40 and IL-4 for 3 to 4 days following electroporation 

were washed and resuspended in PBS containing fixable viability dye eFluor780 

(eBioscience) at a 1/600 dilution and incubated for 10 min at 37°C to label nonviable 

cells. The cells were then washed and resuspended in 100 µl of complete IMDM with or 

without 20 ng/ml IL-21 and incubated for 30 min at 37°C before harvesting for flow 

cytometric analysis as described above.  

 

Amplicon Sequencing  

Genomic DNA was isolated from either bulk or sorted primary human B cells as 

indicated in Figure 3. Fluorescent activated cell sorting was performed using a FACS 

Aria II cell sorter (BD). 50,000 cells for each condition were sorted into 2.0 ml non-stick 
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polypropylene tubes containing 100 µl of FBS and pelleted by centrifugation at 500 x g 

for 5 min. After aspirating the supernatant, the cell pellet was resuspended in 20 µl of 

Quickextract DNA Extraction Solution (Epicenter) to a concentration of 2,500 cells per 

µl. Genomic DNA in Quickextract was heated to 65°C for 6 min and then 98°C for 2 min, 

according to the manufacturer’s protocol. 2 µl of the mixture, containing genomic DNA 

from 5,000 cells, was used as template in a two PCR amplicon sequencing approach 

using NEB Q5 2X Master Mix Hot Start Polymerase with the manufacturer’s 

recommended thermocycler conditions. After an initial 14 cycle PCR reaction with 

primers amplifying an approximately 200 bp region centered on the predicted gRNA cut 

site, a 1.0X SPRI purification was performed. A 6-cycle PCR to append P5 and P7 

Illumina sequencing adaptors and well-specific barcodes was performed with 1 ng of 

purified PCR product as template, followed again by a 1.0X SPRI purification. 

Concentrations were normalized across wells, wells were pooled, and the library was 

sequenced on an Illumina Mini-Seq with a 2X150 bp reads run mode. FASTQ files from 

indexed amplicon sequencing of gRNA cut sites were demultiplexed, and editing 

outcomes in each sample were individually analyzed using the CRISPResso analysis 

package (21) with default parameters.  
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RESULTS 

Targeted knockout in undifferentiated human B cells with Cas9 RNPs  

We sought to achieve CRISPR-Cas9-mediated gene knockouts in 

undifferentiated B cells. A two-component guide RNA (gRNA) consisting of a chemically 

synthesized CRISPR-targeting RNA (crRNA) complementary to exon 1 of the gene 

CD22 and trans- activating crRNA (tracrRNA) was complexed with recombinant 

Streptococcus pyogenes Cas9 to form an RNP, which was then introduced via 

electroporation to primary B cells freshly isolated from human peripheral blood (Figure 

2.1A). Since primary B cells rapidly undergo apoptosis when cultured in isolation in the 

absence of stimulatory factors, we devised a co-culture system with a feeder cell line. 

Specifically, we stably expressed the pro-survival and activation factors BAFF (22) and 

CD40L (23) in OP9 stromal cells (OP9-BAFF/CD40L) and compared these to the parent 

OP9 cell line in co-culture with B cells. Under both conditions, many B cells retained a 

naive-like IgD+CD27− phenotype, while a separate population of more activated, 

isotype-switched IgD− cells also emerged (Figure 2.1B). Electroporation of CD22-

targeting RNPs yielded a population of cells lacking CD22 surface expression, 

consistent with successful targeted gene knockout (Figure 2.1C).  

Although in some cases over 20% of naïve IgD+ B cells showed loss of surface 

CD22 following CRISPR-Cas9 targeting, greater knockout efficiency was seen in B cells 

with an IgD− phenotype (Figure 2.1D). When B cells were electroporated with RNPs 

targeting CD19, a similar trend toward increased CD19 knockout efficiency was also 

observed among IgD− cells when compared with IgD+ cells (Figure S2.1A), suggesting 

activated cells may be more amenable to Cas9-mediated editing. In keeping with a 
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potential role for activation status in gene editing efficiency, B cells that were co-cultured 

with OP9- BAFF/CD40L stroma exhibited on average a higher frequency of CD22 loss 

when compared with OP9 (Figure 2.1C,D). Culture of B cells with OP9-BAFF/CD40L 

stroma did not lead to substantial changes in the frequency of cells expressing IgD or 

CD27, but likely induced some degree of cellular activation as evidenced by 

upregulation of the marker CD86 (24) (Figure 2.1B), again supporting the notion that 

activation renders cells more susceptible to Cas9-mediated editing.  

Overall, delivery of RNPs targeting CD22 led to surface protein loss in all donors 

and correlated with the percentage of alleles with insertion/deletion (indel) mutations as 

assessed by amplicon sequencing (Figure 2.1E). Similar to findings in other cell types 

(25), the spectrum of indels induced by the CD22-targeting RNP was largely conserved 

across donors (Figure S2.2). Loss of surface CD22 increased as B cells were cultured 

for a longer time interval (Figure S2.1B), consistent with a requirement for protein 

turnover in order for genomic changes to be reflected in surface protein expression.  

 

Efficient gene knockout in ex vivo activated human B cells  

While the ability to generate targeted genetic edits in primary human B cells with 

a naïve phenotype holds great research promise, we noted that efficiency of editing was 

greatest in activated cells. We therefore anticipated that in vitro activation of B cells prior 

to editing would lead to efficient genetic manipulation of differentiating B cells, permitting 

exploration of a different range of biological questions. We used an ex vivo culture 

system in which human tonsil-derived B cells were cultured with soluble activation 

factors anti-CD40 antibody and IL-4 prior to RNP electroporation (Figure 2.2A). CD40L 
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and IL-4 are signals provided to B cells by activated T cells in a T-dependent humoral 

immune response and promote both class switch recombination (26) and terminal 

differentiation into antibody-secreting plasma cells (27). Activation with anti-CD40 and 

IL-4 for 3 days followed by electroporation of RNPs resulted in robust, high-efficiency 

knockout in a variety of surface proteins, including CD19, CD22, and CD23 (Figure 

2.2B). Magnitude of effects varied among donors and gene targets, likely due to 

heterogeneity in cell proliferation, levels of protein expression among starting cell 

populations, and protein turnover, but ranged from 45% to 85% knockout efficiency, with 

an average of 65%. Simultaneous electroporation of multiple RNPs with gRNAs 

targeting the indicated genes also permitted highly effective multiplexed knockout 

(Figure 2.2C), with only slightly reduced editing efficiency in cells that received up to 

three distinct RNPs.  

 In order to test if Cas9-mediated gene editing could be linked to functional 

changes in B cell responses, we targeted a signaling pathway downstream of the 

cytokine IL-21, which induces phosphorylation of the transcription factor STAT3 (28). 

Cells receiving an RNP targeting the STAT3 gene exhibited loss of phosphorylated 

STAT3 in response to IL-21, as would be expected in the case of STAT3 knockout 

(Figure 2.2D). We also sought to test whether loss of STAT3 would have functional 

effects on B cells. IL-21 induces differentiation of B cells into plasma cells (PCs) in a 

STAT3-dependent manner (29). We observed that STAT3 knockout led to a roughly 4-

fold reduction in the frequency of PCs in the presence of IL-21 (Figure 2.2E), 

demonstrating the ability to observe a relevant phenotype caused by Cas9-mediated 

ablation of an intracellular protein.  
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Knock-in editing with a homology-directed repair template  

While electroporation of Cas9 RNPs results in disruption of a targeted gene 

largely as a result of indels introduced by non-homologous end joining (NHEJ), 

introduction of an HDR template allows for knock-in editing of specific nucleotides (7). 

To test this knock- in editing approach, we targeted the gene MS4A1, which encodes 

the protein CD20, using a combination of an RNP and one of three ssODN HDR 

templates (HDRTs). These HDRTs would 1) target a non-homologous genome 

sequence (an off-target control), 2) convert a glycine codon at amino acid 53 to a stop 

codon (a nonsense mutation), or 3) introduce a synonymous mutation that also disrupts 

the protospacer adjacent motif (PAM) sequence to preclude repeat cutting by Cas9 (a 

silent mutation) (Figure 2.3A). By flow cytometry, we observed that the template 

encoding a silent mutation reduced the frequency of CD20− cells relative to that 

observed with either an off-target or nonsense mutation HDRT, as expected (Figure 

2.3B). When we then sorted CD20+ and CD20− cells and sequenced the MS4A1 locus, 

we observed that among cells receiving the nonsense mutation HDRT, the stop codon 

replacement was found in approximately 10% of reads (Figure 2.3C). In cells that had 

received the HDRT encoding a silent mutation, the silent mutation was recovered in 

approximately 20% of reads from CD20+ cells but nearly undetectable in CD20− cells, 

as expected (Figure 2.3C). Indels were introduced at the gRNA cut site at similar 

frequencies regardless of HDRT used (Figure S2.3). In summary, introduction of 

HDRTs led to knock-in editing at the MS4A1 gene locus with efficiency exceeding 10% 

and could be correlated with noticeable changes in total surface protein expression.   
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CONCLUSIONS 

In this study, we demonstrated programmable CRISPR-Cas9 RNP-mediated 

editing in primary human B cells isolated from peripheral blood or tonsils. Multiple genes 

could be knocked out via simultaneous RNP introduction with minimal impact on editing 

efficiency, and ablation of a gene could also be correlated with a functionally relevant 

phenotypic change. Additionally, we demonstrated knock-in editing with efficiency 

exceeding 10% via the introduction of HDR templates. Together, these data indicate 

that primary human B cells can be directly modified at a genetic level without the need 

for viral vectors, permitting a broader range of experimental and therapeutic applications 

than has thus far been available to researchers.  

In order to demonstrate that RNP electroporation is suited for diverse lines of 

biological inquiry, two distinct culture systems representing undifferentiated and actively 

differentiating B cells were tested in the course of this study; both were found to be 

highly compatible with Cas9 RNP electroporation. RNP electroporation carries an 

additional advantage in terms of scalability – all gRNA sequences in this study were 

synthetically defined and RNPs delivered in microtiter plate format. Though not directly 

explored in this study, the methodology we describe here could readily be adapted to a 

high-throughput, plate-based assay. Some challenges remain, however. Although HDR 

was observed in 10% of recovered alleles, this resulted in a mix of cells that were 

homozygous and heterozygous for the desired mutation, as shown by the fact that 

nonsense mutations were detected in cells that remained CD20+ (Figure 2.3C). A 

method to mark the specific cells that have gained indel mutations or HDR edits would 

therefore be of great value in functional studies, in order to detect phenotypes that may 
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be subtle at a bulk population level but are enriched in subpopulations carrying 

mutations of interest.  

As our study was being finalized, another group reported success using 

CRISPR-Cas9 RNPs in human B cells strongly activated in a multi-stage culture to 

induce plasma cell differentiation (30). This report further emphasizes the utility of RNP 

delivery as a viable method for CRISPR-Cas9 targeting in primary human lymphocytes. 

A distinction of our approach is that we provide methods for CRISPR-Cas9 targeting in 

B cells maintained in an undifferentiated state, as well as in B cells activated with a 

more limited set of stimuli to induce class switch recombination and plasma cell 

differentiation in a subset of cells. The protocols we described here require only a single 

culture step, simplifying experimental design and execution. Results from both studies 

suggest that higher efficiencies of protein modification following CRISPR-Cas9 targeting 

are likely to be observed with stronger stimulation of B cells. However, for some 

experiments or therapeutic approaches targeting undifferentiated B cells, strong 

activation may be contraindicated and thus our methodology may provide additional 

unique advantages.  

In summary, RNP electroporation represents a versatile method of CRISPR-

Cas9 delivery that can be used to study B cells in a variety of biological states, provides 

added safety in comparison to retroviral transduction, and is amenable to high- 

throughput experimental formats. We anticipate that RNP-mediated genomic editing in 

primary human B cells can be readily applied to a diverse range of scientific questions 

and ultimately B cell-based cellular therapeutics.  
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Figure 2.1. CRISPR-Cas9 editing in primary human B cells with stromal cell co-
culture. (A) Schematic representation of Cas9-gRNA RNP delivery to primary B cells 
isolated from human peripheral blood. B cells were cultured with OP9 or OP9-
BAFF/CD40L cells following electroporation of RNPs. (B) Representative flow cytometry 
of IgD and CD27 (left) or CD86 (right) expression in primary human peripheral blood 
mononuclear cell (PBMC)-derived B cells co-cultured with OP9 or OP9-BAFF/CD40L 
cells. (C) Representative flow cytometry of CD22 expression in IgD+ (top) or IgD− 
(bottom) B cells co-cultured with OP9 or OP9-BAFF/CD40L following electroporation of 
RNPs targeting CD22 (black) or scrambled control (grey, filled). (D) Quantification of 
CD22− cells as a percentage of IgD+ (left) and IgD− (right) cells co-cultured with OP9 or 
OP9-BAFF/CD40L following electroporation with RNPs targeting CD22. (E) 
Quantification of editing efficiency as assessed by frequency of CD22− cells (“Protein”) 
or frequency of reads containing indels centered on the predicted site of CD22 gRNA 
cut site (“Gene”). Each paired dot represents a single donor. B cells were co- cultured 
with OP9-BAFF/CD40L for 7 days following electroporation with RNPs targeting CD22.  
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Figure 2.2. Efficient and multiplexed CRISPR-Cas9 editing in ex vivo activated 
primary human B cells. (A) Schematic representation of RNP delivery to primary B 
cells isolated from human tonsil. B cells were cultured with anti-CD40 and IL-4 for 2 to 3 
days preceding electroporation of RNPs formed by incubating Cas9 with appropriate 
crRNAs and tracrRNAs in vitro, then cultured for an additional 4 days with anti-CD40 
and IL-4 before analysis. (B) Representative flow cytometry of surface molecule 
expression following electroporation of Cas9 RNPs targeting the specified genes (black) 
or scrambled control (grey, filled). (C) Representative flow cytometry (left) of CD19, 
CD20, and CD23 surface expression on B cells following electroporation of Cas9 RNPs 
simultaneously targeting multiple genes. Each row corresponds with the specified mix of 
Cas9 RNPs targeting the genes marked (•) in the table (right). (D) Representative flow 
cytometry of intracellular anti- phospho-STAT3 antibody staining in B cells following 
electroporation of RNPs targeting STAT3 (blue) or scrambled control (red) in the 
presence or absence (grey, filled) of IL-21. (E) Frequency of CD38hiCD27hi plasma 
cells among B cells that received RNPs targeting STAT3 or scrambled control in the 
absence or presence of IL-21.  
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Figure 2.3. Homology directed repair in primary human B cells. (A) Schematic 
representation of single-stranded CD20 HDR templates with 62 nt homology arms 
introducing nonsense or silent mutations at the protospacer adjacent motif (PAM, 
green). (B) Representative flow cytometry of surface CD20 expression in B cells 
following electroporation of RNPs targeting the MS4A1 gene, along with HDR templates 
introducing nonsense (red) or silent (blue) mutations, or containing an irrelevant 
sequence (off-target, black). Gated percentages represent the frequency of cells lacking 
CD20 surface expression. B cells were cultured with anti-CD40 and IL-4 for 2 to 3 days 
prior to electroporation, then cultured for an additional 4 days with anti-CD40 and IL-4 
before analysis. (C) Frequency of reads recovered from total, CD20+, and CD20− B 
cells that match the HDR template sequence. Each dot represents a single donor.  
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Figure S2.1. CRISPR-Cas9 targeting of CD19 and kinetics of gene editing in 
primary human B cells with stromal cell co-culture. (A) Representative flow 
cytometry (left) and quantification (right) of CD19 expression in IgD+ or IgD− B cells co-
cultured with OP9-BAFF/CD40L cells at day 7 post- electroporation with CD19-targeting 
(black) or scrambled control RNPs (grey, filled), or non- electroporated controls (dotted 
black). (B) Representative flow cytometry of CD22 expression in IgD+ or IgD− B cells 
co-cultured with OP9-BAFF/CD40L cells at day 1, 3, or 7 post-electroporation with 
CD22-targeting (black) or scrambled control RNPs (grey, filled), or non-electroporated 
controls (dotted black).  
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Figure S1

Figure S1. CRISPR-Cas9 targeting of CD19 and kinetics of gene editing in primary human B cells

with stromal cell co-culture. (A) Representative flow cytometry (left) and quantification (right) of

CD19 expression in IgD+ or IgD− B cells co-cultured with OP9-BAFF/CD40L cells at day 7 post-

electroporation with CD19-targeting (black) or scrambled control RNPs (grey, filled), or non-

electroporated controls (dotted black). (B) Representative flow cytometry of CD22 expression in

IgD+ or IgD− B cells co-cultured with OP9-BAFF/CD40L cells at day 1, 3, or 7 post-electroporation

with CD22-targeting (black) or scrambled control RNPs (grey, filled), or non-electroporated controls

(dotted black).
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Figure S2.2. Sequences of reads recovered from B cells receiving CD22-targeting or 
scrambled control gRNA aligned against the reference sequence, and their relative 
frequencies. The dotted line represents the predicted gRNA cut site.  
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Figure S2. Sequences of reads recovered from B cells receiving CD22-targeting or scrambled

control gRNA aligned against the reference sequence, and their relative frequencies. The

dotted line represents the predicted gRNA cut site.
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Figure S2.3. Frequency of reads recovered from total, CD20+, and CD20− B cells that 
contain indel mutations centered on the predicted gRNA cut site following 
electroporation of RNPs targeting the MS4A1 gene, along with HDR templates 
introducing nonsense (red) or silent (blue) mutations, or containing an irrelevant 
sequence (off-target, black).  
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ABSTRACT 

Decades of work have aimed to genetically reprogram T cells for therapeutic purposes1 

using recombinant viral vectors, which do not target transgenes to specific genomic 

sites2,3. In addition, the need for viral vectors has slowed down research and clinical use 

as their manufacturing and testing is lengthy and expensive. Genome editing brought 

the promise of specific and efficient insertion of large transgenes into target cells 

through homology-directed repair (HDR)4,5. Here, we developed a CRISPR-Cas9 

genome targeting system that does not require viral vectors, allowing rapid and efficient 

insertion of large DNA sequences (> 1kb) at specific sites in the genomes of primary 

human T cells, while preserving cell viability and function. This permits individual or 

multiplexed modification of endogenous genes. First, we apply this strategy to correct a 

pathogenic IL2RA mutation in cells from patients with monogenic autoimmune disease, 

demonstrating improved signaling function. Second, we replace the endogenous T cell 

receptor (TCR) locus with a new TCR redirecting T cells to a cancer antigen. The 

resulting TCR-engineered T cells specifically recognize tumour antigen and mount 

productive anti-tumour cell responses in vitro and in vivo. Taken together, these studies 

provide preclinical evidence that non-viral genome targeting can enable rapid and 

flexible experimental manipulation and therapeutic engineering of primary human 

immune cells. 
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MAIN TEXT 

The major barrier to effective non-viral T cell genome targeting of large DNA 

sequences has been the toxicity of the DNA6.  While the introduction of short single-

stranded oligodeoxynucleotide (ssODN) HDR templates does not cause significant T 

cell toxicity, it has been shown that larger linear double stranded (dsDNA) templates are 

toxic at high concentrations7,8. Contrary to expectations, we found that co-

electroporation of human primary T cells with CRISPR-Cas9 ribonucleoprotein (Cas9 

RNP9,10) complexes and long (>1kb) linear dsDNA templates reduced the toxicity 

associated with the dsDNA template (Extended Data Fig 3.1a-e). Cas9 RNPs were co-

electroporated with a dsDNA HDR template designed to introduce an N-terminal GFP-

fusion in the housekeeping gene RAB11A (Fig. 3.1a). Both cell viability and the 

efficiency of this approach were optimized by systematic exploration  (Fig. 3.1b and 

Extended Data Fig. 3.1f-h) resulting in GFP expression in ~50% of both primary 

human CD4+ and CD8+ T cells.  The method was reproducibly efficient with high cell 

viability (Fig. 3.1c, d, e). The system is also compatible with current manufacturing 

protocols for cell therapies. The method can be used with fresh or cryopreserved cells, 

bulk T cells or FACS-sorted sub-populations, and cells from whole blood or 

leukapheresis (Extended Data Fig. 3.2a-d). 

We next confirmed that the system could be applied broadly by targeting 

sequences in different locations throughout the genome. We efficiently engineered 

primary T cells by generating GFP fusions with different genes (Fig. 3.2a and Extended 

Data Fig. 3.2e-g). Live-cell imaging with confocal microscopy confirmed the specificity 

of gene targeting, revealing the distinct sub-cellular locations of each of the resulting 
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GFP-fusion proteins11 (Fig. 3.2b).  Appropriate chromatin binding of a transcription 

factor GFP-fusion protein was confirmed by performing genome-wide CUT & RUN12 

analysis with an anti-GFP antibody (Fig. 3.2c and Extended Data Fig. 3.2h). Finally, 

we showed that gene targeting preserved the regulation of the modified endogenous 

gene. Consistent with correct cell-type specific expression, a CD4-GFP fusion was 

selectively expressed in the CD4+ population of T cells (Fig. 3.2d). Using HDR 

templates encoding multiple fluorescent proteins, we demonstrated that we could 

generate cells with bi-allelic gene targeting (Fig. 3.2e and Extended Data Fig. 3.3a-d) 

or multiplex modification of two (Fig. 3.2f and Extended Data Fig. 3.3e-h) or even three 

(Fig. 3.2g and Extended Data Fig. 3.3i) different genes13,14. These results show that 

multiple endogenous genes can be directly engineered without virus in T cells, and that 

gene and protein regulation are preserved. 

 For therapeutic use of genetically modified T cells, integrated sequences should 

be introduced specifically without unintended disruption of other critical genome sites15. 

We performed targeted locus amplification (TLA) sequencing16 and found no evidence 

of off-target integrations above the assay’s limit of detection (~1% of alleles) (Extended 

Data Fig. 3.4a-b). We further assessed potential off-target integrations at the single cell 

level by quantifying GFP+ cells generated using a Cas9 RNP that cuts outside the 

homology site. Similar to what has been described with viral HDR templates4,17, we 

found evidence to suggest that double-stranded templates could integrate independent 

of target homology18,19, albeit at low rates (Extended Data Fig. 3.4c-i). These rare 

events could be reduced almost completely by using single-stranded DNA templates20,21 

(Extended Data Fig. 3.5a-d). As an additional safeguard that could be important for 
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some applications, we demonstrated that efficient non-viral T cell genome targeting also 

could be achieved using either a single-stranded or double-stranded template with a 

Cas9 “nickase” engineered to reduce potential off-target double-stranded cuts22,23 

(Extended Data Fig. 3.5e-h). 

Having optimized this non-viral genome engineering approach in primary human 

T cells, we demonstrated its utility it in two different clinically relevant settings where 

targeted replacement of a gene would provide proof-of-principle that the method can be 

used to create therapeutically relevant gene modifications. Specifically, we tested the 

ability to rapidly and efficiently correct an inherited genetic alteration in T cells and we 

also tested the targeted insertion of the two chains of a TCR to redirect the specificity of 

T cells to recognize cancer cells.  

We identified a family with monogenic primary immune deficiency with 

autoimmune disease caused by recessive loss-of-function mutations in the gene 

encoding the IL-2 alpha receptor (IL2RA)24, which is essential for healthy regulatory T 

cells (Tregs)25 (Extended Data Fig. 3.6a-h). Whole exome sequencing revealed that 

the IL2RA-deficient children harboured compound heterozygous mutations in IL2RA 

(Fig. 3.3a and Extended Data Fig. 3.6i). One mutation, c.530A>G, creates a premature 

stop codon. With non-viral genome targeting, we were able to correct the mutation and 

observed IL2RA expression on the surface of corrected T cells from the patient (Fig. 

3.3b). Long dsDNA templates led to efficient correction of the mutations. Because only 

two base pair changes were necessary (one to correct the mutation and one to silently 

remove the gRNA’s PAM sequence), a short single-stranded DNA (~120 bps) could 

also be used to make the correction. These single-stranded DNAs were able to correct 
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the mutation at high frequencies, although here the efficiency of correction was lower 

than with the longer dsDNA template (Extended Data Fig. 3.7a, 3.8a). Correction was 

successful in T cells from all three siblings, but lower rates of IL2RA expression were 

seen in compound het 3, which could be due to altered cell-state associated with the 

patient’s disease or the fact she was the only sibling treated with immunosuppressive 

therapy (Extended Data Fig. 3.8f). The second mutation identified, c.800delA, causes 

a frameshift in the reading frame of the final IL2RA exon. This frameshift mutation could 

be corrected both by HDR as well as by RNP cutting alone, presumably due to some of 

the small indels restoring the reading frame (Extended Data Fig. 3.8). Taken together, 

these data show that distinct mutations can be corrected in patient T cells using HDR 

template-dependent and non-HDR template-dependent mechanisms. 

Mutation correction improved cell signalling function. Following correction of the 

c.530A>G IL2RA mutation, IL-2 treatment led to increased STAT5 phosphorylation, a 

hallmark of productive signalling (Fig. 3.3c and Extended Data Fig. 3.7c, 3.8c). In 

addition, following correction, we found that the modified T cells expressed both IL2RA 

and FOXP3, a critical transcriptional factor in Tregs (Extended Data Fig. 3.7d, 3.8d). 

We were also able to correct the IL2RA mutation in a sorted population of 

CD3+CD4+CD127loTIGIT+CD45RO+ Treg-like cells from a patient (Extended Data 

Fig. 3.7e-f), a strategy that could potentially be used in a gene-modified cell therapy for 

the children in this family. Cell-type specific and stimulus responsive expression of 

IL2RA is under tight control by multiple endogenous cis-regulatory elements that 

constitute a super-enhancer26,27. Therefore, effective therapeutic correction of the IL2RA 

defect is likely to depend on repairing the gene in its endogenous genomic locus; off-
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target effects should be avoided. We therefore demonstrated that the c.800delA 

mutation could also be repaired using Cas9 nickase combined with a single-stranded 

HDR template (Fig. 3.3d). 

 Non-viral genome targeting not only allows the correction of point mutations, but 

also enables integration of much larger DNA sequences.  We were able to use a large 

DNA construct to rapidly reprogram the antigen specificity of human T cells, which is 

critical for many cellular immunotherapy applications. Recent work demonstrates that 

chimeric antigen receptors (CARs) have enhanced efficacy when they are genetically 

encoded in the endogenous TCR locus using CRISPR-Cas9 gene cutting and an 

adeno-associated virus vector as a repair template4. Targeting of specific TCR 

sequences to this locus is a more challenging problem because T cells must express 

paired TCR alpha (TCR-α) and beta chains (TCR-β) to make a functional receptor.  

 We developed a strategy to replace the endogenous TCR using non-viral 

genome targeting to integrate an approximately 1.5 kb DNA cassette into the first exon 

of the TCR-α constant region (TRAC) (Fig. 3.4a).  This cassette encoded the full-length 

sequence of a TCR-β separated by a self-excising 2A peptide from the variable region 

of a new TCR-α, which encodes the full TCR-α sequence when appropriately integrated 

at the endogenous TRAC exon (Extended Data Fig. 3.9a-d).  To test this strategy, we 

introduced a TCR-β and TCR-α pair (1G4) that recognizes the NY-ESO-1 tumour 

antigen28 into the TRAC locus of polyclonal T cells isolated from healthy human donors.  

Antibody staining for total TCR-α/β expression and NY-ESO-1-MHC dextramer staining 

for the NY-ESO-1 TCR expression revealed that non-viral genome targeting enabled 

reproducible replacement of the endogenous TCR in both CD8+ and CD4+ primary 
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human T cells (Fig. 3.4b and Extended Data Fig. 3.9k). NY-ESO-1 TCR cells could 

also be generated with a similar targeting strategy at the TCR-β constant region 

(TRBC1/2) or with multiplexed simultaneous replacement of both endogenous TCR-α 

and TCR-β (Extended Data Fig. 3.9e-i). The majority of the T cells that did not express 

NY-ESO-1 TCR were TCR knockouts (Fig. 3.4b), presumably due to NHEJ events 

induced by the Cas9-mediated double-stranded breaks in TRAC exon 1. Up to ~70% of 

resulting TCR-positive cells recognized the NY-ESO-1 dextramer.  

 Next, we assessed the tumour antigen-specific function of targeted human T 

cells. When the targeted T cells were co-cultured with two different NY-ESO-1+ 

melanoma cell lines, M257 and M407, the modified T cells robustly and specifically 

produced IFN-ɣ and TNF-α and induced T cell degranulation (measured by CD107a 

surface expression) (Fig. 3.4c). Cytokine production and degranulation only occurred 

when the NY-ESO-1 TCR T cells were exposed to cell lines expressing the appropriate 

HLA-A*0201 class I MHC allele required to present the cognate NY-ESO-1 peptide. 

Both the CD8+ and CD4+ T cell response was consistent across healthy donors, and 

was comparable to the response of T cells from the same healthy donor in which the 

NY-ESO-1 TCR was transduced by gamma retrovirus and heterologously expressed 

using a viral promoter (Fig. 3.4c and Extended Data Fig. 3.9j).  NY-ESO-1 TCR knock-

in T cells rapidly killed target M257-HLA-A*0201 cancer cells in vitro at rates similar to 

the positive control, retrovirally transduced T cells (Fig. 3.4d).  Killing was selective for 

target cells expressing NY-ESO-1 antigen and the HLA-A*0201 allele, consistent across 

donors, and depended on the T cells being modified using both the correct gRNA and 

HDR template (Extended Data Fig. 3.9n-q). 
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Finally, we confirmed that non-viral genome targeting could be used to generate 

NY-ESO-1 TCR cells at scale and that these cells have in vivo anti-tumour function 

(Fig. 3.4e and Extended Data Fig. 3.10a). Given that knock-in efficiency was lower 

with non-viral targeting than with comparable sized AAV templates4, we first wanted to 

ensure that we could generate sufficient numbers of NY-ESO-1 positive cells for 

adoptive cell therapies. We electroporated 100 million T cells from six healthy donors, 

which after ten days of expansion yielded an average of 385 million NY-ESO-1 TCR T 

cells per donor (Fig. 3.4f and Extended Data Fig. 3.9i-m). NY-ESO-1 TCR knock-in T 

cells preferentially localized to, persisted at, and proliferated in the tumour rather than 

the spleen, similar to positive control lentivirally-transduced T cells  (Fig. 3.4g and 

Extended Data Fig. 3.10b-f). Adoptive transfer of sorted NY-ESO-1 TCR T cells also 

reduced the tumour burden in treated animals (Fig. 3.4h).  

Our therapeutic gene editing in human T cells is a process that takes only a short 

time from target selection to production of the genetically modified T cell product. In 

approximately one week, novel guide RNAs and DNA repair templates can be 

designed, synthesized, and the DNA integrated into primary human T cells that remain 

viable, expandable, and functional. The whole process and all required materials can be 

easily adapted to good manufacturing practices (GMP) for clinical use. Avoiding the use 

of viral vectors will accelerate research and clinical applications, reduce the cost of 

genome targeting, and potentially improve safety.  

Looking forward, the technology could be used to “rewire” complex molecular 

circuits in human T cells. Multiplexed integration of large functional sequences at 

endogenous loci should allow combinations of coding and non-coding elements to be 
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corrected, inserted, modified, and rearranged. Much work remains to be done to 

improve our understanding endogenous T cell circuitry if we are going to create 

synthetic circuits.  Rapid and efficient non-viral tagging of endogenous genes in primary 

human cells will facilitate live-cell imaging and proteomic studies to decode T cell 

programs. Non-viral genome targeting provides an approach to re-write these programs 

in cells for the next generation of immunotherapies. 
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METHODS 

Data reporting 

No statistical methods were used to predetermine sample size. For all in vivo 

experiments experimental conditions were allocated randomly at the time of adoptive 

transfer, and experimental conditions were mixed among littermates.  For in vivo tumour 

sizing experiments the investigator was blinded to experimental condition.  No power 

analysis was used to determine sample sizes. 

 

Isolation of human primary T cells for gene targeting 

Primary human T cells were isolated from healthy human donors either from fresh 

whole blood, residuals from leukoreduction chambers after Trima Apheresis (Blood 

Centers of the Pacific), or leukapheresis products (StemCell). Peripheral blood 

mononuclear cells (PBMCs) were isolated from whole blood samples by Ficoll 

centrifugation using SepMate tubes (STEMCELL, per manufacturer's instructions).  T 

cells were isolated from PBMCs from all cell sources by magnetic negative selection 

using an EasySep Human T Cell Isolation Kit (STEMCELL, per manufacturer’s 

instructions).  Unless otherwise noted, isolated T cells were stimulated as described 

below and used directly (fresh).  When frozen cells were used, previously isolated T 

cells that had been frozen in Bambanker freezing medium (Bulldog Bio) per 

manufacturer's instructions were thawed, cultured in media without stimulation for 1 day, 

and then stimulated and handled as described for freshly isolated samples.  Fresh blood 

was taken from healthy human donors under a protocol approved by the UCSF 

Committee on Human Research (CHR #13-11950).  Patient samples used for gene 
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editing were obtained under a protocol approved by the Yale Human Investigation 

Committee (HIC). Additional leukapheresis products from healthy donors were collected 

either under UCLA Institutional Review Board (IRB) approval #10-001598 or purchased 

from AllCells, LLC.  All patients and healthy donors provided informed consent. 

 

Primary human T cell culture 

Unless otherwise noted, bulk T cells were cultured in XVivo15 medium (STEMCELL) 

with 5% Fetal Bovine Serum, 50 mM 2-mercaptoethanol, and 10 mM N-Acetyl L-

Cystine. Immediately following isolation, T cells were stimulated for 2 days with anti-

human CD3/CD28 magnetic dynabeads (ThermoFisher) at a beads to cells 

concentration of 1:1, along with a cytokine cocktail of IL-2 at 200 U/mL (UCSF 

Pharmacy), IL-7 at 5 ng/mL (ThermoFisher), and IL-15 at 5 ng/mL (Life 

Tech).  Following electroporation, T cells were cultured in media with IL-2 at 500 

U/mL.  Throughout the culture period T cells were maintained at an approximate density 

of 1 million cells per mL of media.  Every 2-3 days post-electroporation additional media 

was added, along with additional fresh IL-2 to bring the final concentration to 500 U/mL, 

and cells were transferred to larger culture vessels as necessary to maintain a density 

of 1 million cells/mL. 

 

RNP production 

RNPs were produced by complexing a two-component gRNA to Cas9, as previously 

described10.  Briefly, crRNAs and tracrRNAs were chemically synthesized (Dharmacon, 

IDT), and recombinant Cas9-NLS, D10A-NLS, or dCas9-NLS were recombinantly 
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produced and purified (QB3 Macrolab).  Lyophilized RNA was resuspended in 10 mM 

Tris-HCL (7.4 pH) with 150 mM KCl at a concentration of 160 µM, and stored in aliquots 

at -80C.  crRNA and tracrRNA aliquots were thawed, mixed 1:1 by volume, and 

annealed by incubation at 37C for 30 min to form an 80 µNM gRNA 

solution.  Recombinant Cas9 or the D10A Cas9 variant were stored at 40 µM in 20 mM 

HEPES-KOH pH 7.5, 150 mM KCl, 10% glycerol, 1 mM DTT, were then mixed 1:1 by 

volume with the 80 µM gRNA (2:1 gRNA to Cas9 molar ratio) at 37C for 15 min to form 

an RNP at 20 µM. RNPs were electroporated immediately after complexing.   

 

Double stranded DNA HDRT production 

Novel HDR sequences were constructed using Gibson Assemblies to insert the HDR 

template sequence, consisting of the homology arms (commonly synthesized as 

gBlocks from IDT) and the desired insert (such as GFP) into a cloning vector for 

sequence confirmation and future propagation.  These plasmids were used as 

templates for high-output PCR amplification (Kapa Hotstart polymerase).  PCR 

amplicons (the dsDNA HDRT) were SPRI purified (1.0X) and eluted into a final volume 

of 3 µL H2O per 100 µL of PCR reaction input.  Concentrations of HDRTs were 

determined by nanodrop using a 1:20 dilution.  The size of the amplified HDRT was 

confirmed by gel electrophoresis in a 1.0% agarose gel.  All homology directed repair 

template sequences used in the study, both dsDNA and ssDNA, are listed in 

Supplementary Table 3. 
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Single stranded DNA HDRT production by exonuclease digestion 

To produce long ssDNA as HDR templates, the DNA of interest was amplified via PCR 

using one regular, non-modified PCR primer and a second phosphorylated PCR primer. 

The DNA strand that will be amplified using the phosphorylated primer, will be the 

strand that will be degraded using this method. This makes it possible to prepare either 

a single-stranded sense or single-stranded antisense DNA using the respective 

phosphorylated PCR primer. To produce the ssDNA strand of interest, the 

phosphorylated strand of the PCR product was degraded by treatment with two 

enzymes, Strandase Mix A and Strandase Mix B, for 5 minutes (per 1kb) at 37C, 

respectively. Enzymes were deactivated by a 5 minute incubation at 80C. The resulting 

ssDNA HDR templates were SPRI purified (1.0X) and eluted in H2O. A more detailed 

protocol for the Guide-it™ Long ssDNA Production System (Takara Bio USA, Inc. 

#632644) can be found at the manufacturer's website. 

 

Single stranded DNA HDRT production by reverse synthesis  

ssDNA HDR templates were synthesized by reverse transcription of an RNA 

intermediate followed by hydrolysis of the RNA strand in the resulting RNA:DNA hybrid 

product, as described21. Briefly, the desired HDR donor was first cloned downstream of 

a T7 promoter and the T7-HDR donor sequence amplified by PCR. RNA was 

synthesized by in vitro transcription using HiScribe T7 RNA polymerase (New England 

Biolabs) and reverse-transcribed using TGIRT-III (InGex). Following reverse 

transcription, NaOH and EDTA were added to 0.2 M and 0.1 M respectively and RNA 

hydrolysis carried out at 95C for 10 min. The reaction was quenched with HCl, the final 
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ssDNA product purified using Ampure XP magnetic beads (Beckman Coulter) and 

eluted in sterile RNAse-free H2O. ssDNA quality was analysed by capillary 

electrophoresis (Bioanalyzer, Agilent).  

 

Primary T cell electroporation 

RNPs and HDR templates were electroporated 2 days following initial T cell 

stimulation.  T cells were harvested from their culture vessels and magnetic anti-

CD3/anti-CD28 dynabeads were removed by placing cells on an EasySep cell 

separation magnet for 2 minutes.  Immediately prior to electroporation, de-beaded cells 

were centrifuged for 10 minutes at 90g, aspirated, and resuspended in the Lonza 

electroporation buffer P3 using 20 µL buffer per one million cells.  For optimal editing, 

one million T cells were electroporated per well using a Lonza 4D 96-well 

electroporation system with pulse code EH115.  Alternate cell concentrations from 

200,000 up to 2 million cells per well resulted in lower transformation 

efficiencies.  Alternate electroporation buffers were used as indicated, but had different 

optimal pulse settings (EO155 for OMEM buffer).  Unless otherwise indicated, 2.5 µL of 

RNPs (50 pmols total) were electroporated, along with 2 µL of HDR Template at 2 µg/µL 

(4 µg HDR Template total).  

 

The order of cell, RNP, and HDRT addition appeared to matter (Extended Data Fig. 

3.1).  For 96-well experiments, HDRTs were first aliquoted into wells of a 96-well 

polypropylene V-bottom plate.  RNPs were then added to the HDRTs and allowed to 

incubate together at RT for at least 30 seconds.  Finally, cells resuspended in 
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electroporation buffer were added, briefly mixed by pipetting with the HDRT and RNP, 

and 24 µLs of total volume (cells + RNP + HDRT) was transferred into a 96 well 

electroporation cuvette plate.  Immediately following electroporation, 80 µLs of pre-

warmed media (without cytokines) was added to each well, and cells were allowed to 

rest for 15 minutes at 37C in a cell culture incubator while remaining in the 

electroporation cuvettes.  After 15 minutes, cells were moved to final culture vessels. 

 

Flow cytometry and cell sorting 

Flow cytometric analysis was performed on an Attune NxT Acoustic Focusing 

Cytometer (ThermoFisher) or an LSRII flow cytometer (BD). Fluorescence activated cell 

sorting was performed on the FACSAria platform (BD).  Surface staining for flow 

cytometry and cell sorting was performed by pelleting cells and resuspending in 25 µL 

of FACS Buffer (2% FBS in PBS) with antibodies at the indicated concentrations 

(Supplementary Table 2) for 20 minutes at 4C in the dark.  Cells were washed once in 

FACS buffer before resuspension. 

 

Confocal microscopy 

Samples were prepared by drop casting 10 µl of a solution of suspended live T cells 

onto a 3x1” microscope slide onto which a 25 mm2 coverslip was placed. Imaging was 

performed on an upright configuration Nikon A1r laser scanning confocal microscope. 

Excitation was achieved through a 488 nm OBIS laser (Coherent). A long working 

distance (LWD) 60x Plan Apo 1.20 NA water immersion objective was used with 

additional digital zoom achieved through the NIS-Elements software. Images were 
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acquired under “Galvano” mirror settings with 2x line averaging enabled and exported 

as TIFF to be analyzed in FIJI (ImageJ, NIH).   

 

CUT&RUN 

CUT&RUN was performed using epitope-tagged primary human T cells 11 days after 

electroporation and 4 days after re-stimulation with anti-CD3/anti-CD28 dynabeads 

(untagged cells were not electroporated). Approximately 20% and 10% of 

electroporated cells showed GFP-BATF expression as determined by flow cytometry in 

donor 1 and donor 2 samples, respectively. CUT&RUN was performed as described12, 

using anti-GFP (ab290), anti-BATF (sc-100974), and rabbit anti-mouse (ab46540) 

antibodies. Briefly, 6 million cells (30 million cells for anti-GFP CUT&RUN in GFP-

BATF-containing cells) were collected and washed. Nuclei were isolated and incubated 

rotating with primary antibody (GFP or BATF) for 2 hours at 4C. BATF CUT&RUN 

samples were incubated an additional hour with rabbit anti-mouse antibody. Next, nuclei 

were incubated with proteinA-micrococcal nuclease (kindly provided by the Henikoff lab) 

for one hour at 4C. Nuclei were equilibrated to 0C and MNase digestion was allowed to 

proceed for 30 minutes. Solubilized chromatin CUT&RUN fragments were isolated and 

purified. Paired-end sequencing libraries were prepared and analysed on Illumina 

Nextseq machines and sequencing data was processed as described12. For peak 

calling and heatmap generation, reads mapping to centromeres were filtered out.   
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TLA sequencing and analysis 

TLA sequencing was performed by Cergentis as previously described16.  Similarly, data 

analysis of integration sites and transgene fusions was performed by Cergentis as 

previously described16.  TLA sequencing was performed in two healthy donors, each 

edited at the RAB11A locus with either a dsDNA or ssDNA HDR template to integrate a 

GFP fusion (Fig. 1b). Sequencing reads showing evidence of primer dimers or primer 

bias (i.e. greater than 99% of observed reads came from single primer set) were 

removed. 

 

In vitro Treg suppression assay 

CD4+ T cells were enriched using the EasySep Human CD4+ T cell enrichment kit 

(STEMCELL Technologies). CD3+CD4+CD127loCD45RO+TIGIT+ enriched Treg-like 

cells from IL2RA-deficient subjects and HD as well as CD3+CD4+IL2RAhiCD127lo 

Tregs from IL2RA+/- individuals were sorted by flow cytometry. CD3+CD4+IL2RA-

CD127+ responder T cells (Tresps) were labeled with CellTrace CFSE (Invitrogen) at 5 

µM. Tregs and HD Tresps were co-cultured at a 1:1 ratio in the presence of beads 

loaded with anti-CD2, anti-CD3 and anti-CD28 (Treg Suppression Inspector; Miltenyi 

Biotec) at a 1 bead: 1 cell ratio. On days 3.5 to 4.5, co-cultures were analyzed by FACS 

for CFSE dilution. % inhibition is calculated using the following formula: 1 – (% 

proliferation with Tregs / % proliferation of stimulated Tresps without Tregs). 
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Sorting and TSDR analysis of corrected Tregs 

Ex-vivo expanded Tregs and T effector cells from a healthy control and a patient with 

IL2RA compound heterozygous mutations (D6) were thawed and stained. Live cells 

were sorted based on expression of CD25 and CD62L markers directly into 

ZymoResearch M-digestion Buffer (2x) (cat# D5021-9) supplemented with proteinase K. 

The lysate was incubated at 65°C for greater than 2 hours and then frozen. Bisulfite 

conversion and pyrosequencing of the samples was performed by EpigenDx (assay ID 

ADS783-FS2) to interrogate the methylation status of 9 CpG sites intron 1 of the FOXP3 

gene, spanning -2330 to -2263 from ATG. 

 

Generation of retrovirally and lentivirally transduced control T cells 

For retroviral infections, clinical grade MSGV-1-1G4 (NY-ESO-1 TCR transgene) 

retroviral vector (IUVPC, Indianapolis, IN) was used. For lentiviral production, HEK 293 

cells were plated at 18 million cells in 15 cm dishes the night before transfection. Cells 

were transfected using the lipofectamine 3000 reagent following the manufacturer’s 

protocol (L3000001). Transfection media was changed the following day to fresh HEK 

293 media (DMEM + 5% FBS + 1% pen/strep) with viral boost reagent per the 

manufacturer’s protocol at 500x (Alstem viral boost reagent #VB100). 48 hours after 

transfection the viral supernatant was collected, filtered, and the Alstem precipitation 

solution was added, mixed, and refrigerated at four degrees for four hours, concentrated 

by centrifugation, and the viral pellet was then resuspended at 100x in cold PBS 

following the manufacturer’s protocol (lentivirus precipitation solution #VC100). 
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T cells for viral infection were activated similarly to non-virally edited cells.  Both 

retroviral and lentiviral transductions occurred 48 hours after TCR/cytokine stimulus, 

followed by expansion in IL-2 similarly to non-virally edited cells. For retroviral 

transduction, T cells were infected by spinoculation in retronectin (Clontech, Mountain 

View, CA) coated plates. Control mock-transduced T cells were also generated. For 

lentiviral transduction, viral concentrate was added to 1X final concentration. 

 

Antigen specific TCR expression analysis 

The expression of the NY-ESO-1 TCR was assessed in virally and non-virally modified 

cells with an NY-ESO-1 specific (SLLMWITQC) dextramer-PE (Immundex, 

Copenhagen, Denmark) according to the manufacturer’s protocol. Negative dextramer 

(Immudex, Copenhagen, Denmark) was used as a negative control.  

 

T cell activation and cytokine production analysis 

Melanoma cell lines were established from the biopsies of melanoma patients under the 

UCLA IRB approval #11-003254. Cell lines were periodically screened for mycoplasma 

contamination as well as authenticated using GenePrint® 10 System (Promega, 

Madison, WI), and were matched with the earliest passage cell lines. M257 (NY-ESO-

1+ HLA-A*0201-), M257-A2 (NY-ESO-1+ HLA-A*0201+) and M407 (NY-ESO-1+ HLA-

A*0201+) were cocultured 1:1 with the modified PBMCs in cytokine free media. The 

recommended amount per test of CD107a-APC-H7 (Supplementary Table 2) antibody 

was added to the coculture. After 1 hour, half the recommended amount of BD Golgi 

Plug and BD Golgi Stop (BD bioscience, San Jose, CA) was added to the coculture. 
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After 6 hours, surface staining was performed followed by cell permeabilization using 

BD cytofix/cytoperm (BD bioscience, San Jose, CA) and intracellular staining according 

to manufacturer instructions (Supplementary Table 2). Negative dextramer and 

Fluorescence minus one (FMOs) staining were used as controls.  

 

T Cell in vitro killing assay 

M202-nRFP (NY-ESO-1-, HLA-A*0201+), M257-nRFP (NY-ESO-1+ HLA-A*0201-), 

M257-A2-nRFP (NY-ESO-1+ HLA-A*0201+), M407-nRFP (NY-ESO-1+ HLA-A*0201+), 

and A375-nRFP (NY-ESO-1+ HLA-A*0201+) melanoma cell lines stably transduced to 

express nuclear RFP (Zaretsky 2016 NEJM) were seeded approximately 16 hours 

before starting the coculture (~1500 cells seeded per well). Modified T cells were added 

at the indicated E:T ratios. All experiments were performed in cytokine free media. Cell 

proliferation and cell death was measured by nRFP real time imaging using an IncuCyte 

ZOOM (Essen, Ann Arbor, MI) for 5 days. 

 

In vivo mouse solid tumour model 

All mouse experiments were completed under a UCSF Institutional Animal Care and 

Use Committee protocol. We used 8 to 12 week old NOD/SCID/IL-2Rɣ-null (NSG) male 

mice (Jackson Laboratory) for all experiments. Mice were seeded with tumours by 

subcutaneous injection into a shaved right flank of 1x106 A375 human melanoma cells 

(ATCC CRL-1619).  At seven days post tumour seeding, tumour size was assessed and 

mice with tumour volumes between 15-30 mm3 were randomly assigned to 

experimental and control treatment groups. Indicated numbers of T cells were 
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resuspended in 100 µl of serum-free RPMI and injected retro-orbitally.  For tumour 

sizing experiments, the length and width of the tumour was measured using electronic 

calipers and volume was calculated as v = 1/6 * π * length * width * (length + width) / 2. 

The investigator was blinded to experimental treatment group during sizing 

measurements. A bulk edited T cell population (5x106) or a sorted NY-ESO-1 TCR+ 

population (3x106) was transferred as indicated in figures and legends.  For bulk edited 

T cell transfers, lentivirally edited cells generally had a higher percentage of NY-ESO-1 

positive cells, so mock-infected cells were added to normalize the percentage of total T 

cells NY-ESO-1+ to equal that of the bulk population of non-virally edited T cells (~10% 

NY-ESO-1+).  For sorted T cell transfers, NY-ESO-1+ T cells were FACS sorted eight 

days following electroporation, expanded for two additional days, and frozen 

(Bambanker freezing medium, Bulldog Bio).  Non-virally or lentivirally modified human T 

cells were then thawed and rested in media overnight prior to adoptive transfer. For flow 

cytometric analysis of adoptively transferred T cells, single-cell suspensions from 

tumours and spleens were produced by mechanical dissociation of the tissue through a 

70 µm filter. All animal experiments were performed in compliance with relevant ethical 

regulations per an approved IACUC protocol (UCSF), including a tumor size limit of 2.0 

cm in any dimension. 

 

Data and reagent availability 

CUT&RUN data has been deposited in GEO as record GSE108600. TLA and amplicon 

sequencing data is available upon request. Source data for animal experiments (Fig. 
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3.4g, h and Extended Data Fig. 3.10) is provided. Plasmids containing the HDR 

template sequences used in the study are available through AddGene. 

 

Supplementary Note 1: Mono-allelic/Bi-allelic integration prediction model. 

An estimation of the percentage of cells with bi-allelic insertions at a single autosomal 

genomic locus (two potential alleles) can be made from only fluorescent phenotypes if 

two HDR templates integrating different fluorescent proteins into that same site are 

introduced into the cell (by electroporation).  A simple probability model requires only 

two assumptions. 

 

Assumption 1: There are no off-target integrations at other sites besides the target locus 

nor concatemers or multiple integration events at the target locus that contribute to 

fluorescent phenotypes. 

 

Assumption 2: Integration of a specific second fluorescent protein (i.e. RFP) does not 

depend on which fluorescent protein was integrated at the cell’s other allele (i.e. GFP or 

RFP integrations at the first allele are equally likely to have an RFP integration at the 

second). 

  

Following the labelling in Extended Data Fig. 3.3, the percentages of four different 

phenotypic populations are known: 

• % GFP-RFP- 

• % GFP+RFP- 
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• % GFP-RFP+ 

• % GFP+RFP+ 

 

From these, immediately two genotypes are known: 

1) Genotype A = NA/NA = % GFP-RFP- 

2) Genotype E = GFP/RFP = % GFP+RFP+ 

 

The four remaining genotypes sum to the two remaining single fluor positive 

phenotypes: 

3) Genotype B + Genotype D = GFP/NA + GFP/GFP = % GFP+RFP- 

4) Genotype C + Genotype F = RFP/NA + RFP/RFP = % GFP-RFP+ 

 

The probabilities that a RFP+ cell will also be GFP+, and vice versa, are also known 

from the phenotypes: 

5) Probability of being GFP+ given being RFP+ = P(GFP|RFP) = (% GFP+RFP+) / (% 

RFP+ + %GFP+RFP+) 

6) Probability of being RFP+ given being GFP+ = P(RFP|GFP) = (% GFP+RFP+) / (% 

GFP+ + %GFP+RFP+) 

 

Following from assumption 2, if the probability that a cell receives a GFP integration at 

its second allele is independent of whether the first integration was a GFP or RFP, then 

a relationship between the single positive genotypes can be determined (fig S13): 

7) D = P(GFP|RFP) * B 
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8) F = P(RFP|GFP) * C 

 

Inserting the equations 7 and 8 into equations 3 and 4 respectively and simplifying 

solves for the remaining genotypes in terms of the known phenotypes: 

9) B = % GFP+RFP- / (1 + (% GFP+RFP+) / (% RFP+ + %GFP+RFP+) ) 

10) C = % GFP-RFP+ / (1 + (% GFP+RFP+) / (% GFP+ + %GFP+RFP+) ) 

 

11) D = % GFP+RFP-- B 

12) F = % GFP-RFP+ - C 

 

From the known genotypes, the observed % of cells that are have mono-allelic or bi-

allelic insertions, as well as other statistics, can be calculated readily: 

• Observed % Cells Mono-allelic = B + C 

• Observed % Cells Bi-allelic = D + E + F 

• Observed % Cells with at least 1 insertion = B + C + D + E + F = 1 - A = 1 - % 

GFP-RFP- 

 

• Observed % Alleles that have a GFP = (B + E + 2D) / 2 

• Observed % Alleles that have a RNP = (C + E + 2F) / 2 

• Observed % Alleles with an insertion = % AllelesGFP + % AllelesRFP 
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An expected % of cells bi-allelic if the HDR alleles were distributed randomly (in 

essence at Hardy-Weinberg Equilibrium) can be calculated from the observed % of cells 

with at least one insertion (HDR): 

• p = HDR allele (GFP or RFP) 

• q = non-HDR allele (NA) 

• X = % of cells observed to have at least one HDR 

 

13) p + q = 1 

14) p2 + 2*p*q + q2 = 1 

 

As any cell that has an HDR (GFP or RFP) allele will show the phenotype (in this case 

GFP+ or RFP+): 

15) X = p2 + 2*p*q 

 

Substituting X into equation 14 and simplifying: 

16) q = (1 - X)½ 

17) p = 1 - q 

18) p = 1 - (1 - X)½ 

 

p2 will give then give the expected % of cells bi-allelic for HDR integration if HDR 

template insertion was random among the target alleles: 

19) p2 = 2 - 2(1 - X)½ - X 
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As X is known, the expected % of bi-allelic cells can be calculated directly from the 

observed total % of cells with at least one HDR, and can then be compared the 

observed % of bi-allelic cells calculated by taking into account the information provided 

by integration of two separate fluorophores.  
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Supplementary Note 2: Analysis of off target effects. 

A common concern for use of genetically modified T cells therapeutically is the potential 

for off-target effects. With any targeted editing strategy, there are at least three potential 

types of undesirable outcomes.  First, the nuclease (such as a Cas9 RNP) can generate 

non-specific mutations via-nonhomologous repair mechanisms at the cleavage site or at 

off-target sites. Second, the DNA HDR template (either viral or non-viral) could integrate 

off-target, for example either at off-target Cas9 RNP cut sites or at naturally occurring 

double-stranded breaks in host DNA18 (Extended Data Fig. 3.4c, d). Even integrase-

deficient AAVs templates have been shown to stably integrate at off-target sites4,17. 

Third, the DNA HDR template could integrate at the desired target site but integrate 

incorrectly, for example through homology-independent mechanisms19. Off-target 

cutting and integrations should be minimized in cells destined for therapeutic use to 

ensure that integrated sequences remain under proper endogenous regulation and that 

critical off-target sites are not disrupted.  

 We looked for unintended non-homologous integrations with the non-viral system 

using an N-terminal GFP-RAB11A fusion construct that contained the endogenous 

RAB11A promoter sequence within its 5’ homology arm. This construct can express 

GFP at off-target integration sites, which allowed us to assay for off-target events using 

flow cytometry (Extended Data Fig. 3.4c). Inclusion of a gRNA designed to cut a 

genome region that is not the homologous region to the targeting sequence can be 

used to approximate integration at an off-target cut site.  While efficient GFP expression 

depended on pairing the HDR template with the correct gRNA targeting that site, rare 
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GFP+ cells were observed when dsDNA HDR templates were delivered either alone or 

with an “off target” Cas9 RNPs (Extended Data Fig. 3.4e-i),  

We tested whether nonviral genome targeting is compatible with a D10A Cas9 nickase 

variant engineered to reduce the potential for off-target double strand breaks22,23. This 

variant requires that two gRNAs bind and cleave in close proximity to each other to 

produce a double strand break, thus reducing the number of off-target double stranded 

DNA breaks because both gRNAs would need to have an off-target cut site in close 

proximity to each other. We tested a series of gRNA combinations at the RAB11A locus 

for the integration of GFP, and found that guides in a “PAM-Out” orientation led to the 

efficient introduction of GFP when the D10A nickase was used (Extended Data Fig. 

3.5e, f). The D10A nickase also potentially reduced integrations at off-target nick sites, 

which we modelled using a gRNA that does not cut at a site homologous to the 

template. With this individual “off-target” Cas9 nickase RNP, GFP integrations occurred 

only at background levels (Extended Data Fig. 3.5g). 

 While the D10A nickase may be useful to reduce off-target integration, a small, 

but significant number of GFP+ cells were generated even without targeting Cas9 with a 

gRNA to the site of homology. GFP+ cells were found at a similar rate when the donor 

along was used without any Cas9 nuclease, perhaps resulting from integration at 

naturally occurring double stranded DNA breaks (Extended Data Fig. 3.4h). We 

reasoned that remaining off-target integrations could be reduced by replacing the 

dsDNA HDR templates with similar ssDNA HDR templates, which should not integrate 

non-specifically at double strand breaks20,21. To test this hypothesis, we generated 

ssDNA HDR templates using two methods we recently developed to produce the large 
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amounts of long ssDNA required for electroporation21 (Extended Data Fig. 3.5a, b).  

ssDNA HDR templates reduced the number of functional off-target integrations 

approximately 100-fold, while maintaining efficient on-target integration (Extended Data 

Fig. 3.5c, d).  

 We next used a deep sequencing approach to assess off-target integrations and 

incorrect/non-homologous integration events that occurred with dsDNA and ssDNA 

HDR templates. We performed targeted locus amplification (TLA) sequencing in two 

donors with both dsDNA and ssDNA HDR templates (Extended Data Fig. 3.4a). 

Targeted locus amplifications were used due to the large amount of HDR template DNA 

that was retained in a non-integrated state in the cells. With both dsDNA and ssDNA 

HDR templates, no off-target integration sites were found above the limit of detection 

(approximately 1% of alleles) (Extended Data Fig. 3.4a). However, sequencing of the 

on-target locus revealed that some incorrect on-target integration events were detected 

with a dsDNA HDR template, potentially including concatemerization. Among potential 

undesired repair outcomes, one incorrect homology directed repair sequence was 

detected at a frequency of approximately 1%, resulting from 9 bps of overlap between a 

portion of GFP’s sequence and a region within the 3’ homology arm, which of course is 

also present at the target genomic locus.  The ssDNA HDR template showed 10-fold 

fewer of this incorrect integration (Extended Data Fig. 3.4b).   
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Supplementary Note 3: Clinical history, genetic testing, and clinical phenotyping 

of family with compound heterozygous IL2RA mutations. 

Clinical History of Family with Autoimmunity/Immune Dysregulation 

The proband is a Caucasian infant who presented at 15 weeks of age after vomiting, 

fussiness and tachypnea led to medical evaluation that revealed severe diabetic 

ketoacidosis and a serum glucose level of 920 mg/dL. One week after diagnosis, testing 

for GAD65, IA-2 and insulin autoantibodies was negative; however, autoimmune 

diabetes was confirmed when repeat antibody tests at 5-7 months of age in three 

different laboratories showed positive results for IA-2 and insulin autoantibodies, as well 

as very high levels of GAD65 antibodies in two of the laboratories [42.8 nmol/L (<0.02) 

at Mayo Laboratories and 896 IU/mL (0.0-5.0) at Barbara Davis Center]. Testing for 

thyroid dysfunction and celiac disease has been negative but mildly low IgA levels 

suggest partial IgA deficiency. C-peptide testing was repeatedly completely 

undetectable, including at 7 months of age when measured 90 minutes after a feed with 

a serum glucose level of 202 mg/dL, at which time proinsulin was also undetectable. 

After the initial DKA was treated with intravenous insulin, the patient was discharged on 

multiple daily injections of subcutaneous insulin (glargine and lispro) initially and later 

transitioned to an insulin pump with continuous glucose monitoring. He consistently 

required a high replacement dose of insulin in the range of 0.8-0.9 units/kg/day (48% 

basal at 7 months of age). He had been delivered by repeat c-section at 37 weeks 

gestation with a birth weight of 3.629 kg (75th percentile) without any complications and 

there have been no concerns about his developmental progress and his medical history 
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has otherwise been unremarkable. His parents have disparate Caucasian ancestry and 

denied consanguinity. 

 

Clinical information on family members is provided in Supplementary Table 4. More 

detailed information is as follows: 

 

1. Mother (37):  

a. Pneumonia as a child – explained as viral  

b. Ear infections as a child treated with antibiotics  

c. Tooth problems (perhaps related to antibiotics)  

d. Her father developed insulin dependent diabetes in his 30’s. He had a low WBC 

and also had nummular dermatitis of the scalp. 

e. Her mother had lupus  

 

2. Father (44)  

a. Moroccan descent  

b. No major medical problems  

c. Some possible concern this his response time to common viral infections may be 

prolonged.  

 

3. Affected child (14)  

a. Immune thrombocytopenic purpura: (+ anti-platelet antibodies) 

b. Neutropenia (anti-neutrophil Ab) 
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c. Autoimmune haemolytic anaemia (DAT+ i.e. direct Coombs+)  

d. Nummular dermatitis of the scalp  

e. Hypercellular bone marrow: inverted CD4+/CD8+ ratio (0.36).  

f. Mouth ulcers  

g. Ear infections treated with tubes  

h. Diarrhoea as a child  

i. 46XX – no known chromosomal abnormality  

j. Flow cytometry of peripheral blood: 82.7% of CD45+ cells are CD3+ and 5.9% 

are CD19+. CD19+CD5+ cells are the deficient B cells. 43.6% of CD45+ cells are 

CD8+ with an inverted CD4+/CD8+ ratio (0.6). There is a relative increase in 

TCR(alpha beta)+ CD3+ CD4- CD8- T lymphocytes (26% of TCR alpha beta+ 

CD3+ cells and 5% of CD45+ leukocytes).  

k. Has been treated with immunosuppression including prednisone (20 mg), IgG-

pro-IgA, Flonase nasal spray and topical steroids and Symbicort. Also treated 

with Neupogen.  

 

4. Affected child  

a. 3+ diabetes autoantibodies (anti-GAD, MIAA, ICA, negative ZnT8 and ICA512/IA-

2 ) normal OGTT  

b. Ear infections treated with tubes at 1 year 

c. Eczema in the winter  
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5. Unaffected daughter (15)  

a. Allergies, but otherwise healthy  

 

6. Affected son (4)  

a. Eczema in winter  

b. Positive test for HSV  

c. Insulin dependent diabetes within the first year of life, C-peptide < 0.1 at 

presentation, anti-GAD ab+ (>30 (nl<1U/ml) 1 yr after dx but negative at dx, 

ICA512 Ab+ (1.3 (nl<1.0)) 1 yr after dx but negative at dx  

 

7. Unaffected daughter (9)  

a. Asthma 

 

Genetic Testing to Identify IL2RA Mutations 

Initial genetic testing of the proband using an in-house targeted next-generation 

sequencing multi-gene panel of over 40 genes known to be involved in monogenic 

forms of diabetes was negative. Subsequent exome sequencing in the trio of proband 

and parents revealed the causative compound heterozygous mutations in the IL2RA 

gene. Two siblings carry only one mutation, but the other two with both mutations have 

evidence for autoimmunity: an older male sibling was found (at 4 or 5 years of age) to 

have positive diabetes autoantibodies in the absence of hyperglycemia and an older 

female sibling was diagnosed with autoimmune mediated pancytopenia at age 11 years. 

IL2RA expression was markedly reduced in the three compound heterozygous children.  
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Clinical Phenotyping of IL2RA-Deficient Patients 

The IL2RA-deficient children have an almost complete loss of IL2RA cell surface 

expression on T cells and therefore virtually no detectable CD3+CD4+IL2RAhiCD127lo 

Tregs in their blood, whereas family relatives carrying heterozygous IL2RA mutation 

display decreased IL2RA expression on their Tregs (Extended Data Fig. 3.6a, b). 

Frequencies of CD3+CD4+CD127loFOXP3+ T cells in IL2RA-deficient subjects resemble 

those in HD and IL2RA+/- individuals, suggesting that Tregs may develop in the 

absence of IL2RA function (Extended Data Fig. 3.6c). Using a strategy to isolate Tregs 

without IL2RA expression, we found that CD3+CD4+CD127loCD45RO+TIGIT+ Treg-

enriched cells from IL2RA-deficient subjects showed a defective ability to suppress the 

proliferation of responder T cells (Tresps) as compared to HD counterparts (Extended 

Data Fig. 3.6e, f, h). In contrast, Tregs from relatives with a single heterozygous IL2RA 

mutation could inhibit Tresp proliferation, although with suboptimum capacity (Extended 

Data Fig. 3.6g, h). Hence, correcting functional IL2RA expression on the surface of 

FOXP3+ T cells from these patients may represent a valuable approach for developing 

an ex vivo gene therapy. 
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Supplementary Note 4: Detailed description of endogenous TCR replacement 

constructs. 

The genomic locus of the T cell receptor is complicated, with a large array of variable 

alleles (V and J alleles for the TCR-α chain and V, D and J alleles for the TCR-β chain) 

that undergo somatic gene rearrangement during T cell development in order to 

produce a functional T cell receptor.  Important for the diversity of the TCR repertoire 

but challenging for targeted genomic editing at the TCR locus (whether knock-outs or 

knock-ins), these recombined sequences are variable across the polyclonal population 

of T cells.  However, for both the TCR-α and TCR-β chains there is a constant domain 

at the C-terminus of the protein that is shared by all T cells, no matter what V-J or V-D-J 

segments have been rearranged (note: the TCR-β locus has two constant regions that 

can be utilized as shown in e).  These constant sequences, termed T Receptor Alpha 

Constant (TRAC) Exons 1, Exon 2, etc. allows for one gRNA sequence to modify 

polyclonal T cells no matter what rearranged TCR they express (Extended Data Fig. 

3.9a). A 2.1 kb HDR template was used to replace the endogenous TCR. Approximately 

300 bp homology arms surround a ~1.5 kb inserted sequence encoding a self-cleaving 

peptide followed by the full-length sequence of the TCR-β chain of the desired antigen 

specific T cell (here the 1G4 NY-ESO-1 specific TCR).  A second self-cleaving peptide 

follows the TCR-β chain, and separates it from the variable (recombined V and J) 

sequence of the desired antigen specific TCR-α chain.  Only the variable sequence from 

the TCR-α chain and the sequence of the TRAC exon 1 prior to the gRNA cut site 
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needs to be inserted as HDR will introduce it in frame with the remaining TRAC exons 

(Extended Data Fig. 3.9b).  

Transcription in cells with successful HDR should yield a “polycistronic” mRNA encoding 

both TCR-β and TCR-α (Extended Data Fig. 3.9c). This targeting strategy is designed 

to yield three peptide chains: a remnant endogenous variable region peptide that does 

not possess a transmembrane pass (and thus should not be expressed on the cell 

surface), the full-length desired antigen specific TCR-β chain, and the full-length desired 

antigen specific TCR-α chain. The result is a T cell that expresses both chains of a 

desired antigen specific TCR under the control of the endogenous TCR-α promoter 

(Extended Data Fig. 3.9d).  TCR replacement at TRAC was also possible in 

combination with electroporation of an RNP to knockout the TCR-β chain (Extended 

Data Fig. 3.9h). TCR replacement can also be accomplished at the TCR-β locus with a 

similar strategy to targeting TCR-α, although the β locus is more complex as there are 

two constant regions (TRBC1 and TRBC2) that are highly homologous to each another.  

An HDR template inserts a new full length TCR-α and the VDJ regions of a new TCR-β 

at the 5’ end of the first TRBC1 exon using a gRNA targeting a sequence found in both 

TRBC1 and TRBC2. Due to the sequence similarity between the TRBC1 and TRBC2 

genomic regions, the 3’ homology arm of this construct is almost perfectly homologous 

as well to the equivalent region in TRBC2, while the 5’ homology arm has ~85% 

homology to the TRBC2 genomic region in the 150 bps closest to the insertion site.  

Insertion thus likely predominates at TRBC1, but could also possible at TRBC2 or with 

an intervening deletion between TRBC1 and TRBC2. gRNAs that cut specifically at 

TRBC1 or TRBC2 could also used instead of the gRNA that targets both. Multiplexed 
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replacement of the TCR, with a new TCR-α VJ domain targeted to TRAC and a new 

TRB-β VDJ domain targeted to TRBC1 was also possible and could present a strategy 

to further reduce TCR mispairing (Extended Data Fig. 3.9h, i). 
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Figure 3.1: Efficient non-viral genome targeting in primary human T cells.  
a, HDR mediated integration of a GFP fusion tag to the housekeeping gene Rab11A. b, 
Development and optimization of non-viral genome targeting for both cell viability and 
HDR efficiency. c, Insertion of a GFP fusion into the endogenous RAB11A gene using 
non-viral targeting in primary human CD4+ and CD8+ T cells. d, Average efficiency with 
the RAB11A-GFP HDR template was 33.7% and 40.3% in CD4+ and CD8+ cells 
respectively. e, Viability (number of live cells relative to non-electroporated control) after 
non-viral genome targeting averaged 68.6%. Efficiency and viability were measured 4 
days following electroporation. Mean of n=12 independent healthy donors displayed (d-
e). See also Extended Data Fig 3.1. 
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Figure 3.2: Individual and multiplexed modification of endogenous T cell genes. 
a, Non-viral genome targeting with GFP-fusion constructs into multiple endogenous 
genes.  b, Confocal microscopy of live human T cells electroporated with the indicated 
HDR templates confirmed fusion-protein localization.  Scale = 5 µm. c, GFP fused to the 
endogenous transcription factor BATF enabled genome-wide binding analysis 
(CUT&RUN) using anti-GFP or anti-BATF antibodies. d,  RAB11A-fusions produced 
GFP positive CD4+ and CD8+ cells, whereas the CD4-fusions were selectively 
expressed in CD4+ cells. e, Bi-allelic non-viral genome targeting of two distinct 
fluorescent proteins into the same locus. f, Multiplexed non-viral genome targeting of 
HDR templates into two separate genomic loci. g, Simultaneous targeting of three 
distinct genomic loci. Cells positive for one (Q-II, Q-III) or two integrations (Q-IV), were 
highly enriched for a third HDR integration. One representative donor displayed from 
n=6 (a), n=4 (b, d-g), or n=2 (c) independent healthy donors. See also Extended Data 
Figs 2, 3. 
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Figure 3.3: Monogenic autoimmune mutations corrected by non-viral genome 
targeting. 
a, Pedigree of family with monogenic immune disease caused by compound 
heterozygous mutations in IL2RA (Supplementary Table 4). b, Correction of c.530A>G 
IL2RA mutation by non-viral genome targeting in three compound heterozygous siblings 
rescued IL2RA cell surface expression on CD3+ T cells 2 days following 
electroporation.  c, 7 days after non-viral genome targeting, targeted unselected CD3+ T 
cells showed increased phosphorylation levels of Stat5 upon IL-2 stimulation compared 
to non-targeted controls.  d, Non-viral genome targeting corrected the c.800delA 
mutation using D10A nickase and a long ssDNA HDR template. IL2RA surface 
expression measured after 9 days of ex-vivo expansion following electroporation (2 
days following re-stimulation).  n=3 compound heterozygous patients per correction. 
See also Extended Data Figs 6, 7, 8. 
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Figure 3.4: Replacement of the endogenous TCR by non-viral genome targeting. 
a, Schematic of HDR template used to replace the endogenous TCR. b, Non-viral 
genome targeting successfully replaced the endogenous TCR with the NY-ESO-1 
antigen specific 1G4 TCR. c, Antigen-specific cytokine production and degranulation in 
CD8+ T cells with the replaced TCR. d, Antigen-specific target cell killing by CD8+ T 
cells with the replaced TCR. e, Melanoma tumour mouse xenograft model. f, Scalability 
of non-viral replacement of the endogenous TCR for adoptive cell therapy. g, 
Preferential in vivo localization of NY-ESO-1 TCR+ T cells to the tumour. h, Tumour 
growth following adoptive transfer of NY-ESO-1 TCR+ non-virally or lentivirally modified 
or vehicle alone (saline). One representative donor from n=6 (b) or n=2 (c, d) 
independent healthy donors with mean and standard deviation of technical triplicates (c, 
d).  n=6 (f) or n=2 (g, h) independent healthy donors in 5 (g) or 7 mice (h) with mean 
and standard deviation (f-h). **P<0.01, ***P<0.001, ****P<0.0001 (Two Way ANOVA 
with Holm-Sidak’s multiple comparisons test). See also Extended Data Figs 9, 10. 
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Extended Data Figure 3.1: Development of non-viral genome targeting in primary 
human T cells. 
a, Except where explicitly noted otherwise, we use viability to refer to the number of live 
cells in an experimental condition (expressed as a %) relative to an equivalent 
population that went through all protocol steps except for the actual electroporation (No 
electroporation control).  We use the term efficiency to refer to the percentage of live 
cells in a culture expressing the “knocked in” exogenous sequence (such as 
GFP).  Finally, the total number of cells positive for the desired modification was 
calculated by multiplying the efficiency by the absolute cell count.  Methodological 
changes that maximized efficiency were not always optimal for the total number of 
positive cells, and vice-versa. b, Double-stranded (ds)DNA, both circular (plasmid) and 
linear, when electroporated into primary human T cells, caused marked loss in viability 
with increasing amounts of template. Co-delivery of an RNP caused less reduction in 
viability post electroporation.  Of note, in these experiments no loss in viability was seen 
with short single-stranded (ss)DNA oligo donor nucleotides (ssODNs). c, RNPs must be 
delivered concurrently with DNA to see increased viability.  T cells from two donors 
were each electroporated twice with an eight-hour rest in between 
electroporations.  While two electroporations so closely interspersed caused a high 
degree of cell death, delivery of the RNP and linear dsDNA template could be delivered 
separately.  Initial RNP electroporation did not protect from the loss of viability if dsDNA 
was delivered alone in the second round of electroporation. d, We determined  whether 
the order of adding reagents influenced targeting efficiency and viability. In wells where 
the RNP and the DNA HDR template were mixed together prior to adding the cells (1. 
RNP + HDRT; 2. + Cells), there was a marked increase in targeting efficiency. e, Note, 
with the high concentration of dsDNA used in these experiments, viability was higher if 
the RNP and cells were mixed first and the DNA template was added immediately prior 
to electroporation (1. RNP + Cells; 2. + HDRT).  Taken together, these data likely 
suggest that pre-incubation of the RNP and HDR template, even for a short period, 
increased the amount of DNA HDR template delivered into the cell, which increased 
efficiency but decreased viability.  However, viability after RNP and dsDNA HDR 
template pre-incubation was still higher than was observed with dsDNA HDR template 
electroporation by itself (b). 5 µg of dsDNA HDR temple was used in (c-e). f, Primary 
human T cells were cultured for 2 days using varying combinations of anti-CD3/CD28 T 
cell receptor (TCR) stimulation and cytokines prior to electroporation of RAB11A 
targeting RNP and HDR template, followed by varying culture conditions post-
electroporation. g, Among the RNP and HDR template concentrations tested here, 
optimal GFP insertion into RAB11A was achieved at intermediate concentrations of the 
RNP and dsDNA HDRT.  h, Arrayed testing of electroporation pulse conditions showed 
that, in general, conditions yielding higher HDR efficiency decreased viability. EH115 
was selected to optimize efficiency, while still maintaining sufficient viability.  i, 
Diagrammatic timeline of non-viral genome targeting.  Approximately one week is 
required to design, order from commercial suppliers, and assemble any novel 
combination of genomic editing reagents (gRNA and the HDR template).  Two days 
prior to electroporation, primary human T cells isolated from blood or other sources 
(Extended Data Fig. 2) are stimulated.  dsDNA HDR templates can be made easily by 
PCR followed by a SPRI purification to achieve a highly concentrated and pure product 



	

	 88	

suitable for electroporation.  On the day of electroporation, the gRNA (complexed with 
Cas9 to form an RNP), the HDR template, and harvested stimulated T cells are mixed 
and electroporated, a process taking approximately 1.5 hours.  After electroporation, 
engineered T cells can be readily expanded for an additional 1-2 weeks.  Viability was 
measured 2 days following electroporation and GFP expression was measured at day 
4. Graphs display mean (b, c, g, h) and/or individual donor values (b-h) in n=2 
independent healthy donors (b-h). For d, e, and h one representative donor is shown. 
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Extended Data Figure 3.2: Non-viral genome targeting is consistent across T cell 
types and reproducible across target loci. 
a, Efficient genome targeting was accomplished with a variety of T cell processing and 
handling conditions that are used with current manufacturing protocols for cell therapies. 
Non-viral genome targeting of a RAB11A-GFP fusion protein using a linear dsDNA HDR 
template was performed in bulk CD3+ T cells isolated from either whole blood draws or 
by leukapheresis. b, Targeting was similar either using bulk CD3+ T cells fresh after 
isolation or after cryopreservation (stored in liquid nitrogen and thawed prior to initial 
activation). c, CD4+ T cells isolated by fluorescent activated cell sorting (FACS) showed 
detectable GFP+ cells indicative of efficient editing, albeit at lower rates than targeting in 
CD4+ cells isolated by negative selection (potentially due to the added cellular stress of 
sorting). d, Using the same optimized non-viral genome targeting protocol (Methods), a 
variety of T cell types could be successfully edited, including peripheral blood 
mononuclear cells, without any selection (T cell culture conditions cause preferential 
growth of T cells from PBMCs).  Sorted T cell subsets CD8+, CD4+, and 
CD4+IL2RA+CD127lo regulatory T cells (Tregs) could be successfully targeted with 
GFP integration.  PBMCs were cultured for two days identically to primary T cells 
(Methods). Bulk CD3+ T cells were isolated by negative enrichment.  The 
electroporations in panel d used only 2 µg of dsDNA HDR template, a concentration that 
was later found to be less efficient than the final 4 µg (contributing to the lower 
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efficiencies seen compared to Fig. 1d).  RAB11A-GFP template was used with on-target 
gRNA was used in a-d.  e, Four days after electroporation of different GFP templates 
along with a corresponding RNP into primary CD3+ T cells from six healthy donors, 
GFP expression was observed across both templates and donors. f, High viability post-
electroporation was similarly seen across target loci. g, The fusion tagged proteins 
produced by integrating GFP into specific genes localized to the subcellular location of 
their target protein (Fig. 2b), and were also expressed under the endogenous gene 
regulation, allowing protein expression levels to be observed in living primary human T 
cells.  Note how GFP tags of the highly expressed cytoskeletal proteins TUBA1B (beta 
tubulin) and ACTB (beta actin) show consistently higher levels of expression compared 
to the other loci targeted across six donors. GFP mean fluorescent intensity (MFI) was 
calculated for the GFP+ cells in each condition/donor, and normalized as a percentage 
of the maximum GFP MFI observed in the experiment. h, Gene fusions not only 
permitted the imaging and analysis of expression of endogenous proteins in live cells, 
but also could be used for biochemical targeting of specific proteins. For example, ChIP-
Seq, and more recently CUT & RUN, have been widely used to map transcription factor 
binding sites; however, these assays are often limited by the availability of effective and 
specific antibodies. As a proof-of-principle we used anti-GFP antibodies to perform CUT 
& RUN in primary T cells where the endogenous gene encoding BATF, a critical 
transcription factor, had been targeted to generate a GFP-fusion. Binding sites identified 
with anti-GFP CUT & RUN closely matched the sites identified with an anti-BATF 
antibody. Anti-BATF, anti-GFP, and no antibody heatmaps of CUT&RUN data obtained 
from primary human T cell populations electroporated with GFP-BATF fusion HDR 
template (untagged cells were not electroporated). Aligned CUT&RUN binding profiles 
for each sample were centered on BATF CUT&RUN peaks in untagged cells and 
ordered by BATF peak intensity in untagged cells. Experiment (h) was performed in two 
independent healthy donors. 
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Extended Data Figure 3.3: Bi-allelic and multiplexed non-viral genome targeting. 
a, We wanted to confirm that we could generate cells with genome insertions in both 
alleles and quantify the frequency of bi-allelic modifications. Targeting the two alleles of 
the same gene with two distinct fluorophores would provide a way to quantify and enrich 
cells with bi-allelic gene modifications. The possible cellular phenotypes and genotypes 
when two fluorescent proteins are inserted into the same locus are displayed. 
Importantly, the number of cells that express both fluorescent proteins underestimates 
the percentage of cells with bi-allelic integrations because some cells will have inserted 
either GFP or mCherry on both alleles. We constructed a model to account for bi-allelic 
integrations of the same fluorescent protein (Supplementary Note 1). b, Diagram of bi-
allelic integration model. The total percentage of cells with bi-allelic HDR integrations 
must be the sum of genotypes D, E, and F.  While the proportion of cells with genotype 
E (dual fluor positives) is immediately apparent from the phenotypes, genotypes D and 
F are not.  Our model allow for the de-convolution of the multiple genotypes in the single 
fluor positive phenotypes, and thus an estimation of the true percentage of cells bi-
allelic for HDR. c, The observed level of bi-allelic integrations was higher in cells that 
acquired at least one integration than would be expected by chance.  Individual points 
represent replicates where the combination of the genes encoding the fluorescent 
proteins was varied (either GFP + mCherry, GFP + BFP, or mCherry + BFP) as was the 
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amount of the HDR template (3 to 6 µg).  d, Bi-allelic HDR analysis was applied across 
a variety of fluorophore permutations inserted into the RAB11A locus.  e, Dual 
fluorescence bi-allelic integrations were seen across target loci.  f, The data also 
suggest that cells with one mono-allelic integration were more likely to have also 
undergone a second targeted bi-allelic integration, and this effect was observed across 
three genomic loci. While the total percentage of cells with an insertion varied with the 
efficiency of each target site, the fold enrichment in the observed percentage of 
homozygous cells over that predicted by random chance was largely consistent across 
loci. g, Co-delivery of three fluorescent-tags targeting the RAB11A locus resulted in only 
a few cells that expressed all three fluorophores, consistent with a low rate of off-target 
integrations. As a maximum of two targeted insertions are possible (at the locus’ two 
alleles; assuming a diploid genome), no cells positive for all three loci should be 
observed (triple positives).  Indeed, while large numbers of single fluorophore 
integrations were observed (single positives), as well as cells positive for the various 
permutations of two fluorophores (double positives), there was a ~30 fold reduction in 
the number of triple positive cells compared to double positives.  All flow cytometric 
analysis of fluorescent protein expression shown here was performed 4 days following 
electroporation.  h, Multiplex editing of combinatorial sets of genomic sites would 
support expanded research and therapeutic applications. We tested whether multiple 
HDR templates could be co-delivered along with multiple RNPs to generate primary 
cells in which more than one locus was modified. Primary human T cells with two 
modifications were enriched by gating on the cells that had at least one modification, 
and this effect was consistent across multiple combinations of genomic loci. HDR 
template permutations from a set of six dsDNA HDR templates (targeting RAB11A, 
CD4, and CLTA; each site with GFP or RFP) were electroporated into CD3+ T cells 
isolated from healthy human donors.  Four days after electroporation of the two 
indicated HDR templates along with their two respective on-target RNPs, the 
percentage of cells positive for each template was analysed by gating on cells either 
positive or negative for the other template.  Not only was two-template multiplexing 
possible across a variety of template combinations, but gating on cells positive for one 
template (Template 1+ Cells, Blue) yielded an enriched population of cells more likely to 
be positive for the second template compared to cells negative for the first (Template 1- 
Cells, Black).  2 µg of each template, along with 30 pmols of each associated RNP, 
were electroporated for dual multiplexing experiments. i, We were also able to achieve 
triple gene targeting and could significantly enrich for cells that had a third modification 
by gating on the cells with two targeted insertions, an effect again consistent across 
target genomic loci. 1.5 µg of each template (4.5 µg total) were electroporated together 
with 20 pmols of each corresponding RNP (60 pmols total).  Graphs display mean and 
standard deviation in n=4 (f-i) independent healthy donors. Other experiment (c-e) were 
performed in two independent healthy donors. 
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Extended Data Figure 3.4: Examination of off-target integrations with non-viral 
genome targeting. 
a, Results of targeted locus amplification (TLA) sequencing.  No off-target integration 
sites were identified (assays limit of detection ~1% of alleles) with either a dsDNA or 
ssDNA HDR template in two healthy donors. The on-target RAB11A locus on 
chromosome 15 is indicated in red.  b, The frequency of one observed incorrect HDR 
mediated integration at the target locus was reduced using a long ssDNA HDR template 
in two human blood donors (Supplementary Note 2). c, Diagram of HDR mediated 
insertions at the N-terminus of a target locus.  The homology arms specify the exact 
sequence where the insert (a GFP tag in this case) will be inserted, allowing for scarless 
integration of exogenous sequences.  Because a GFP fusion protein is created, GFP 
fluorescence will be seen as a result of the on-target integration, which is dependent on 
an RNP cutting adjacent to the integration site.  d, dsDNA can be integrated via 
homology-independent repair mechanisms at off-target sites through either random 
integration at naturally occurring dsDNA breaks, or potentially at induced double 
stranded breaks, such as those at the off-target cut sites of the RNP.  This effect can be 
harnessed to allow for targeted integration of a dsDNA sequence at a desired induced 
dsDNA break in quiescent cell types which lack the ability to do HDR, but crucially the 
entire sequence of the dsDNA template is integrated, including any homology arms.  In 
the case that the homology arms contain a promoter sequence (such as for N-terminal 
fusion tags), these off target integrations can drive observable expression of the 
inserted sequence without the desired correct HDR insertion.  e, We looked for 
unintended non-homologous integrations with the non-viral system using an N-terminal 
GFP-RAB11A fusion construct that contained the endogenous RAB11A promoter 
sequence within its 5’ homology arm. This construct could express GFP at off-target 
integration sites, which allowed us to assay for off-target events at the single cell level 
using flow cytometry. Inclusion of a gRNA designed to cut a genome region that is not 
the homologous region to the targeting sequence can be used to infer integration at an 
off-target cut site. f, While efficient GFP expression depended on pairing the HDR 
template with the correct gRNA targeting that site, rare GFP+ cells were observed when 
dsDNA HDR templates were delivered either alone (~0.1%) or with an “off target” Cas9 
RNP (~1%). g, Quantification of different types of functional off-target integrations. The 
increase in the percentage of fluorescent cells over the limit of detection when the 
template alone is electroporated likely represents random integrations at naturally 
occurring dsDNA breaks (although cut-independent integration at the homology site is 
also possible in theory). Not every off-target integration will yield fluorescent protein 
expression, but the relative differences in functional off-target expression between 
different templates and editing conditions can be assayed.  Inclusion of an RNP 
targeting CXCR4 (Off-Target) dramatically increased the observed off-target homology-
independent integrations, likely through a homology independent insertion event.  As 
expected, efficient GFP expression as expected was only seen with the correct gRNA 
sequence and HDR mediated repair. Bars represent observed GFP+ percentages from 
T cells from one representative donor electroporated with the indicated components. h, 
Comparisons of on-target GFP expression vs functional off-target integrations across 
five templates reveal HDR is highly specific, but that off-target integrations can be 
observed at low frequencies. i, A matrix of gRNAs and HDR templates were 



	

	 95	

electroporated into CD4+ T cells from two healthy donors.  The average GFP 
expression as a percentage of the maximum observed for a given template is displayed.  
Across six unique HDR templates and gRNAs, on-target HDR mediated integration was 
the by far most efficient. One HDR template, a C-terminal GFP fusion tag into the 
nuclear factor FBL, had consistently higher off-target expression across gRNAs, 
potentially due to a gene-trap effect as the 3’ homology arm for FBL contains a splice-
site acceptor followed by the final exon of FBL leading into the GFP fusion. n=2 (a, b, h, 
i) or n=8 (e, f) independent healthy donors. 
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Extended Data Figure 3.5: Non-viral genome targeting using long ssDNA HDR 
templates and a Cas9 nickase. 
a, Long single-stranded (ss)DNA templates have potential to reduce homology-
independent integrations while preserving on-target efficiency. One method to generate 
long ssDNA templates involves a two-step selective exonuclease digestion that 
specifically degrades one strand of a PCR product that has been labelled by 5’ 
phosphorylation, which can be easily added to a PCR primer prior to amplification. b, 
We also applied a second ssDNA production method based on sequential in vitro 
transcription (IVT) and reverse transcription (RT) reaction.  A PCR product with a short 
T7 promoter appended serves as an IVT template to produce a ssRNA 
product.  Following annealing of an RT primer and reverse transcription, an RNA/DNA 
hybrid can formed which can be transformed into a long ssDNA template by incubation 
in sodium hydroxide, which selectively degrades the RNA strand. c, At 4 days post-
electroporation, varying concentrations of a long ssDNA HDR templates (~1.3 kb) did 
not show the decreased viability observed in CD3+ T cells electroporated with a linear 
dsDNA HDR template of the same length. d, Electroporation of a ssDNA HDR template 
reduced off-target integrations to the limit of detection (i.e. comparable to levels seen 
with no template electroporated) both with no nuclease added and at induced off-target 
dsDNA breaks (Off-target gRNA + Cas9). e, Diagram of the genomic locus containing 
the first exon of RAB11A.  Use of spCas9 with an individual guide RNA (gRNA 1, “On-
Target” in d) along with a dsDNA HDR template integrating a GFP in frame with 
RAB11A directly after the start codon results in efficient GFP expression (Fig. 1d).  Use 
of a Cas9 nickase (D10A variant) with two gRNAs may reduce the incidence of off-
target genome cutting.  f, A series of individual gRNAs as well as dual gRNA 
combinations were tested for GFP insertion efficiency at the RAB11A N-terminal 
locus.  As expected, no gRNAs showed appreciable levels of GFP insertion when using 
a nuclease dead Cas9 (dCas9).  Multiple individual gRNAs that cut adjacent to the 
insertion site showed GFP integration when used with Cas9, but none were as efficient 
as gRNA 1.  The D10A nickase showed little to no GFP integration with individual 
guides, but multiple two-guide combinations showed efficient GFP integration.  Only in 
gRNA combinations where the two PAM sequences were directed away from each 
other (PAM Out) was GFP integration seen. g, GFP integration efficiencies as 
presented in (f) but graphed on a logarithmic scale reveal lower levels of functional off-
target integrations when using the D10A nickase compared to spCas9 (with an 
individual “off-target” gRNA, targeting CXCR4), likely due to the requirement for the 
D10A nickase to have two gRNAs bound in close proximity to induce a dsDNA 
break.  h, Long ssDNA templates (~1.3kb) could be successfully combined with Cas9 
nickases (D10A) for targeted integration, similar to linear dsDNA templates.  Here, long 
ssDNA HDR templates with D10A nickase showed lower efficiencies of GFP integration 
at the RAB11A site, but this appeared to be site specific; the combination of long ssDNA 
and D10A appeared to have higher efficiencies compared to dsDNA and Cas9 at a 
different site (Fig. 3d). n=2 (c, d, f, g) or n=3 (h) independent healthy donors with mean 
(c, d, f-h) and standard deviation (h). 
  



	

	 98	

 
 
 
 



	

	 99	

Extended Data Figure 3.6: Reduced Treg frequencies and function in subjects 
with two loss of function IL2RA mutations. 
a, CD4+ T cells from a healthy donor and all family members, including IL2RA 
heterozygotes (c.530 het 1, c.800 hets 1-3) as well as compound heterozygous children 
(Comp. Hets 1-3), with loss-of-function IL2RA mutations were analysed by flow 
cytometry to assess the presence of IL2RAhiCD127lo Tregs.  b, In healthy donors and 
individuals with only one IL2RA mutation, CD4+FoxP3+ T cells are predominantly 
IL2RAhiCD127lo.  In the compound heterozygotes, a CD127loCD4+FoxP3+ population 
is present, but does not express high levels of IL2RA.  c, Clinical phenotyping 
performed at two separate sites showed that compound heterozygotes have 
CD127loFoxP3+ cells.  d, Deficiency in IL2RA surface expression in compound 
heterozygote 3 led to aberrant downstream signalling as measured by phosphorylated 
(p)Stat5 expression after stimulation with IL-2, but not IL-7 or IL-15. e, Due to the 
inability to sort IL2RAhi Tregs from the IL2RA-deficient compound heterozygotes, 
FoxP3+ cells were enriched from CD4+ using an alternate gating strategy that 
employed the surface markers CD127loCD45RO+TIGIT+. Intracellular FoxP3 staining 
of T cells from the indicated gated population is shown.  f, While these 
CD3+CD4+CD127loCD45RO+TIGIT+ potential “Tregs” were highly enriched for FoxP3 
and showed some suppressive capacity when cultured with CFSE-labelled stimulated 
responder T cells (Tresps) from healthy donors, CD3+CD4+CD127loCD45RO+TIGIT+ 
from the compound heterozygotes showed no suppressive ability. Stimulated Tresp 
population (Solid curves), non-stimulated Tresp (Dashed curve). g, Correction of either 
IL2RA mutation in the compound heterozygotes individually would still leave the other 
mutation, leaving the cells as single heterozygotes.  To confirm that such a potential 
correction would result in some level of functional suppression, we assessed the 
suppressive ability of CD4+IL2RAhiCD127lo Tregs from the c.530 and c.800 single 
heterozygote family members as in (f).  h, Dot plot summaries of Treg suppressive 
ability in cells from healthy donors [n=3 with single (top) or twelve (bottom) technical 
replicates], IL2RA-deficient compound heterozygotes (f, n=3 total patients) and 
IL2RA+/- c.530 or c.800 heterozygotes (g, n=4 total patients).  While 
CD3+CD4+CD127loCD45RO+TIGIT+ “Tregs” from compound heterozygotes showed 
no suppressive ability, conventional CD4+IL2RAhiCD127lo Tregs from the single 
heterozygote family members showed some suppressive capacity, consistent with their 
lack of a pronounced clinical phenotype compared to the compound hets. Thus, 
correcting functional IL2RA expression on the surface of FOXP3+ T cells from these 
patients may represent a viable approach for developing an ex vivo gene therapy. Mean 
value is displayed. i, Initial genetic testing of the proband (Supplementary Note 3) using 
an in-house targeted next-generation sequencing multi-gene panel of over 40 genes 
known to be involved in monogenic forms of diabetes was negative. Subsequent exome 
sequencing in the trio of proband and parents revealed two causative mutations in the 
IL2RA gene.  The mother possessed a single heterozygous mutation (c.530G>A) in 
exon 4 of IL2RA, resulting in a premature stop codon. The father possessed a single 
heterozygous mutation (c.800delA) in exon 8 of IL2RA, resulting in a frameshift 
mutation leading to a 95 amino acid long run-on.  Sanger sequencing confirmed that the 
proband was a compound heterozygote with both mutations. A gRNA was designed to 
cut adjacent to the site of each mutation, 8 bps away for c.530 mutation (Blue), and 7 



	

	 100	

bps away for c.800 (Red).  For each mutation, an HDR template was designed including 
the corrected sequence (Green) as well as a silent mutation in a degenerate base to 
disrupt the PAM sequence (“NGG”) for each guide RNA.  Displayed genomic regions 
(not to scale) for c.530 mutation site (hg38 ch10:6021526-6021557) and c800 mutation 
site (hg38 ch10:6012886-6012917).   
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Extended Data Figure 3.7: HDR mediated correction of IL2RA c.530A>G loss of 
function mutation. 
a, Unlike the gRNA targeting the c.800delA mutation at the C-terminus of IL2RA 
(Extended Data Fig. 8), the gRNA targeting the c.530A>G mutation (causing a stop 
codon in an interior exon) results in substantial (~90%) loss of IL2RA cell surface 
expression in a healthy donor and single heterozygotes (c.800 Het 2 and 3) 2 days 
following electroporation of the RNP alone (Blue) into CD3+ T cells.  While starting from 
a very small IL2RA+ percentage, this reduction was observed in all three compound 
heterozygotes, potentially because a small amount of protein can be surface expressed 
from the c.800delA allele. This reduced IL2RA expression could be partially rescued by 
inclusion of an ssODN HDR template (Green) and even more substantially rescued 
using a large dsDNA HDR template (Yellow).  Both template types contained the 
corrected sequence, a silent mutation to remove the gRNA’s PAM sequence, and either 
60 bp (ssODNs) or ~300 bp (large dsDNA) homology arms (Extended Data Fig. 6i). b, 
Amplicon sequencing of the c.530 site in select patients shows the correlation between 
IL2RA cell surface expression and genomic correction. Small numbers of reads in the 
“No Electroporation” and “RNP only” conditions were called as HDR, potentially due to 
small amounts of cross-well contamination. c, Increased phosphorylated (p)Stat5 in 
response to IL-2 stimulation (200 U/mL) 7 days following electroporation in CD3+ T cells 
from compound heterozygote patients undergoing HDR mediated mutation correction 
compared to no electroporation or RNP only controls. pStat5+ cells correlated with 
increased IL2RA surface expression. d, Similarly, increased proportions of 
IL2RA+FoxP3+ cells are seen 9 days following electroporation in the HDR correction 
conditions in compound heterozygote patients.  Lower percentages of correction were 
seen when targeting the c.530 mutation for HDR correction in compound heterozygote 
3, potentially due altered cell-state associated with the patient’s disease or the patient’s 
immunosuppressive drug regimen (Supplementary Table 4).  e, Mutation correction was 
possible in sorted Treg-like cells from the affected patients.  
CD3+CD4+CD127loCD45RO+TIGIT+ “Tregs”, a population highly enriched for FoxP3+ 
cells (Extended Data Fig. 6e), identified without the traditional Treg IL2RA surface 
marker (absent due to the causative mutations), were FACS sorted and underwent 
correction of the c.530A>G mutation using a Cas9 nuclease and short ssDNA HDR 
template (ssODN).  After 12 days in culture, during which time the cells expanded >100 
fold, greater than 20% (compound het 1) and 40% (compound het 2) of targeted cells 
expressed IL2RA on their surface, demonstrating functional correction and expansion of 
a therapeutically relevant cell type. In these experiments, expansion was less robust for 
cells from compound het 3. f, After 12 days in culture, corrected “Treg” cells from 
compound het 2, and a female healthy control, were sorted based on IL2RA and CD62L 
expression. Methylation of the TSDR (Treg-specific demethylated region) of FOXP3 
intron 1 was analyzed in the indicated sorted cell populations by bisulfite sequencing 
(Epigendx). Due to X-chromosome inactivation, incomplete demethylation is observed 
in the control Treg populations from the female healthy donor.  The sorted IL2RA-high 
CD62L-high population of corrected “Tregs” showed increasing TSDR demethylation, 
whereas similarly edited and expanded CD4+ T effector cells (Teff) did not show 
substantial TSDR demethylation in the healthy donor or in corrected cells from 
compound heterozygote 2. All electroporations were performed according to optimized 
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non-viral genome targeting protocol (Methods). For ssODN electroporations, 100 pmols 
in 1 µL water were electroporated. 
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Extended Data Figure 3.8: HDR and non-HDR mediated correction of IL2RA 
c.800delA frameshift loss-of-function mutation. 
a, Histograms of IL2RA surface expression in CD3+ T cells in all children from a family 
carrying two loss-of-function IL2RA mutations, including three compound heterozygotes 
that express minimal amounts of IL2RA on the surface of the T cells (No 
electroporation, Grey).  Two days following electroporation of an RNP containing a 
gRNA for the site of one of the two mutations, a one base pair deletion in the final exon 
of IL2RA (c.800delA) causing a run-on past the normal stop codon, CD3+ T cells from a 
healthy donor and single hets (c.800 Het 2 and 3) showed slight increases in IL2RA- 
cells (RNP only, Blue).  This modest reduction is potentially due to the gRNA targeting 
the C-terminus of the protein where small indels may cause less pronounced loss of 
surface protein expression.  Surprisingly, the RNP alone resulted in IL2RA surface 
expression in almost 50% of edited T cells in all three compound heterozygotes.   In 
cells from two of the compound heterozygous children, increases in the percent of cells 
with IL2RA correction compared to RNP only could be achieved by inclusion of an 
ssODN HDR template sequence with the mutation correction (RNP+ssODN, Green), 
and further increased at this site when using a longer dsDNA HDR template to correct 
the mutation (RNP + dsDNA HDRT, Yellow) (Extended Data Fig. 6i). b, Amplicon 
sequencing was performed in select targeted patient cells. c, Stat5 phosphorylation 
(pStat5) in response to high dose IL-2 stimulation (200 U/mL) in targeted CD3+ T cells 
following 7 days of expansion post-electroporation. Increased numbers of pStat5+ cells 
correlated with increased IL2RA surface expression (a). d, Following 9 days of 
expansion post-electroporation, intracellular FoxP3 staining revealed an increased 
proportion of IL2RA+ FoxP3+ cells in CD3+ T cells compared to no electroporation 
controls. Electroporations were performed according to optimized non-viral genome 
targeting protocol (Methods). For ssODN electroporations, 100 pmols in 1 µL water 
were electroporated. e, Flow cytometric analysis of GFP expression 6 days following 
electroporation of a positive HDR control RAB11A-GFP dsDNA HDR template into 
CD3+ T cells from the indicated patients revealed lower GFP expression in the three 
compound heterozygotes compared to their two c.800 heterozygote 
siblings.  Compared to a cohort of twelve healthy donors similarly edited (Fig. 1d), both 
c.800 heterozygotes as well as compound het 1 and 2 were within the general range 
observed across healthy donors, whereas compound het 3 had lower GFP expression 
than any healthy donor analysed.  Of note, in compound het 3 HDR mediated correction 
at the c.530 mutation was substantially lower than the other two compound 
heterozygotes (Fig. 3b). IL2RA surface expression after electroporation of the c.800delA 
targeting RNP alone was similar though. Compared to HDR-mediated repair, NHEJ 
mediated frameshift correction at c.800delA may be less dependent on cell proliferation, 
consistent with compound het 3 being the only compound heterozygous patient on 
active immunosuppressants at the time of blood draw and T cell isolation 
(Supplementary Note 3). f, Altered cell-state associated with the patient’s disease could 
also contribute to diminished HDR rates. TIGIT and CTLA4 expression levels in non-
edited, isolated CD4+ T cells from each indicated patient was measured by flow 
cytometry.  Consistent with altered cell states and or/ cell populations, cells from 
compound het 3 had a distinct phenotype, with increased TIGIT and CTLA4 expression 
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compared both to healthy donors, the single heterozygous family members, as well the 
other two compound heterozygous siblings. 
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Extended Data Figure 3.9: Endogenous TCR replacement strategy and functional 
characterization. 
a-d, Schematic description of HDR template for endogenous TCR replacement by in-
frame integration of a new TCR-β chain and a new variable region of a TCR-α chain at 
the TCR-α locus and the new TCR’s subsequent transcription and translation. e, HDR 
template for endogenous TCR replacement at the TCR-β locus. f, Multiplexed 
integration of a new TCR-α at the TCR-α locus and a new TCR-β at the TCR-β locus. 
Detailed description of TCR replacement strategy in Supplementary Note 4. g, TCR 
mispair analysis after retroviral delivery or non-viral TCR replacement of an NY-ESO-1 
specific TCR in gated CD4+ or CD8+ T cells.  With viral introduction of the new TCR, an 
infected cell will potentially express at least four different TCRs (new TCR-α + new 
TCR-β; new TCR-α + endogenous TCR-β; endogenous TCR-α and new TCR-β; 
endogenous TCR-α + endogenous TCR-β). Staining for the specific beta chain in the 
new introduced TCR (VB13.1) along with MHC-peptide multimer (NYESO) can provide 
a rough estimate of TCR mispairing by distinguishing between cells that predominantly 
expressed the introduced TCR (VB13.1+ NYESO+; new TCR-α + new TCR-β) vs those 
that expressed predominantly one of the potential mispaired TCRs (VB13.1+ NYESO-; 
endogenous TCR-α + new TCR-β). h, i, TCR replacement by targeting an entire new 
TCR into TRAC (a-d, also possible with a multiplexed knockout of TCR-β), an entire 
new TCR into TRBC1/2 (f), or multiplexed replacement with a new TCR-α into TRAC 
and a new TCR-β into TRBC1/2. j, Functional cytokine production was observed 
selectively following antigen exposure in gated CD4+ T cells, similarly to gated CD8+ T 
cells (Fig. 4c). k, Non-viral TCR replacement was consistently observed at four days 
post electroporation in both CD8+ and CD4+ T cells across a cohort of six healthy blood 
donors.  l, In a second cohort of six additional healthy blood donors, 100 million T cells 
from each donor were electroporated with the NY-ESO-1 TCR replacement HDR 
template and on-target gRNA/Cas9 (Fig. 4f). The percentage of CD4+ and CD8+ T 
cells that were NY-ESO-1 TCR+ was consistent over ten days of expansion following 
electroporation. m, Over 10 days of expansion following non-viral genome targeting, 
CD8+ T cells showed a slight proliferative advantage over CD4+ T cells. n, The 
indicated melanoma cell lines were co-incubated with the indicated sorted T cell 
populations at a ratio of 1:5 T cells to cancer cells.  At 72 hours post co-incubation the 
percent cancer cell confluency was recorded with by automated microscopy (where 
nuclear RFP marks the cancer cells). T Cells expressing the NY-ESO-1 antigen specific 
TCR, either by retroviral transduction (Black) or by non-viral knock-in endogenous TCR 
replacement (Red) both showed robust target cell killing only in the target cancer cell 
lines expressing both NY-ESO-1 and the HLA-A*0201 class I MHC allele. o, To ensure 
that target cell killing by non-viral TCR replacement T cells (Red) was not due to the 
either the gRNA or the HDR template used for TCR replacement alone, a matrix of 
on/off target gRNAs and on/off target HDR templates was assayed for target cell killing 
of the NY-ESO-1+ HLA-A*0201+ A375 cancer cell line (off-target gRNA and HDRT 
were specific for RAB11A-GFP fusion protein knock-in).  Only cells with both the on-
target gRNA as well as the on-target HDR template demonstrated target cell killing. p, 
Sorted NY-ESO-1+ TCR+ cells from a bulk T cell edited population (on-target gRNA, 
on-target HDR template) showed a strong dose-response effect for target cancer cell 
killing.  Within 48 hours T cell to cancer cell ratios of 2:1 and greater showed almost 
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complete killing of the target cancer cells.  By 144 hours, T cell to cancer cell ratios of 
less than 1:16 showed evidence of robust target cell killing. q, Target cell killing by non-
viral TCR replacement T cells was due specifically to the NY-ESO-1-recognizing TCR+ 
cell population observed by flow cytometry after non-viral TCR replacement (Fig. 4b). 
Starting with the bulk edited T cell population (all of which had been electroporated with 
the on-target gRNA and HDR template), we separately sorted three populations of cells: 
the NY-ESO-1+TCR+ cells (non-virally replaced TCR) (red), the NY-ESO-1-TCR- cells 
(TCR knockout) (grey), and the NY-ESO-1-TCR+ cells (those that retained their native 
TCR but did not have the NY-ESO specific knock-in TCR) (orange).  Only the sorted 
NY-ESO-1+ TCR+ population demonstrated target cell killing (4:1 T cell to cancer cell 
ratio). One representative donor from n=2 (g, j) or n=3 (h, i) independent healthy donors 
with mean and standard deviation of technical triplicates (j).  Mean and standard 
deviations of n=6 independent healthy donors (l, m) or of four technical replicates for 
n=2 independent healthy donors (o-q) are shown.  Mean and individual values for n=2 
independent healthy donors (n). 
  



	

	 110	

 

 
 
 

Primary Human
T Cells

A375 Human Melanoma 
Cell Line

NSG Mouse
8-12 Weeks old

Bulk Edited 
Population

Tumour Seeding

Day 0 Day 7

Adoptive Transfer Pulldown Pulldown Pulldown

Tumour Sizing

Day 9
(Day 2 Post Transfer)

Day 17
(Day 10 Post Transfer)

Day 24
(Day 17 Post Transfer)

Pure Edited
Population

Editing and
Expansion

a

Sorting

or

Spleen Tumour
0.01

0.10

1

10

100

TCR+ NYESO-
TCR- NYESO-

TCR+ NYESO+

b d

c

e f

2 Days Post Bulk Non-Viral Edited T Cell Transfer

10 Days Post Bulk Non-Viral Edited T Cell Transfer

T Cell Phenotype

TCR- NYESO-
(Spleen)

TCR+ NYESO-
(Spleen)

TCR+ NYESO+
(Tumor)

0

20

40

60

80

100

%
 C

FS
E

 L
ow

Fo
ld

 C
ha

ng
e 

O
ve

r I
np

ut

TCR+NYESO+
(Spleen)

T Cell Donor 1 T Cell Donor 2
100

1000

10000

N
Y

E
S

O
 M

FI
 (C

D
45

+ 
C

D
8+

 in
 T

um
or

)

Lentiviral Delivery- TCR
Non-Viral- TCR Replacement

17 Days Post Sorted NYESO+ T Cell Transfer

T Cell Donor 1 T Cell Donor 2

Day Post Tumor Seeding Day Post Tumor Seeding
0 5 10 15 20 25 0 5 10 15 20 25

0

500

1000

1500

2000

Tu
m

or
 V

ol
um

e 
(m

m
3)

0

500

1000

1500

2000

Tu
m

or
 V

ol
um

e 
(m

m
3)

Vehicle Only

Vehicle Only
Lentiviral Delivery- TCR

Non-Viral- TCR Replacement

0

20

40

60

80

100

%
 N

Y
E

S
O

+ 
T 

C
el

ls

0

20

40

60

80

100

LAG3+

T Cell Donor 1 T Cell Donor 2
0

20

40

60

80

100

T Cell Donor 1 T Cell Donor 2
0

20

40

60

80

100

%
 N

Y
E

S
O

+ 
T 

C
el

ls

TIM3+ PD1+LAG3+TIM3+

PD-1+



	

	 111	

Extended Data Figure 3.10: In vivo functionality of T cells with non-viral TCR 
replacement. 
a, Diagram of in vivo human antigen specific tumour xenograft model.  8 to 12 week old 
NSG mice were seeded with 1x106 A375 cells (human melanoma cell line; NY-ESO-1 
antigen+ and HLA-A*0201+) subcutaneously in a shaved flank.  Primary human T cells 
edited to express an NY-ESO-1 antigen specific TCR were generated (either through 
lentiviral transduction or non-viral TCR replacement), expanded for 10 days following 
transduction or electroporation, and frozen.  Either a bulk edited population was used 
(b,c) or a NY-ESO-1 TCR+ sorted population (d-f) was used.  At seven days post 
tumour seeding, T cells were thawed and adoptively transferred via retro-orbital 
injection. b, Two days following transfer of 5x106 bulk non-virally targeted T cells (~10% 
TCR+ NYESO-1+ (Red), ~10% TCR+ NYESO-1- (Orange), and ~80% TCR- NYESO-1- 
(Green), see Fig 4b), NY-ESO-1+ non-virally edited T cells preferentially accumulated in 
the tumour vs. the spleen. n=5 mice for each of four human T cell donors. c, Ten days 
following transfer of 5x106 bulk non-virally targeted CFSE labeled T cells, NYESO-1 
TCR+ cells showed greater proliferation than TCR- or TCR+NYESO-1- T cells, and 
showed greater proliferation (CFSE Low) in the tumour than in the spleen. At ten days 
post transfer TCR- and TCR+NYESO- T cells were difficult to find in the tumour (Fig 
4g). d, Individual longitudinal tumour volume tracks for data summarized in Fig 4h. 
3x106 sorted NY-ESO-1 TCR+ T cells generated either by lentiviral transduction (Black) 
or non-viral TCR replacement (Red) were transferred on day 7 post tumour seeding and 
compared to vehicle only injections until 24 days post tumour seeding. Note that the 
same data for vehicle control data are shown for each donor in comparison to lentiviral 
delivery (above) and non-viral TCR replacement (below). e,f, In these experiments, 
seventeen days following T cell transfer (d), non-virally TCR replaced cells appeared to 
show greater NY-ESO-1 TCR expression and lower expression of exhaustion markers. 
Transfer of both lentivirally transduced and non-viral TCR replaced cells showed 
significant reductions in tumour burden on day 24. In this experimental model, non-viral 
TCR replacement showed further reductions compared to the lentiviral transduction 
(Fig. 4h), potentially due to knockout of the endogenous TCR, endogenous regulation of 
the new TCR’s expression, some difference in the cell populations amenable to non-
viral vs lentiviral editing, or confounding variables in cell handling between lentiviral 
transduction and non-viral genome targeting. n=4 (b), n=2 (d-f), or n=1 (c) independent 
healthy donors in 5 (b, c) or 7 mice (d-f) per donor with mean (b, e, f) and standard 
deviation (b).  
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ABSTRACT 

Virus-modified T cells are approved for cancer immunotherapy, but more versatile and 

precise genome modifications are needed for a wider range of adoptive cellular 

therapies1-4. We recently developed a non-viral CRISPR–Cas9 system for genomic site-

specific integration of large DNA sequences in primary human T cells5. Here, we report 

two key improvements for efficiency and viability in an expanded variety of clinically-

relevant primary cell types. We discovered that addition of truncated Cas9 target 

sequences (tCTS) at the ends of the homology directed repair (HDR) templates can 

interact with Cas9 ribonucleoproteins (RNPs) to ‘shuttle’ the template and enhance 

targeting efficiency. Further, stabilizing the Cas9 RNPs into nanoparticles with 

poly(glutamic acid) improved editing, reduced toxicity, and enabled lyophilized storage 

without loss of activity. Combining the tCTS HDR template modifications with polymer-

stabilized nanoparticles increased gene targeting efficiency and viable cell yield across 

multiple genomic loci in diverse cell types. This system is an inexpensive, user-friendly 

delivery platform for non-viral genome reprogramming that we successfully applied in 

regulatory T cells (Tregs), gd-T cells, B cells, NK cells, and primary and iPS-derived6 

hematopoietic stem progenitor cells (HSPCs).   
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MAIN TEXT 

We recently reported an approach to reprogram human T cells with CRISPR-

based genome targeting without the need for viral vectors5. However, many research 

and clinical applications still depend upon improved efficiency, cell viability, and 

generalizability of non-viral genome targeting across cell types1-4. We previously found 

that varying the relative concentrations of both Cas9 RNP and HDR template had 

significant effects on targeting efficiency and toxicity5. Here, we set out to optimize the 

interactions between the HDR template and stabilized RNPs to further improvement 

genome editing efficiency independent of cell type.  

We devised a novel approach to promote nuclear entry of the template. Unlike 

previous efforts utilizing complex covalent linkages7, we attempted to recruit Cas9 

RNPs with nuclear location sequences (NLS) to the HDR template by enhancing 

Watson-Crick interactions. CRISPR-Cas9 interacts specifically with both genomic and 

non-genomic dsDNA8, and nuclease-inactive dCas9 has been used in many 

applications to localize protein and RNA effectors to specific DNA sequences without 

cleaving the target sequence9. We therefore tested if we could enhance HDR by 

targeting a dCas9-NLS ‘shuttle’ to the ends of an HDR template by coding 20 bp Cas9 

Target Sequences (CTS) at the ends of the homology arms. Indeed, CTS-modified HDR 

templates mixed with dCas9-NLS RNP did show mild improvements in HDR efficiency 

in primary human T cells (Supplementary Fig. 4.1) but required two distinct RNPs. 

These data encouraged us to search for a simplified method utilizing the same RNP to 

both cut a specified genomic site and recruit Cas9-NLS to HDR templates. 
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We hypothesized that a single catalytically-active Cas9-NLS RNP would suffice 

for both on-target genomic cutting and ‘shuttling’ if the HDR template was designed with 

truncated (16bp) Cas9 Target Sequences (tCTS) that enable Cas9 binding but not 

cutting10 (Fig. 4.1a and Supplementary Fig. 4.2). With the proper sequence 

orientation, the additional tCTS markedly improved knockin efficiency of a 1.5kb DNA 

sequence inserting a reprogrammed TCRα and TCRβ specificity at the endogenous 

TRAC (T-cell receptor α constant) locus (Fig. 4.1b and Supplementary Fig. 24.). This 

tCTS shuttle system also improved genome targeting efficiencies across a variety of loci 

in different primary human T cell subsets (Fig. 4.1c,d and Supplementary Fig. 4.3). 

HDR templates with the tCTS achieved preferential targeting even in direct competition 

with unmodified dsDNA HDR templates simultaneously delivered to the same cells (Fig. 

4.1e and Supplementary Fig. 4.4). Additionally, the tCTS shuttle improved efficiencies 

of bi-allelic and multiplexed targeting across different loci (Fig. 4.1f and Supplementary 

Fig. 4.4). The full HDR efficiency gains critically depended on the presence of an NLS in 

the Cas9 RNP, use of an on-target gRNA, and pre-incubation of the Cas9-NLS RNP 

with the tCTS-modified HDR template (Fig. 4.1g and Supplementary Fig. 4.5). Taken 

together these data demonstrate that coupling the HDR template with tCTS to a Cas9-

NLS RNP enhances genome targeting efficiency without requiring modification of the 

protein or gRNA. 

Exogenous DNA (including HDR templates) can be cytotoxic at high 

concentrations4,5,11. We therefore assayed the effects of the RNP-HDR template 

interactions on cell viability. Gene targeting using tCTS-modified HDR templates 

improved efficiency, but we observed decreased cell viability at DNA doses lower than 
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unmodified dsDNA HDR templates (Fig. 4.1h). Decreased viability was only observed 

with an on-target gRNA and pre-incubation of the RNP with HDR template, but did not 

entirely depend on the presence of a NLS on Cas9 (Supplementary Fig. 4.5) 

consistent with possible enhanced cytoplasmic delivery of DNA during electroporation 

due to the RNP-HDR template interaction.  

 In previous experiments, we observed that Cas9 RNP co-delivery could mitigate 

exogenous DNA toxicity (to unmodified plasmids or dsDNA template) in human T cells5. 

We therefore wondered whether optimizing RNP delivery could improve cell viability. 

We noted that the Cas9 protein itself appears to be only quasi-stable when complexed 

with guide RNA; a molar excess of protein (RNA to Cas9 protein molar ratio of <1.0) 

results in a milky opaque solution with rapid sedimentation (Fig. 4.2a) of poorly 

functional material (Supplementary Fig. 4.6a). Previous reports have suggested that 

RNP electroporation can be improved with addition of excess sgRNA or a non-

homologous single strand DNA enhancer (ssODNenh)12. Excess guide RNA or addition 

of ssODNenh dispersed the Cas9 RNPs (Supplementary Fig. 4.6b) and boosted 

editing efficiency of electroporated RNPs (Supplementary Fig. 4.6c). However, 

combination of both guide RNA and ssODNenh in excess did not further improve editing 

(Supplementary Fig. 4.6c), suggesting a possible shared mechanism of action.  

We hypothesized that the polymeric and anionic nature of nucleic acids shields 

excess positively-charged residues of the Cas9 protein from nearby exposed portions of 

Cas9-bound gRNA, thus preventing aggregation and improving RNP particle stability. 

We therefore screened various commercially-available water-soluble biological and 

synthetic polymeric materials for the ability to also enhance electroporation-mediated 
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Cas9 knock-out editing. Multiple different anionic polymers such as poly(glutamic acid) 

(PGA), poly(aspartic acid), heparin, and poly(acrylic acid) all enhanced editing efficiency 

in a dose-dependent manner without addition of ssODNenh or excess gRNA (Fig. 

4.2b). The charge-neutral material poly(ethyleneglycol) (PEG) had only minimal impact 

on RNP activity; positively charged polymers poly(ethylenimine), protamine sulfate, 

poly-L-lysine, poly-L-ornithine, and poly-L-arginine all reduced editing efficiency (and 

viability) (Fig. 4.2b), thus establishing anionic charge as a key factor for RNP 

enhancement. Further, enhancement of RNP-based editing depended upon polymer 

chain length (Supplementary Fig. 4.7) similar to the reported length-dependence of 

ssODNenh12 and consistent with colloid-stabilizing biomaterials13. Comparison of 

particle sizes by dynamic light scattering revealed that Cas9 protein by itself is 10-15nm 

in diameter as expected for dispersed individual molecules, but aggregates ~200nm 

size were formed when gRNA was added (Fig. 4.2d and Supplemental Fig. 4.8). 

However, the addition of either PGA or ssODNenh prevented aggregation into micron-

sized particles and improved the size distribution of RNP nanoparticles to less than 

100nm on average, (Fig. 4.2d) with peaks in the 20nm and 100-120nm ranges 

(Supplementary Fig. 4.8).  

We thus tested if anionic polymers could also enhance non-viral knockin genome 

targeting. When mixed with Cas9 RNPs and reduced concentration of an unmodified 

dsDNA template targeting integration of a Rab11a-GFP fusion, PGA was effective at 

enhancing knockin editing in primary T cells (Fig. 4.2e). PGA-stabilized RNP 

nanoparticles promoted efficiency gains in primary human T cells (Fig. 4.2f) and 

appeared to reduce the toxicity of higher doses of HDR template (Fig. 4.2g). These 
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efficiency gains were independent of the order of PGA addition, guide RNA source, or 

Cas9 nuclease manufacturer (Supplemental Figs. 4.9-4.12). RNP stabilization with 

PGA (but not ssODNenh) also permitted lyophilization with retained knockout and 

knockin editing activity (Fig. 4.2h, Supplementary Fig. 4.13). PGA-stabilized RNP 

nanoparticles therefore enhance edited cell viability and could be stored dry enabling 

significant streamlining of gene modified cell manufacturing for research or clinical 

translation. 

We next examined if combination of the tCTS ‘shuttle’ and anionic polymers could 

further improve efficiency and viability of non-viral genome targeting. Electroporation of 

tCTS-modified HDR templates and PGA-stabilized RNPs markedly enhanced efficiency 

and viability in primary human T cells across multiple genomic loci (Fig. 4.3a). 

Importantly, the dose-dependent toxicity observed with the tCTS-modified HDR 

template (Fig. 4.1h) was mitigated by PGA-stabilized RNPs and improved the recovery 

of viable T cells edited at a variety of endogenous loci (Fig. 4.3b). Increased efficiency 

and cell recovery were consistent across human blood donors and were most profound 

at lower concentrations of HDR template DNA (Supplementary Fig. 4.14). The 

combined tCTS-modified HDR template and PGA-stabilized nanoparticle system also 

retained activity through freeze-thaw cycles and the lyophilization process 

(Supplementary Fig. 4.15). 

Encouraged by these results in T cells, we applied the combined system to 

enable non-viral genome targeting in a wider set of therapeutically relevant primary 

human hematopoietic cells. Using a Clathrin-GFP fusion template, which should be 

expressed in all tested cell types, we consistently observed improved editing efficiencies 
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with the combined system (Fig. 4.3c-e). Bulk CD3+ T cells, purified CD4+ T cells or 

CD8+ T cells, and purified CD127low CD25+ CD4+ regulatory T cells (Tregs) all 

achieved a similarly high knockin efficiency of up to > 50% of cells, with 3-8x increase in 

the percentage of knockin edited cells at reduced HDR template concentrations (Fig. 

4.3c,d). While standard RNP and unmodified HDR template achieved only minimal 

knockin in isolated primary human NK cells or B cells, the combined system resulted in 

over 15% transgene-positive cells and a 2-5-fold increase in edited cell yield (Fig. 4.3c-

e). In γδ-T cells the combined system exhibited improved editing efficiency from ~5% to 

~28%, and 5-6 fold improved edited cell recovery compared to a standard RNP and 

unmodified HDR template. Finally, we were able to express large transgene insertions 

in over 15% of human HSPCs without a viral vector, in both primary mobilized 

peripheral blood- and iPS-derived6 CD34+ HSPCs, with a marked viability boost and 2-

3x increased yield of edited cells. The combined non-viral system was thus 

demonstrated to be effective in diverse human hematopoietic cell types. 

Together, PGA as a RNP nanoparticle-stabilizing enhancer and the tCTS-

modified HDR template enabled high percentage editing with improved edited cell yields 

in a variety of primary hematopoietic cell types opening the door to next-generation 

adoptive cell therapies beyond T cells. The combined nanoparticle-tCTS template 

system is a novel platform to explore gene function in clinically-relevant cell types that 

had been previously challenging to genome modify. The formation of PGA-stabilized 

RNP nanoparticles and the utilization of PCR primers to introduce tCTS modifications to 

HDR templates are both methods that can be rapidly adapted to any existing Cas9 

RNP-based editing protocol. Notably, marked improvements in large gene targeting to 
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endogenous loci were achieved without further optimizing cell cycle dynamics, small 

molecule modulation of DNA repair machinery, or specialized chemistries; these 

complementary strategies may eventually offer additional efficiency gains. Further 

optimization of polymers or tCTS ‘shuttle’ configurations could offer even further 

improvements. Our data demonstrate a technically simple system that greatly enhances 

the capabilities of Cas9 RNP-mediated non-viral genome targeting in primary human 

hematopoietic cells and has direct translational potential for research, biotechnology, 

and clinical endeavors.  
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METHODS 

Cell Culture 

Primary adult cells were obtained from healthy human donors from leukoreduction 

chamber residuals after Trima Apheresis (Vitalant, formerly Blood Centers of the 

Pacific) or from freshly drawn whole blood under a protocol approved by the UCSF IRB 

(BU101283). Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-

Paque (GE Healthcare) centrifugation using SepMate tubes (STEMCELL, per 

manufacturer's instructions). Specific lymphocytes were then further isolated by 

magnetic negative selection using an EasySep Human B Cell, CD4+ T Cell, Bulk 

(CD3+) T Cell, CD8+ T cell, CD4+ CD127low CD25+ Regulatory T Cell, Gamma/Delta 

T Cell, or NK Cell Isolation kit (STEMCELL, per manufacturer’s instructions).  

 

Isolated CD4+, CD8+, CD3+ (Bulk T Cells), Regulatory (CD25hiCD127low), or γδ-T 

cells were activated and cultured for 2 days at 0.5 to 1.0 million cells/mL in XVivo15 

medium (Lonza) with 5% Fetal Bovine Serum, 50 mM 2-mercaptoethanol, 10 mM N-

Acetyl L-Cystine, anti-human CD3/CD28 magnetic Dynabeads (ThermoFisher) at a 

beads to cells concentration of 1:1, and a cytokine cocktail of IL-2 at 300 U/mL (UCSF 

Pharmacy), IL-7 at 5 ng/mL (ThermoFisher), and IL-15 at 5 ng/mL (ThermoFischer). 

Activated T cells were harvested from their culture vessels and Dynabeads were 

removed by placing cells on an EasySep cell separation magnet (STEMCELL) for 5 

minutes. Isolated B cells were cultured in IMDM (ThermoFischer) with 5% Fetal Bovine 

Serum, 100 ng/mL MEGACD40L (Enzo), 1000 ng/mL CpG (InvivoGen), 500 U/mL IL-2 

(UCSF Pharmacy), 50 ng/mL IL-10 (ThermoFischer), and 10 ng/mL IL-15 
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(ThermoFischer). Freshly isolated NK cells were cultured in Xvivo15 medium (Lonza) 

with 5% Fetal Bovine Serum, 50 mM 2-mercaptoethanol, 10 mM N-Acetyl L-Cystine, 

together with IL-2 (at 1000 U/mL) and MACSiBead Particles pre-loaded with anti-human 

CD335 (NKp46) and anti-human CD2 antibodies (Miltenyi Biotech). Primary adult 

peripheral blood G-CSF-mobilized CD34+ hematopoietic stem cells were purchased 

from StemExpress Inc and cultured at 0.5e6 cells/mL in SFEM II media supplemented 

with CC110 cytokine cocktail (STEMCELL) for two days prior to electroporation. 

Induced pluripotent stem-cells were generated and differentiated into CD34+ HSPCs as 

previously described6 then cultured in SFEM media (STEMCELL) supplemented with IL-

2 at 10ng/mL, IL-6 at 50ng/mL, SCF at 50ng/mL, FLT-3L at 50ng/mL, and TPO at 

50ng/mL (Peprotech).  

 

RNP Formulation with Polymers 

Cas9 RNPs were formulated immediately prior to electroporation, except when frozen or 

lyophilized as indicated. Synthetic crRNA (with guide sequence listed in Supplementary 

Table 1) and tracrRNA were chemically synthesized (Edit-R, Dharmacon Horizon or 

Integrated DNA Technologies (IDT)),resuspended in 10 mM Tris-HCL (7.4 pH) with 150 

mM KCl or IDT duplex buffer at a concentration of 160 µM, and stored in aliquots at -

80C. To make gRNA, aliquots of crRNA and tracrRNA were thawed, mixed 1:1 by 

volume, and annealed by incubation at 37C for 30 min to form an 80 µM gRNA solution. 

For comparison, chemically modified gRNA was purchased from Synthego and 

resuspended according to manufacturer’s protocol. Cas9-NLS, dCas9-NLS, or Cas9 

without NLS was purchased from the UC Berkeley QB3 MAcrolab; HiFiCas9 was 
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purchased from IDT. To make RNPs, gRNA was then further diluted in buffer first, or 

directly mixed 1:1 by volume with 40 µM Cas9-NLS protein to achieve the desired molar 

ratio of gRNA:Cas9 (2:1 ratio unless otherwise stated). Unless otherwise stated, final 

dose of RNP per nucleofection was 50pmol on a Cas9 protein basis.  

For initial screening, polymers were purchased dry (see Supplementary Table 2) and 

resuspended to 100mg/mL in water except as noted, passed through a 0.2 um syringe 

filter, and stored at -80C prior to use. The ssODNenh electroporation enhancer (with 

sequence listed in Supplementary Table 2) was synthesized (IDT) and resuspended to 

100 uM in water. Serial dilutions of polymers or ssODNenh were made in water, then 

mixed 1:1 volume with preformed RNPs. For subsequent knockin experiments, 15-50 

kDa poly(L-glutamic acid) (Sigma) was resuspended to 100mg/mL in water, sterile 

filtered, and mixed with freshly-prepared gRNA at 0.8:1 volume ratio prior to complexing 

with Cas9 protein for final volume ratio gRNA:PGA:Cas9 of 2:1.6:1.  

 

Long double-strand HDR templates encoding various gene insertions (see 

Supplementary Table 1) and 300-350bp homology arms were synthesized as 

GeneBlocks (IDT) and cloned into a pUC19 plasmid, which then served as a template 

for generating a PCR amplicon. Specific PCR primers targeting the left and right 

homology arms and with additional described Cas9 Target Sequences (CTS) (see 

Supplementary Figure 2) were synthesized (IDT) without chemical modifications. 

Amplicons were generated as previously described5 with KapaHiFi polymerase (Kapa 

Biosystems), purified by SPRI bead cleanup, and resuspended in water to 0.5 to 2 

ug/uL measured by light absorbance on a NanoDrop spectrophotometer 
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(ThermoFisher). HDR templates were mixed and incubated with RNPs for at least 5 

minutes prior to mixing with and electroporating into cells.  

RNP particle size was measured by dynamic light scattering dispersed in PBS on a 

Zetasizer Nano ZS (Malvern Panalytical). For RNP lyophilization, freshly prepared 

RNPs premixed with PGA or ssODNenh and HDR templates were diluted 1:1 v:v in 

50mM trehalose, flash frozen in a liquid nitrogen bath then immediately dried on a 

Labconco Freeze Dry System-Freezone 4.5 lyophilizer for 24 hours, and stored at -80C 

until use. Dry RNP was resuspended in water to achieve the original concentration, 

incubated for 5 minutes at 37C, the mixed with cells for electroporation.   

 

Immediately prior to electroporation in a Lonza 4D 96-well format Nucleofector (Lonza), 

cells were centrifuged for 10 minutes at 90g, media aspirated, and resuspended in the 

electroporation buffer P3 (Lonza) using 17-20 µL buffer per 0.5 to 1.0 e6 cells. T cells, 

NK cells, and B cells were electroporated with pulse code EH-115; primary HSPCs with 

pulse code ER-100, and iPS-derived CD34 HSPCs with pulse code EY-100. 

Immediately after electroporation, cells were rescued with addition of 80uL of growth 

media directly into the electroporation well, incubated for 10-20 minutes, then removed 

and diluted to 0.5-1e6 cells/mL in growth media. Additional fresh growth media and 

cytokines were added every 48 hours.  

 

At 3-5 days post electroporation (except for NK cells collected at 5-7 days), cells were 

collected for staining and flow cytometry analysis. Briefly, cells were stained for cell 

type-specific surface markers and live-dead discrimination (see list of antibodies in 
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Supplementary Table 3) then analyzed on an Attune NxT Flow Cytometer with 

automated 96-well sampler (ThermoFisher) sampling a defined volume (between 50-

150uL per well) to obtain quantitative cell counts. Cytometry data was processed and 

analyzed using FlowJo software (BD Biosciences). 
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Figure 4.1. Truncated Cas9 Targets Sequences (tCTS) in HDR templates increase 
large non-viral knockin efficiency. 
(a) Enzymatically active Cas9-NLS RNPs can bind truncated Cas9 target sequences 
(tCTS) added to the ends of an HDR template.  
(b) “In” facing orientation of the tCTSs (PAM facing in towards the center of the inserted 
sequence vs “out” away from the insert) on the edges of both the 5’ and 3’ homology 
arms improved knockin efficiency of a new TCRa-TCRb specificity at the endogenous 
TRAC locus. 
(c) Representative flow cytometry plots showed improved targeting efficiency across 
target genomic loci with the tCTS modifications compared to an unmodified dsDNA 
HDR template.  
(d) The tCTS modifications improved targeting efficiencies of large knockins across 
eight genomic loci tested in both CD4+ and CD8+ T cells. Note CD4-GFP expression 
was not observed at relevant levels in CD8+ T cells, as expected.  
(e) Multiplexed electroporation of GFP and RFP knockin templates to the RAB11A locus 
where neither, one, or both templates had a tCTS modification revealed direct 
competitive knockin advantage of ‘shuttle’ system compared to unmodified dsDNA 
template (technical replicates from n=2 donors). 
(f) The tCTS modification improved multiplexed dual knockin at different genomic loci as 
well as bi-allelic knockin at a single target locus (technical replicates from n=2 donors). 
(g) Full improvement of knockin efficiencies with the tCTS modifications were 
dependent NLS on Cas9 protein (multiple technical replicates from n=2 donors). 
(h) Decreased viability was seen with the tCTS modifications at lower DNA 
concentrations compared to unmodified dsDNA HDR template. 
 
The relative rates of HDR (b, d, e, g), multiplexed HDR (f), or viability (h) with the tCTS 
shuttle are displayed compared to unmodified dsDNA HDR template (b, d-g) or to no 
electroporation controls (h) in n=4 donors (b, c, d) or multiple technical replicates from 
n=2 donors (e-h); error bars indicate standard deviation. HDR efficiency was measured 
4 days post electroporation and viability (total number of live cells relative to no 
electroporation control) at 2 days post electroporation. 
 
 
  



	

	 133	

 
 

 

 
 
 

 
 
 
 

 

 
 

 

 
 

 

 
 

 
 
Figure 4.2: Stabilizing Cas9 RNP nanoparticles with anionic polymers improves 
editing outcomes.  
(a) Photograph 15 minutes after mixing gRNA and Cas9 protein incubated at 37C to 
form RNPs. Cas9 RNPs prepared at low molar ratio of gRNA:protein appeared cloudy 
and rapidly settled out of solution.  
(b) Multiple polymers were screened for the ability to enhance CD4 gene knock-out 
editing when mixed with RNPs formulated at 1:1 gRNA:protein ratio then electroporated 
into primary human CD4+ T cells. Loss of surface CD4 expression at 3 days assessed 
by flow cytometry is normalized to unenhanced editing efficiency (RNP 1:1 without any 
additive) on the y-axis, and the live cell count is normalized to mock non-electroporated 
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(NT) cells on the x-axis. Negatively charged polymers are shaded blue: poly(L-glutamic 
acid) (PGA), heparin sulfate (Hep), hyaluronic acid 150 kDa (HA-150), poly(acrylic acid) 
at 5 kDa (PAA-5) 25 kDa (PAA-25) or 250 kDa (PAA-250), poly(L-aspartic acid) (PLD), 
ssODNenh. Neutral polymers are shaded green: poly(ethylene glycol) 35 kDa (PEG-
35), and positively charged polymers are shaded orange: polyethyleneimine 25 kDa 
(PEI), poly(L-arginine) 15-70 kDa (PLA), poly(L-lysine) 15-30 kDa (PLL), poly(L-
ornithine) 30-70 kDa (PLO), and protamine sulfate (PS). PGA (blue circles outlined in 
red) with chemical structure shown inset above data point that corresponds to 
100mg/mL concentration. Each polymer sample was tested at serial dilutions to avoid 
potential dose-dependent cytotoxicity falsely masking impact on editing efficiency, and 
each concentration is depicted as an individual point that is an average for two different 
blood donors.  
(c) Cas9 RNPs at 0.5 molar ratio of gRNA:protein (prepared same as in (a)) could be 
further dispersed with addition of PGA or ssODNenh, whereas dilution with water alone 
had no visible benefit. 
(d) PGA and ssODNenh stabilized and reduced the size of RNP nanoparticles. Cas9 
RNPs prepared at 2:1 molar ratio of gRNA:protein alone (RNP) or mixed with PGA or 
ssODNenh were assessed for hydrodynamic particle size by dynamic light scattering. Z-
average particle size is shown for n=2 independent preparations each averaged over 
ten repeated measurements (individual sample size distributions and peaks shown in 
Supplementary Fig. 8).  
(e) Multiple anionic polymers boosted knockin editing efficiency. Polymers mixed with 
Cas9 RNPs prepared at a 2:1 gRNA:protein ratio were further mixed with 1ug 
unmodified dsDNA HDR templates (targeting insertion of an N-terminal fusion of GFP to 
Rab11a), electroporated into CD4+ T cells, and editing efficiency were assessed by flow 
cytometry at day 3. The relative rates of HDR is displayed compared to unmodified 
dsDNA HDR template without enhancer. Two technical replicates shown for two 
different blood donors each.  
(f) PGA-stabilized Cas9 RNPs prepared at a 2:1 ratio gRNA:protein markedly improved 
knockin editing in primary human Bulk (CD3+) T cells targeting a C-terminal fusion of 
GFP to clathrin and (g) improve viability of electroporated cells (compared to untreated 
cells). Data shown as average from two different blood donors.  
(h) Cas9 RNPs prepared at a 2:1 ratio gRNA:protein without or with PGA or ssODNenh 
were mixed with 1ug of unmodified dsDNA HDR template targeting an N-terminal fusion 
of GFP to RAB11A, lyophilized overnight, stored dry at -80C, then later reconstituted in 
water prior to electroporating into primary human CD3+ (Pan) T cells. PGA-stabilized 
Cas9 nanoparticles were protected through lyophilization and reconstitution and 
retained activity for robust knockin editing. Three technical replicates shown for one 
donor. (d-h) Error bars indicate standard deviation. 
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Figure 4.3: PGA-stabilized Cas9 RNP and tCTS-modified-HDR templates improved 
knockin gene editing outcomes across a variety of genetic loci and clinically-
relevant immune cell types.  
(a-b) Cas9 RNPs were prepared at a 2:1 ratio gRNA:protein with or without PGA 
polymer and mixed with high doses (2-4 ug) of regular dsDNA or tCTS-modified HDR 
template targeting knockin at multiple genomic loci: transgenic NY-ESO 1 tumor antigen 
T cell receptor into the TRAC locus, or GFP fusion at the N- or C- of RAB11A, CD4, 
TUBA1B, ACTB, FBL, or CLTA genes. The combination of PGA-stabilized Cas9 RNP 
nanoparticles and ‘shuttle’ tCTS-modified-HDR template both improved relative 
frequency of HDR (a) and resulted in higher yield of successfully edited cells (b).  
(c-e) Cas9 RNPs were prepared at 2:1 ratio gRNA:protein with or without PGA polymer 
and mixed with low doses (0.5 – 1 ug) of unmodified dsDNA or ‘shuttle’ tCTS-modified 
HDR templates targeting knockin of GFP or mCherry to the N-terminus of Clathrin. The 
PGA-stabilized Cas9 RNP nanoparticles and tCTS-modified HDR templates improved 
editing efficiency in a variety of primary human immune cell types as visualized in 
representative flow cytometry plots (after gating for live cells and respective cell type-
specific surface markers) (c) or expressed as relative frequency of GFP or mCherry+ 
positive cells (d), and resulted in higher yield of number of successfully edited cells (e).  
The relative rates of HDR (a,d) or edited cell recovery (b,e) is displayed compared to 
unmodified dsDNA HDR template without enhancer. Error bars indicate standard 
deviation; (*) indicates significant difference compared to control unmodified dsDNA 
HDR template without enhancer with p<0.05 (ANOVA with Bonferroni’s multiple 
comparisons test correction) for each given gene locus (a-b) or cell type (d-e). 
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Supplementary Fig. 4.1: dCas9 complexing to DNA HDR templates moderately 
improved knockin efficiencies. 
(a) Initial testing of a dCas9 shuttle. A full 20bp gRNA target sequence was added to the 
edge of a dsDNA HDR template that inserts a new TCR specificity (1G4 TCR clone, 
specific for the NY-ESO1 cancer antigen) at the endogenous TCR locus5. A dCas9 RNP 
was formed with a gRNA specific for the sequence attached to the ends of the HDR 
template, incubated with the dsDNA HDR template for 5 min at room temperature, and 
then electroporated into primary human T cells along with a separate Cas9 RNP with a 
gRNA specific for the target locus, in this case the TCR alpha constant region exon 1. 
The orientation of the gRNA target sequence added to the ends of the HDR template 
appeared to matter, with an “In” facing orientation (PAM sequence towards the center of 
the insert) on both the 5’ and 3’ homology arms showed the greatest improvement in 
knockin efficiency. 
(b) The dCas9 shuttle RNP could be complexed with the same gRNA sequence as the 
on-target cutting Cas9 RNP by appending the same gRNA target sequence as in the 
on-target genomic locus to the ends of the HDR template. Similarly, an “In” facing 
orientation of the sequence on both edges of the homology arm were important for 
improved knockin efficiency.  
The relative rates of HDR are displayed at four days post electroporation when including 
the dCas9 ‘shuttle’ RNP compared to electroporation of the unmodified HDR template 
and Cas9 for n=2 donors (a, b). 
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Supplementary Fig. 4.2: Optimization of Cas9 ‘shuttle’ end modification DNA 
sequence parameters. 
(a) DNA sequence design for the Cas9 ‘shuttle’ system. A short DNA sequence can be 
easily added to the edges of a dsDNA HDR template by PCR. To mediate binding of a 
Cas9-NLS RNP to the HDR template but prevent cutting, a truncated 16 bp Cas9 target 
sequence is added to either or both of the 5’ and 3’ homology arms, along with a 3 bp 
PAM sequence (NGG for spCas9) and 4 bp of gRNA mismatches. An additional 16 bps 
of random DNA edge spacer sequence is added outside of the gRNA binding site. The 
gRNA site can have two orientations, one “In” facing with the PAM directed towards the 
center of the HDR template, and another “Out” facing with the PAM directed towards the 
edge of the HDR template. 
(b) Optimization of the orientation and multiplicity of the Cas9 ‘shuttle’ DNA sequence. 
Single or multiple 16 bp gRNA binding sites with PAMs were added to the 5’ homology 
arm, 3’ homology arm, or both homology arms of an HDR template that replaces the 
endogenous T cell receptor with a new specificity (insertion size ~1.5kb). Inwards facing 
orientations on both edges of the HDR template showed the greatest improvements in 
HDR efficiency, either with a single copy of the tCTS site (“In”) or two copies in parallel 
(“In-In”). For simplicity a single copy was used in all subsequent experiments. 
(c) Optimization of the length of the truncated gRNA binding site. Note that a full-length 
gRNA was used in all experiments, while the length of the CTS binding site varied. A 
DNA sequence with 16 base pairs matching the gRNA sequence proved optimal, 
corresponding to previously demonstrated gRNA target site lengths that mediate Cas9 
binding but not cutting8. Again, presence of the tCTS-binding site on both homology 
arms increased HDR efficiency. 
(d) Optimization of the edge spacer length showed that a 16 bp random DNA sequence 
outside of the tCTS yielded the greatest improvements in HDR efficiency. Maximal 
gains in HDR were again dependent on presence of the Cas9 ‘shuttle’ sequence on 
both homology arms. 
The relative rates of HDR (1.5 kb knockin) at the TCR locus with the indicated ‘shuttle’ 
sequence modifications compared to unmodified dsDNA HDR template for n=2 donors 
are displayed (a, b). 
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Supplementary Fig. 4.3: Cas9 ‘shuttle’ tCTS HDR template modifications 
improved large knockin efficiency across donors and genomic target loci. 
(a) Percentage of primary human CD4 or CD8 T cells expressing a knocked in GFP or 
tNGFR after non-viral genome targeting of eight different genomic sites with and without 
Cas9 ‘shuttle’ tCTS-modifications to the dsDNA HDR template. Across all eight tested 
loci the Cas9 shuttle improved knockin percentages in both cell types. Note that knockin 
of a GFP to the CD4 locus did not show GFP expression in CD8 T cells. 
(b) Aggregation of data across donors and target sites shows that the tCTS modification 
enabled large increases in the % of cells with an observed large knockin of GFP or 
tNGFR across initial knockin efficiencies with an unmodified dsDNA HDR template. 
(c) Relative improvement in HDR efficiency is dependent on the initial knockin efficiency 
with an unmodified dsDNA HDR template. At lower initial knockin efficiencies, the 
relative gain in HDR with the Cas9 shuttle was higher than at target sites where the 
unmodified template efficiency was higher. Linear regression with a goodness of fit R2 

value of 0.20 is overlaid. 
(d) In a cohort of 12 healthy primary T cell donors, all donors showed an improved 
knockin efficiency with the Cas9 ‘shuttle’ compared to unmodified dsDNA HDR template 
for knockin of a GFP fusion at the RAB11A locus. Lines connect individual donor 
values. 
(e) Relative improvement in HDR efficiency at the RAB11A locus with a Cas9 shuttle 
across 12 donors. 
Knockins were assayed 4 days after electroporation in n=4 (a-c) or n=12 (d-e) donors. 
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Supplementary Fig. 4.4: Improved bi-allelic and multiplexed knockin efficiency 
with Cas9 shuttle. 
(a) Diagram of multiplexing experiments with two HDR templates, encoding either a 
GFP or RFP integration, simultaneously electroporated into the same cells. Neither, 
one, or both HDR templates have a Cas9 shuttle DNA sequence added to the ends of 
the homology arms, and the percentage of single and dual knockin positive cells were 
assayed by flow cytometry. 
(b) Representative flow cytometric plots for bi-allelic knockin of GFP and RFP to the 
RAB11A housekeeping gene. When one HDR template possessed tCTS ‘shuttle’ 
modifications, the knockin rates for that fluorescent protein (either GFP or RFP) 
increased, whereas the knockin rates for the other fluorescent protein remained largely 
unaffected. Knockins with both templates possessing Cas9 shuttle sequences 
increased the percentage of bi-allelic targeting. Note that the percentage of GFP+RFP+ 
cells is only approximately half of the true bi-allelic knockin percentage, as knockins of 
either GFP or RFP at both alleles still yields a single positive at the protein level5. 
(c) Quantification of percent knockin efficiency across bi-allelic knockin experiments. 
(d) Representative flow cytometric plots for multiplexed knockin experiments at two 
genomic loci, the CLTA locus encoding Clathrin and the RAB11A housekeeping gene. 
Again, the greatest improvements in multiplexed knockin efficiency were observed when 
both templates possess the Cas9 shuttle sequence. 
(e) Quantification of percent knockin efficiency across multiplexed knockin experiments. 
Knockins were assayed 4 days after electroporation in n=2 (b-e) donors. 
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Supplementary Fig. 4.5: Viability loss with Cas9 shuttle requires pre-incubation 
with HDR template, an on-target gRNA, and partially an NLS peptide. 
(a) Pre-incubation of the Cas9 RNP along with dsDNA HDR template containing tCTS 
on the ends of its homology arms was required for the improvement in knockin 
efficiency. Pre-incubation was performed for a minimum of 30 seconds at room 
temperature. In no pre-incubation conditions, the dsDNA HDR template was first mixed 
with cells, followed by mixing with Cas9 RNP immediately prior to electroporation. 
(b) Pre-incubation was also necessary for the observed drop in viability when 
comparing tCTS-modified HDR template to unmodified dsDNA. 
(c) Use of an on-target gRNA in the Cas9 RNP (specific for both cutting at the desired 
genomic locus and for binding to the tCTS-binding site introduced on the edges of the 
HDR template homology arms) was necessary for the observed drop in viability with the 
Cas9 ‘shuttle’ at certain genomic sites. Note that there was no drop in viability 
compared to unmodified dsDNA HDR template when electroporating the tCTS-modified 
HDR template by itself or with an off-target scrambled RNP, indicating the decreased 
viability was not an inherent property of the tCTS-modified dsDNA template but rather 
due to the specific complexing with the on-target Cas9 RNP. This reduced viability was 
not observed at all genomic loci tested. 
(d) Use of a Cas9 RNP that did not possess an NLS sequence for the ‘shuttle’ still 
showed reduced viability when compared to unmodified dsDNA HDR template. 
The relative rates of knockin (a) or viability (b-d) with the various forms of the Cas9 
‘shuttle’ are displayed compared to unmodified dsDNA HDR template (a-d) for TCR 
replacement at the TRAC locus (1.5 kb knockin, a-b, d) or GFP or tNGFR knockin at the 
indicated locus (c) in multiple technical replicates from n=2 donors (a-d). Knockin was 
measured 4 days post electroporation and viability (total number of live cells relative to 
no electroporation control) at 2 days post electroporation. 
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Supplementary Fig. 4.6: Increasing gRNA or ssODNenh improved editing 
efficiency.  
(a) Cas9 RNPs targeting CD4 gene knock-out were electroporated into primary human 
CD4+ T cells at the indicated gRNA:protein ratio without enhancer or (c) with indicated 
doses of ssODNenh. Loss of surface CD4 expression at 3 days was assessed by flow 
cytometry. With the exception of 0.5:1 ratio RNPs, which contain only 25pmol of gRNA 
and thus maximum 50% less functional RNPs; all other gRNA:protein ratios achieved 
maximal editing with addition of >100pmol of ssODNenh.  
(b) Photograph of 20x light microscopy showing RNP aggregates at low 0.33:1 ratio 
RNPs before (left) and within 1 minute (right) after addition of ssODNenh.  
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Supplementary Fig. 4.7: Poly(glutamic acid) enhanced editing at higher molecular 
weights 
PGA samples prepared with narrowly-defined molecular weight were assessed for the 
ability to enhance CD4 gene knock-out editing. Polymers were reconstituted to 
100mg/mL then diluted as indicated, mixed with RNPs formulated at a 1:1 gRNA:protein 
ratio, and electroporated into primary human CD4+ T cells. (a) Loss of surface CD4 
expression and (b) live cell count at 3 days were assessed by flow cytometry. Higher 
molecular weight resulted in improved editing but reduced cell viability at the highest 
MW. Two technical replicates for n=2 different blood donors each averaged with error 
bars indicating standard deviation. 
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Supplementary Fig. 4.8: Anionic polymers stabilized and reduced the 
hydrodynamic size of RNP nanoparticles.  
Cas9 RNPs were prepared at a 2:1 gRNA:protein ratio, mixed with PGA or ssODNenh, 
then assessed for particle size by dynamic light scattering. Size distribution by volume 
% and a summary table of statistics are shown for each of n=2 independent 
preparations averaged over ten repeated measurements (PDI = polydispersity index).  
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Supplementary Fig. 4.9: Order of addition did not affect editing efficiency.  
Cas9 RNP were formulated at 2:1 gRNA:protein ratio with regular dsDNA HDR template 
targeting insertion of an N-terminal fusion of GFP to RAB11A. PGA polymer or water 
was added after RNP formation (navy), after gRNA formation but prior to adding Cas9 
(blue), or mixed with the protein prior to adding gRNA (light blue). In all three cases, 
PGA improved editing efficiency but order of addition had no immediately discernable 
impact. However, we noted improved consistency and workflow when mixing PGA with 
gRNA first then adding Cas9 protein, and this protocol was adopted for subsequent 
studies. Two technical replicates for n=2 different blood donors each averaged with 
error bars indicating standard deviation. 
 
  

PGA H2O
0

10

20

30

40

Order of addition
%

 G
FP

+

(1) gRNA + Cas9, (2) + Enh + HDRT
(1) gRNA + Enh + HDRT, (2) + Cas9
(1) Cas9 + Enh + HDRT, (2) + gRNA



	

	 151	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 4.10: Both PGA and ssODNenh improved editing independent 
of guide RNA source.  
Cas9 RNPs were generated at the indicated RNA:protein ratio plus no enhancer (H2O) 
or with either PGA or ssODNenh and electroporated into primary human CD4+ T cells. 
RNPs targeted CD4 gene knock-out (a-d), or targeted insertion of an N-terminal fusion 
of GFP to RAB11A when mixed with 1ug of dsDNA HDR template (e-f). Loss of surface 
CD4 expression or GFP positivity and live cell count at 3 days was assessed by flow 
cytometry. Regardless of guide RNA type either single strand chemically synthesized 
sgRNA from Synthego (a,c,e), or chemically synthesized duplexed tracrRNA:crRNA 
gRNA from Dharmacon Horizon (b,d,f), the addition or either PGA or ssODNenh 
improved both knock-out and knockin editing efficiency assessed by flow cytometry at 
day 3. Data shown from each of n=2 different blood donors with line connecting 
averages (a-d); or as the average of n=2 different blood donors with error bars 
indicating standard deviation (e-f). 
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Supplementary Fig. 4.11: PGA stabilized HiFi SpyCas9 and improved editing 
efficiency.  
A novel Cas9 variant, HiFi Cas9, was recently developed with reduced off-target activity 
but slightly reduced on-target efficiency14. HiFiCas9 RNPs were formulated with a guide 
RNA targeting either the CD4 gene or RAB11A gene with or without PGA polymer at a 
2:1 gRNA:protein ratio and electroporated into primary human bulk (CD3+) T cells 
together with an unmodified dsDNA HDR template for targeted integration of an N-
terminal fusion of mCherry to RAB11A. (a) mCherry-expressing cells and (b) live cell 
count were quantified at day 3 by flow cytometry. PGA improved on-target editing 
efficiency while maintaining minimal detection of mCherry+ cells when using an off-
target gRNA. Data shown as the average of n=2 different blood donors with error bars 
indicating standard deviation. 
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Supplementary Fig. 4.12: PGA or ssODNenh improved editing efficiency with 
D10a ‘nickase’ variant Cas9 RNPs.  
A dual nickase approach to induce neighboring opposed single strand breaks has been 
proposed as a strategy to minimize off-target editing15. D10a Cas9 RNPs were 
formulated with guide RNAs as previously described5 targeting the RAB11A gene exon 
1 with or without polymer at a 2:1 gRNA:protein ratio, and 50 pmol RNP were 
electroporated into primary human bulk (CD3+) T cells together with 1ug of regular 
dsDNA HDR template encoding insertion of an N-terminal fusion of GFP to RAB11A. (a) 
GFP-expressing cells and (b) live cell count were quantified at day 3 by flow cytometry. 
Two technical replicates each shown for two different blood donors. 
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Supplementary Fig. 4.13: PGA-stabilized Cas9 RNP nanoparticles could be 
lyophilized with retained editing efficiency.  
Cas9 RNPs targeting the CD4 gene were prepared at 2:1 ratio gRNA:protein without or 
with PGA or ssODNenh, diluted in water or equal volumes of 50mM trehalose, frozen in 
liquid nitrogen, lyophilized overnight, then stored dry at -80C. RNPs were later 
reconstituted in water prior to electroporating into primary human CD4+ T cells. Cas9 
RNP nanoparticles stabilized with PGA, but not ssODNenh, were protected through 
lyophilization and reconstitution and retained robust knock-out editing efficiency 
compared to freshly prepared RNPs. Data shown as the average of three technical 
replicates for one blood donor; error bars indicate standard deviation.  
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Supplementary Fig. 4.14: PGA-stabilized Cas9 RNP nanoparticles improved 
knockin.  
A series of doses of unmodified HDR template or tCTS-modified HDR template 
targeting a N-terminal fusion of GFP to Clathrin were combined with 50 pmol of regular 
Cas9 RNP or PGA-stabilized Cas9 RNP then electroporated in primary human bulk 
(CD3+) T cells. (a) GFP-expressing cells and (b) quantity recovered GFP+ cells were 
quantified at day 3 by flow cytometry. Data shown from two different blood donors with 
lines connecting means for each condition.  
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Supplementary Fig. 4.15: PGA-stabilized Cas9 RNP nanoparticles complexed with 
tCTS-modified ‘shuttle’ HDR template could be lyophilized with retained editing 
efficiency.  
Cas9 RNPs were prepared at 2:1 ratio gRNA:protein together with extra H2O, PGA, or 
ssODNenh, then mixed with regular dsDNA HDR template (ds) or tCTS-modified HDR 
template (tCTS) targeting insertion of an N-terminal fusion of GFP to RAB11A. Samples 
were incubated at 37C to enhance RNP-HDR template interaction, diluted in equal 
volumes of 50mM trehalose, frozen in liquid nitrogen, lyophilized overnight, then stored 
at -80C. RNP-HDR templates were later reconstituted in water prior to electroporating 
into primary human bulk (CD3+) T cells. Cas9 RNP-HDR template nanoparticles 
stabilized with PGA, but not ssODNenh, were protected through lyophilization and 
reconstitution and retained robust knock-out editing efficiency compared to freshly 
prepared RNPs. Data shown as the average of three technical replicates for one blood 
donor; error bars indicate standard deviation.  
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ABSTRACT 

Immune cellular therapies have been in development for over thirty years1,2 and 

have recently shown drastic clinical success in a handful of conditions3. The evolution 

from traditional randomly integrating viral gene modification methods to targeted non-

viral integrations holds great promise for further unlocking the potential of cellular 

immunotherapies4,5. However, crucial engineering challenges unique to targeted 

integrations remain, such as predicting efficiency across different target sites, the new 

classes of therapeutic modifications enabled by modifying endogenous loci, and high 

throughout screening platforms for rapid testing of large endogenous integrations. Here, 

we develop non-viral genome targeting as a discovery platform for large therapeutic 

endogenous genetic modifications.  We performed an arrayed knockin screen of large 

DNA payloads at 91 unique genomic sites in primary human T cells and determined a 

rule set for predicting genomic loci that can be efficiently targeted. We used these 

productive tools to efficiently create Genetically Engineered Endogenous Proteins 

(GEEPs), which alter cellular input, output, and regulatory control by combining 

synthetic modifications seamlessly with endogenous genetic elements. Finally, we 

develop a generalized technique for large pooled knockins based on unique features of 

homology directed repair. High-throughout pooled screening of targeted endogenous 

knockins to the T cell receptor locus revealed novel functional protein chimeras that 

combined with a new TCR specificity to enhance T cell function in the presence of 

tumor suppressive signals, including in in vivo solid tumor models. Overall, we present a 

robust discovery platform for next-generation cell therapies enabled by non-viral 

genome targeting.  
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MAIN TEXT 

The FDA approval in 2017 of two T-cell based therapies for B cell leukemias and 

lymphomas capped 30 years of development of engineered T cell therapies2. While the 

foundational technology for this engineering has advanced since the earliest engineered 

T cell clinical trials6, two core aspects remain unchanged- the need for a viral infection, 

and random integration of that viral genome into the cell’s DNA7. We recently developed 

an efficient non-viral genome targeting method that removes the need for a viral vector 

when delivering large new DNA sequences5. Further, with the application of targetable 

nucleases such as CRISPR/Cas9, these DNA sequences can be targeted for 

integration to specific genomic sites with single base pair resolution through homology 

directed repair8. Advantages of targeting therapeutic genes to specific genomic sites 

have been shown through replacement of the endogenous T cell receptor with a CAR or 

new TCR specificity5, placing the new antigen receptor under endogenous regulatory 

control. 

The ability to target large new DNA sequences to specific sites opens a variety of 

questions specific to the engineering of endogenous genomic loci. Unlike random viral 

vector integration, each target locus is unique, requiring a new combination of gRNA to 

instigate a dsDNA break, and homology arms to target the new DNA sequence to that 

site during homology directed repair. In practice, gene targeting at different genomic loci 

yields drastically different efficiencies4,5. To determine the spectrum of endogenous 

genomic loci amenable to non-viral genome targeting, we performed a large arrayed 

knockin screen, integrating a GFP or tNGFR template (~800 bp) into 91 unique genomic 

loci in six healthy human donors (Fig. 5.1a, b). Targeting of diverse genes, including 
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TCR complex members, immune surface receptors, checkpoint receptors, transcription 

factors, and many cytoskeletal and housekeeping genes, showed a wide range of 

observed knockin efficiencies (Fig. 5.1c and Extended Data Fig. 5.1). The screen was 

performed in both CD4 and CD8 T cells with GFP or tNGFR knockin percentages 

recorded in both resting and restimulated cells (Extended Data Fig. 5.2).  RNA 

expression of the target gene and DNA accessibility at the gRNA cut site were both 

correlated with observed knockin efficiency (Fig. 5.1d). A multivariate linear regression 

showed greater predictive value than any gRNA, RNA expression, or DNA accessibility 

parameter individually (Fig. 5.1d and Extended Data Figs. 5.3, 5.4), and demonstrated 

that gRNA cutting efficiency, target gene RNA expression, and target site DNA 

accessibility independently contributed to observed knockin efficiency (Fig. 5.1e). 

The ability to determine genomic loci that can potentially be efficiently modified, 

coupled with the ability to add large new DNA sequences to specific sites, opens the 

question of how new synthetic genetic instructions specifically added to endogenous 

loci could uniquely modify cellular function (Fig. 5.2a). Randomly integrated new genetic 

material must impart an orthogonal functionality, but targeted knockins can integrate 

synthetic elements with endogenous sequences to create Genetically Engineered 

Endogenous Proteins (GEEPs). Using an improved non-viral genome targeting protocol 

based on a Cas9 ‘shuttle’ system and an anionic polymer, we efficiently created GEEPs 

across multiple locations within a target genomic locus (Fig. 5.2a).   

Integration of a new viral promoter to the transcriptional start site of an 

endogenous gene creates a ‘promoter GEEP’ with a synthetic promoter driving 

expression of an endogenous gene product (Fig. 5.2b). Promoter GEEPs at IL2RA and 
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PDCD1 showed continuing high expression of IL2RA and PD1 in resting cells 9 days 

after TCR stimulation, whereas the endogenous regulatory circuit for these activation-

dependent genes showed low expression levels (Fig. 5.2b and Extended Data Fig. 

5.5). In contrast, integration of a new gene product at the same site creates a ‘product 

GEEP’ with an endogenous regulatory circuit driving expression of a new synthetic gene 

product (Fig. 5.2c). We created product GEEPs at the PDCD1 locus containing either a 

2A peptide9 to maintain expression of the endogenous PD1 gene or a polyA sequence 

to remove endogenous PD1 gene expression (Fig. 5.2c and Extended Data Fig. 5.6). 

Product GEEPs created at the IL2RA, CD28, and LAG3 loci all mirrored the expression 

dynamics of their respective endogenous genes (Fig. 5.2d and Extended Data Fig. 

5.7). Integration of a new extracellular domain specifically in front of a target surface 

receptors transmembrane domain creates a ‘specificity GEEP’ with a synthetic 

specificity driving endogenous signaling (Fig. 5.2e), such as at the endogenous TCRα 

locus where we have previously reported the ability to replace the extracellular TCR 

specificity while maintaining the endogenous constant signaling domains5. Finally, 

integration of a new signaling domain to a surface receptor after the transmembrane 

domain creates a ‘signaling GEEP’ where an endogenous specificity drives synthetic 

signaling (Fig. 5.2f). Signaling GEEPs were created at all four CD3 gene loci (CD3D, 

CD3E, CD3G, CD3Z) with either a CD28 intraceullar domain or a 41BB intracellular 

domain appended (Extended Data Fig. 5.8). While none of the CD28 intracellular 

domain fusions showed increased proliferation in the presence of CD3 stimulation in 

comparison to control knockin cells (Extended Data Fig. 5.8), a CD3ζ-41BB signaling 
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GEEP specifically showed increased proliferation in response to CD3 stimulation in the 

absence of CD28 costimulation (Fig. 5.2g).  

Having developed guidelines for determining targetable genomic loci and the 

design of Genetically Engineered Endogenous Proteins to combine synthetic elements 

with endogenous sequences, we sought to determine if combining multiple large DNA 

sequences into a single therapeutic endogenous knockin gene cassette could enhance 

T cell functionality in immunotherapy settings. T cells efficacy is a product of both their 

antigenic specificity and functionality. First, we demonstrated that a three gene cassette 

could be integrated at the endogenous TCR-α locus to both replace the endogenous 

TCR with a new specificity, as well as drive expression of a new gene off of the high-

expression endogenous TCR promoter (Fig. 5.3a). Knockin of a TCRβ-tNGFR-TCRα  

cassette to TRAC exon 1 showed that almost all cells with successful knockin of the 

new TCR (NY-ESO-1 melanoma cancer antigen specific 1G4 clone) also showed 

expression of the additional tNGFR gene (Fig. 5.3b). Knockin of a four gene cassette to 

the TCR-α locus was similarly successful (Extended Data Fig. 5.9).  

To determine if this new gene product could modify T cell function, we replaced 

the tNGFR with a previously described dominant negative TGFβR2 receptor that 

minimizes the inhibitory effects of TGFβ signaling on T cells10. A head-to-head 

proliferation assay showed increased relative proliferation after delivery of the new NY-

ESO-1 TCR specificity with dnTGFβR2 in the selectively in the presence of exogenous 

TGFβ in comparison to addition of the new TCR and tNGFR control (Fig. 5.3c and 

Extended Data Fig. 5.10). Antigen specific killing of a target melanoma cell line (A375 

cells) that expresses the NY-ESO-1 antigen on the 1G4 TCR’s specific MHC-A2 allele5 
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similarly showed improved killing with delivery of the new NY-ESO-1 TCR + dnTGFβR2 

in comparison to the new NY-ESO-1 TCR + tNGFR (Fig. 5.3d and Extended Data Fig. 

5.10). Non-viral knockin to the endogenous TCR-α locus can thus efficiently modify both 

T cell specificity as well as T cell functionality with a single gene cassette. 

The development of small molecule and biologic drugs depended significantly on 

the application of high-throughput screening methodologies to enable many potential 

therapeutic candidates to be assayed simultaneously11. However, a comparable 

screening methodology, pooled knockins of large DNA sequences, has not yet been 

applied to accelerate the development of cell-based therapies. To overcome this 

limitation, we developed a generalized non-viral pooled knockin screening method to 

rapidly assay many targeted knockins in a pooled cell population (Fig. 5.4a). Building on 

our single knockin of a new TCR specificity and a new function-altering gene (Fig. 5.3), 

we hypothesized that pooled knockin of a HDR template library, where each member 

contains a constant new TCR specificity along with a unique third gene product, could 

rapidly identify new DNA sequences that modify T cell function in specific 

therapeutically relevant contexts (Fig. 5.4a). 

First, we developed a simple DNA sequencing strategy to selectively amplify on-

target knockins in contrast to the NHEJ-edited or wild-type target genomic locus, 

episomal non-integrated HDR template, or off-target integrations (Extended Data Fig. 

5.11). Because the homology arms of an HDR template are used for complementary 

base pairing with the target locus but are not themselves copied into the target site12, a 

short region of DNA base pair mismatches with the target genomic locus introduced to 

the 3’ homology arm created a PCR amplicon unique to on-target knockins (Extended 
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Data Fig. 5.11a), without a large reduction in knockin efficiency (Extended Data Fig. 

5.11b,c). Addition of a barcode unique for each insert within degenerate bases of the 

TCR-α VJ region of the TCR + functional gene cassette thus enabled a DNA readout of 

the abundance of each individual insert in the pooled population. Detailed 

experimentation with a two-member library (new NY-ESO-1 TCR + either GFP or RFP) 

testing library pooling the prior to DNA assembly, HDRT production by PCR, 

electroporation of the HDRT, or culture/expansion of the cells followed by sequencing of 

sorted GFP+ or RFP+ cells revealed a minimal amount of template switching when 

pooling prior to electroporation, which increased when pooling at earlier stages 

(Extended Data Fig. 5.12). Barcode sequencing that reproduced the observed 

proportions of GFP+ and RFP+ could be accomplished off of both isolated genomic 

DNA and mRNA converted to cDNA (Extended Data Fig. 5.12). We thus demonstrated 

a simple pooled knockin methodology that can target many new large DNA sequences 

to a specific target genomic locus and easily determine their relative abundance in a cell 

population by DNA sequencing. 

We next applied pooled knockin screening to the discovery of potential 

therapeutically relevant modifications of endogenous genetic loci in primary human T 

cells. We designed a 36 member library of previously published as well as novel protein 

chimeras that could rewire inhibitory or suppressive signals to provide activating or 

stimulatory signals to T cells in concert with introduction of a new TCR specificity 

(Extended Data Fig. 5.13). Technical validations of pooled knockin screening with this 

larger library showed efficient knockin of each library member and that sequencing the 

unique barcodes was still accurately reflecting their proportions in the cell population 
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(Extended Data Fig. 5.14a-e). For an initial application, the pooled modified T cell 

library was stimulated and population abundance was compared to input. Remarkably, 

chimeric receptors based on the FAS apoptotic gene with a variety of 

immunomodulatory intracellular domain showed drastic relative increases in 

proliferation compared to the majority of library members (Fig. 5.4b and Extended Data 

Fig. 5.14f). These large pooled knockin screen results were highly reproducible, could 

be performed with earlier pooling stages and in bulk edited or sorted cells, and did not 

prevent robust cell expansion after electroporation (Extended Data Fig. 5.14 g-k). 

Taking advantage of our pooled knockin screen’s ability to rapidly determine 

functional effects in a given assay for many gene products, we applied a series of 

diverse in vitro selective pressures to primary human T cells modified with our 36 

member TCR + Function-modifying gene library (Fig. 5.4c and Extended Data Fig. 

5.15a). In the absence of restimulation, IL2RA expressing T cells expanded relatively 

(Extended Data Fig. 5.14k), whereas with stimulation, Fas derived chimeras showed 

much greater relative expansion (Extended Data Fig. 5.14f). Addition of the 

immunosuppressive cytokine TGFβ in contrast gave the dnTGFβR2 construct a 

selective proliferative advantage, and a novel chimeric TGFβR2-41BB showed even 

greater proliferation (Extended Data Fig. 5.15b). Excessive stimulation mirroring the 

antigenic abundance seen in tumour environments revealed a selective proliferative 

advantage for the transcription factor TCF7 (Extended Data Fig. 5.15c). And 

stimulation through the TCR without CD28 co-stimulation showed a proliferative 

advantage for a variety of CD28 chimeric receptors such as a TIM3-CD28 chimera and 

a CTLA4-CD28 chimera (Extended Data Fig. 5.15d). 
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We next performed an in vivo pooled knockin screen using an antigen specific 

human melanoma xenograft model5. A pooled modified T cell library was transferred 

into immunodeficient NSG mice bearing a human melanoma expressing the NY-ESO-1 

antigen, and T cells were extracted from the tumour five days later (Fig. 5.4d). A variety 

of hits from the in vitro screens also showed selective proliferative enrichment in the in 

vivo tumour environment, including TCF7 and the TGFβR2-41BB chimera (Fig. 5.4d 

and Extended Data Fig. 5.16). Some hits from the in vivo screen, such as the 

metabolic protein MCT4, had not shown enrichment in any of the in vitro screens 

performed. 

Pooled knockin screening rapidly revealed many new DNA sequences that could 

enhance T cell function when integrated to the endogenous TCR-α locus along with a 

new TCR specificity within a single cassette (Fig. 5.4e). We performed individual 

validations for three of these sequences- an anti-suppressive TGFβR2-41BB chimera, 

an anti-apoptotic FAS-41BB chimera, and the transcriptional program altering TCF7. 

The TGFβR2-41BB chimera improved antigen specific cancer cell killing with and 

without exogenous TGFβ (Fig. 5.4f and Extended Data Fig. 5.17a-c). The Fas-41BB 

chimera showed dramatically increased proliferation after TCR stimulation, and greater 

antigen specific target cell killing (Fig. 5.4g and Extended Data Fig. 5.17d-f). Indeed, a 

recent independent study found similar effects with a dominant negative FAS protein. 

Finally, knockin of a new TCR specificity along with the transcription factor TCF7 

recapitulated the mild increase in proliferation with excessive amounts of stimulation 

seen in the pooled screens as well as similarly increasing antigen specific target cell 

killing (Fig. 5.4g and Extended Data Fig. 5.17g-i). 
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Overall, we present non-viral genome targeting as a simple and adaptable 

discovery platform for the modification of T cell specificity and function. Through a large 

arrayed knockin screen we determined features of endogenous genetic loci that enable 

efficient gene targeting, a crucial metric when transitioning from randomly integrating 

viral gene delivery to targeted non-viral methods. We developed a framework for the 

integration of synthetic DNA elements at endogenous loci to create Genetically 

Engineered Endogenous Proteins (GEEPs). Further, the integration of multiple gene 

products to a specific endogenous site, the TCRα locus, allowed for simultaneous 

manipulation of T cell specificity as well as functionality with a single gene cassette. 

CRISPR technology has drastically increased our ability to manipulate the human 

genome in therapeutically relevant cell types. But high throughput screening methods 

are necessary to explore the effectively infinite number of potential manipulations 

possible for therapeutic relevance. We have developed a simple pooled knockin 

screening method that allows for generalized knockin of pools of large DNA sequences 

at a defined genomic target site.  Application of pooled knockin screening in vitro and in 

vivo revealed novel gene chimeras that enhanced T cell function in the challenging 

tumour environment when introduced along with a new TCR specificity. Cell therapy 

promises that cells themselves can be a new pillar of therapeutic medicine alongside 

small molecules and biologics. Pooled knockin screening will enable the same drug 

discovery process based on high-throughput screening that produced the vast majority 

of small molecule and biologic therapeutics to be applied to cell based therapies. 

Pooled knockin screening using non-viral genome targeting is an ideal discovery 
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platform for elucidating the ways that T cell specificity and function can be re-written for 

the next generation of cell therapies.  
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METHODS 

Isolation of human primary T cells for gene targeting 

Primary human T cells were isolated from either fresh whole blood or residuals from 

leukoreduction chambers after Trima Apheresis (Blood Centers of the Pacific) from 

healthy donors. Peripheral blood mononuclear cells (PBMCs) were isolated from whole 

blood samples by Ficoll centrifugation using SepMate tubes (STEMCELL, per 

manufacturer’s instructions). T cells were isolated from PBMCs from all cell sources by 

magnetic negative selection using an EasySep Human T Cell Isolation Kit (STEMCELL, 

per manufacturer’s instructions). Isolated T cells were either used immediately following 

isolation for electroporation experiments or frozen down in Bambanker freezing medium 

(Bulldog Bio) per manufacturer’s instructions for later use. Freshly isolated T cells were 

stimulated as described below. Previously frozen T cells were thawed, cultured in media 

without stimulation for 1 day, and then stimulated and handled as described for freshly 

isolated samples. Fresh blood was taken from healthy human donors under a protocol 

approved by the UCSF Committee on Human Research (CHR #13-11950). 

 

Primary human T cell culture 

XVivo15 medium (STEMCELL) supplemented with 5% fetal bovine serum, 50 µM 2-

mercaptoethanol, and 10 µM N-acetyl L-cystine was used to culture primary human T 

cells. In preparation for electroporation, T cells were stimulated for 2 days at a starting 

density of approximately 1 million cells per mL of media with anti-human CD3/CD28 

magnetic Dynabeads (ThermoFisher), at a bead to cell ratio of 1:1, and cultured in 

XVivo15 media containing IL-2 (500 U ml−1; UCSF Pharmacy), IL-7 (5 ng ml−1; 
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ThermoFisher), and IL-15 (5 ng ml−1; Life Tech). Following electroporation, T cells were 

cultured in XVivo15 media containing IL-2 (500 U ml−1) and maintained at approximately 

1 million cells per mL of media. Every 2-3 days, electroporated T cells were topped up, 

with or without splitting, with additional media along with additional fresh IL-2 (final 

concentration of 500 U ml−1). When necessary, T cells were transferred to larger culture 

vessels. 

 

RNP production 

RNPs were produced by complexing a two-component gRNA to Cas9. The two-

component gRNA consisted of a crRNA and a tracrRNA, both chemically synthesized 

(Dharmacon, IDT) and lyophilized. Upon arrival, lyophilized RNA was resuspended in 

10 mM Tris-HCL (7.4 pH) with 150 mM KCl at a concentration of 160 µM and stored in 

aliquots at −80 °C. Cas9-NLS (QB3 Macrolab) was recombinantly produced, purified, 

and stored at 40 µM in 20 mM HEPES-KOH, pH 7.5, 150 mM KCl, 10% glycerol, 1 mM 

DTT. 

 

To produce RNPs, the crRNA and tracrRNA aliquots were thawed, mixed 1:1 by 

volume, and annealed by incubation at 37 °C for 30 min to form an 80 µM gRNA 

solution. Next, the gRNA solution was mixed 1:1 by volume with Cas9-NLS (2:1 gRNA 

to Cas9 molar ratio) and incubated at 37 °C for 15 min to form a 20 µM RNP solution. 

RNPs were electroporated immediately after complexing. 
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Double-stranded HDR DNA Template Production 

Each double-stranded homology directed repair DNA template (HDRT) contained a 

novel/synthetic DNA insert flanked by homology arms. We used Gibson Assemblies to 

construct plasmids containing the HDRT and then used these plasmids as templates for 

high-output PCR amplification (Kapa Hot Start polymerase). The resulting PCR 

amplicons/HDRTs were SPRI purified (1.0x) and eluted into H2O. The concentrations of 

eluted HDRTs were determined, using a 1:20 dilution, by NanoDrop and then 

normalized to 1 µg/µL. The size of the amplified HDRT was confirmed by gel 

electrophoresis in a 1.0% agarose gel. All HDR DNA template sequences used in the 

study are listed in Supplementary Tables 1-3. 

 

Primary T cell electroporation 

For all electroporation experiments, primary T cells were prepared and cultured as 

described above. After stimulation for 48-56 hours, T cells were collected from their 

culture vessels and the anti-CD3/anti-CD28 Dynabeads were magnetically separated 

from the T cells. Immediately before electroporation, de-beaded cells were centrifuged 

for 10 min at 90g, aspirated, and resuspended in the Lonza electroporation buffer P3. 

Each experimental condition received a range of 750,000 – 1 million activated T cells 

resuspended in 20 uL of P3 buffer, and all electroporation experiments were carried out 

in 96 well format. 

 

For arrayed knockin screens (Fig. 1), HDRTs were first aliquoted into wells of a 96-well 

polypropylene V-bottom plate. Poly Glutamic Acid was added between the gRNA and 
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Cas9 complexing step during RNP assembly as described5. Complexed RNPs were 

then added to the HDRTs and allowed to incubate together at room temperature for at 

least 30s. For GEEPs knockins and pooled knockin screens (Fig. 2-4), truncated Cas9 

Target Sequences (tCTS) were additionally added to the 5’ and 3’ ends of the HDR 

template enabling a Cas9 ‘shuttle’ as described. For all variations, T cells resuspended 

in the electroporation buffer were added to the RNP and HDRT mixture, briefly mixed, 

and then transferred into a 96-well electroporation cuvette plate 

 

All electroporations were done using a Lonza 4D 96-well electroporation system with 

pulse code EH115. Unless otherwise indicated, 3.5 µl RNPs (comprising 50 pmol of 

total RNP) were electroporated, along with 1-3 µl HDR Template at 1 µg µl−1 (1-3 µg 

HDR template total). Immediately after all electroporations, 80 µl of pre-warmed media 

(without cytokines) was added to each well, and cells were allowed to rest for 15 min at 

37 °C in a cell culture incubator while remaining in the electroporation cuvettes. After 15 

min, cells were moved to final culture vessels. 

 

Arrayed Knockin Screening 

For each of 6 unique healthy donors, 5X 96 well plates of primary human T cells were 

electroporated. In three plates, HDR templates targeting each of 91 unique genomic loci 

were electroporated along with one of two on-target gRNAs or a scrambled gRNA. The 

final two plates were electroporated just with the on-target gRNA (complexed with Cas9 

to form an RNP) but without an HDR template for amplicon sequencing. On-target and 

scrambled RNP plates with the HDR template were analyzed in technical duplicate for 
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observed knockin efficiency by flow cytometry four days following electroporation, and 

additionally after 24 hours of restimulation with a 1:1 CD3/CD28 dynabeads:cells ratio at 

five days post electroporation. Genomic DNA was isolated four days following 

electroporation from the on-target gRNA only plates four days after electroporation. 

 

After initial isolation (Day 0), immediately prior to electroporation (Day 2), and during 

post-electroporation expansion (Day 4), ~1e6 CD4 and CD8 T cells from each donor 

were sorted by FACS for RNA-Seq and ATAC-Seq analysis (Fig. 1b). Half of the sorted 

cells were frozen in Bambanker freezing medium (Bulldog Bio) for ATAC Sequencing, 

and half were frozen in RNAlater (QIAGEN) for bulk RNA sequencing. 

 

To construct a prediction model for knockin rates, we took a multiple linear regression 

approach. To build the model, we averaged the measured values for across donors for 

each gRNA and cell type. For gene expression and chromatin accessibility, values were 

log transformed. The parameters used to generate the model are described in Fig 1f. 

The resulting model was used to predict the observed knockin rate for all sites, across 

individual donors and cell types. The absolute values of all regression weights were 

summed and the percent of the total was determined for each parameter’s regression 

weight. 

 

Amplicon Sequencing 

Genomic DNA was isolated from primary human T cells individually edited with each 

gRNA used in the arrayed knockin screen in the absence of its cognate HDR template. 
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After aspirating the supernatant, ~100,000 cells per condition were resuspended in 20 

µl of Quickextract DNA Extraction Solution (Epicenter) to a concentration of 5,000 cells 

per µl. Genomic DNA in Quickextract was heated to 65°C for 6 min and then 98°C for 2 

min, according to the manufacturer’s protocol. 1 µl of the mixture, containing genomic 

DNA from 5,000 cells, was used as template in a two-step PCR amplicon sequencing 

approach using NEB Q5 2X Master Mix Hot Start Polymerase with the manufacturer’s 

recommended thermocycler conditions. After an initial 18 cycle PCR reaction with 

primers (Supplementary Table 1) amplifying an approximately 200 bp region centered 

on the predicted gRNA cut site, a 1.0X SPRI purification was performed and half of the 

samples for each biologic donor were pooled for indexing (each donor had two gRNAs 

that cut at each insertion site- samples for one gRNA per site were pooled, yielding two 

unique pools per donor). A 10-cycle PCR to append P5 and P7 Illumina sequencing 

adaptors and donor-specific barcodes was performed, followed again by a 1.0X SPRI 

purification. Concentrations were normalized across donor/gRNA indexes, samples 

pooled, and the library sequenced on an Illumina Mini-Seq with a 2X150 bp reads run 

mode  

 

Amplicons were processed with CRISPResso, using the CRISPRessoPooled command 

in genome mode with default parameters. We used the hg19 human reference genome 

assembly. Resulting amplicon regions were matched with gRNA sites for each sample. 

We eliminated reads with potential sequencing errors detected as single mutated bases 

with no indels by CRISPResso alignment. The remaining reads were used to calculated 

the NHEJ percentage, or “observed cutting percentage”. 
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Bulk RNA Sequencing 

Total RNA from frozen samples was extracted using an RNeasy Mini Kit (Qiagen) 

according to the manufacturer’s protocol. RNA quantification was performed using Qubit 

and Nanodrop 2000 and quality of the RNA was determined by the Bioanalyzer RNA 

6000 Nano Kit (Agilent Technologies) for 10 random samples. We confirmed that the 

sample had an average RNA integrity number (RIN) that was >9 and the traces 

revealed characteristic size distribution of intact, non-degraded total RNA. The RNA 

libraries were constructed with Illumina TruSeq RNA Sample Prep Kit v2 (cat. no. RS-

122-2001) according to the manufacturer’s protocol. Total RNA (500 ng) from each 

sample was used to establish cDNA libraries. A random set of 10 out of 36 final libraries 

were quality checked on the High Sensitivity DNA kit (Agilent) that revealed an average 

fragment size of 400bp. A total of 36 enriched libraries (3 pools of 12 uniquely indexed 

libraries) were constructed and sequenced using the Illumina HiSeq™ 4000 on three 

separate lanes at 100 bp paired end reads per sample.  

 

RNA-Seq reads were processed with kallisto using the Homo sapiens ENSEMBL 

GRCh37 (hg19) cDNA reference genome annotation. Transcript counts were 

aggregated at the gene level. Genes of interest were subsetted from the normalized 

gene-level counts table and analyzed as transcripts per million (TPM). 
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ATAC-Sequencing 

ATAC-seq library were prepared following the Omni-ATAC protocol. Briefly, frozen cells 

were thawed and stained for live cells using Ghost-Dye 710 (Tonbo Biosciences, CA, 

USA). 50,000 lived cells were FACS sorted and washed once with cold PBS. Technical 

replicates were done for most of the samples. Cell pellets were resuspended in 50µl 

cold ATAC-Resuspension buffer (10mM Tris-HCl (Sigmal Aldrich, MO, USA) pH 7.4, 

10mM NaCl, 3mM MgCl2 (Sigma Aldrich,) containing 0.1% NP40 (Life Technologies, 

Carlsbad, CA), 0.1% Tween-20 (Sigma Aldrich) and 0.01% Digitonin (Promega, WI, 

USA) for 3 mins. Samples were washed once in cold resuspension buffer with 0.1% 

Tween 20, and centrifuged for 4C for 10 min. Extracted nuclei were resuspended in 50µl 

of Tn5 reaction buffer (1x TD buffer (Illumina, CA, USA), 100nM Tn5 Transposase 

(Ilumina), 0.01% Digitonin, 0.1% Tween-20, PBS and H20), and incubated at 37C for 30 

min at 300rpm. Transposed samples were purified using MinElute PCR purification 

columns (Qiagen, Germany) as per manufacturer’s protocol. Purified samples were 

amplified and indexed using custom Nextera barcoded PCR primers as described. DNA 

libraries were purified using MinElute columns and pooled at equal molarity. To remove 

primer dimers, pooled libraries were further cleaned up using AmPure beads (Beckman 

Coulter, CA, USA). ATAC libraries were sequenced on a NovaSeq in paired- end X 

cycle mode.  

 

ATAC-seq reads trimmed using cutadapt v1.18 to remove Nextera transposase 

sequences, then aligned to hg19 using Bowtie2 v2.3.4.3. Low-quality reads were 

removed using samtools v1.9 view function (samtools view -F 1804 -f 2 -q 30 -h -b). 
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Duplicates were removed using picard v2.18.26, then reads were converted to BED 

format using bedtools bamtobed function and normalized to reads per million. ATAC-

seq reads mapping within a 1kb window surrounding CRISPR cut sites were counted 

using the bedtools intersect function.  

 

Flow cytometry and cell sorting 

All flow cytometric analyses were performed on an Attune NxT Acoustic Focusing 

Cytometer (ThermoFisher). FACS was performed on the FACSAria platform (BD). Cell 

surface staining for flow cytometry and cell sorting was performed by pelleting and 

resuspending in 25 uL of FACS buffer (2% FBS in PBS) with antibodies diluted 

accordingly (Supplementary Table X) for 20 min at RT in the dark. Cells were washed 

once in FACS buffer before resuspension and analysis.  

 

Synthetic Product + Endogenous Product Kinetics Flow Cytometry Analysis 

Non-virally edited T-cells were split into multiple replicates and analyzed by flow 

cytometry every day for a 5-day period starting on Day 3 after electroporation. During 

that 5-day period, T-cells were topped up every 2 days with additional media and IL-2, 

to a final concentration of 500 U/mL, with or without a 1:1 split. At Day 5 post 

electroporation, one set of cells was stimulated with CD3/CD28 Dynabeads and the 

other was left unstimulated. 
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In Vitro Proliferation Assay 

Non-virally edited T-cells were expanded in independent cultures prior to the assay. The 

unsorted, edited populations were pooled after approximately two weeks of expansion 

(with 500 U/mL of IL-2 supplemented every 2-3 days) for a competitive mixed 

proliferation assay.  

 

For the CD3 competitive mixed proliferation assay, we pooled unsorted samples with 

CD28IC-2A-GFP, 41BBIC-2A-mCherry, or 2A-BFP knocked-in to the same CD3 

complex member’s gene locus.  To determine the input numbers for pooling, we took 

into account the number of viable GFP+, mCherry+, or BFP+ in the respective 

populations (knock-in% * total viable cell count), as determined by flow cytometry 

analysis. The pooled sample was then distributed into round bottom 96 well plates at a 

starting total cell count of 50,000. The distributed samples were then cultured without 

stimulation, with CD3 stimulation only, with CD28 stimulation only, or with CD3/CD28 

stimulation. CD3 and/or CD28 stimulation was done with plate bound antibodies. All 

samples were cultured in XVivo15 media supplemented with IL-2 (50 U/mL). After 4 

days in culture, samples were analyzed by flow cytometry for relative outgrowth of 

GFP+ and mCherry+ subpopulations relative to the BFP+ subpopulation.  

 

For the NY-ESO-1 competitive mixed proliferation assay, we pooled unsorted samples 

with either 1G4+dnTGFβR2+ or 1G4+tNGFR+ T cells. To determine the input number of 

each population, we took into account the number of viable 1G4+TCR+ in either 

populations (knock-in% * total viable cell count), as determined by flow cytometry 
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analysis. The pooled sample was then distributed into round bottom 96 well plates at a 

total starting cell count of 50,000. The distributed samples were then cultured without 

stimulation or with Immunocult (CD3/CD28/CD2). All samples were cultured XVivo15 

media supplemented with IL-2 (500 U/mL) with or without the addition of TGFβ1. After 5 

days in culture, samples were analyzed on flow cytometry and the relative outgrowth 

1G4+dnTGFβR2+ and 1G4+tNGFR+ subpopulations was quantified. 

 

In Vitro Antigen Specific Killing Assay 

A375-nRFP (NY-ESO-1+ HLA-A*0201+) melanoma cell lines stably transduced to 

express nuclear RFP (Zaretsky 2016 NEJM) were seeded approximately 24 h before 

starting the co-culture (~1,500 cells seeded per well). Modified T cells were added at the 

indicated E:T ratios. The killing assay was performed in cRPMI with IL-2 and glucose. 

Samples were additionally topped up with TGFβ1 or an equal volume of control media. 

Cancer cell clearance was measured by nRFP real time imaging using an IncuCyte 

ZOOM (Essen) for 4-5 days and determined by the following equation: (%Confluence in 

A375 only wells - %Confluence in Co-culture well)/ (%Confluence in A375 only wells). 

At the end of the assay, cells were recovered, and the percentage of T-cells expressing 

various exhaustion markers was profiled by flow cytometry.  

 

Pooled Knockin Screening 

Targeted pooled knockin screening was performed using the non-viral genome targeting 

method as described, except with ~10bps of DNA mismatches introduced into the 3’ 

homology arm of the TRAC exon 1 targeting HDR template used to replace the 
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endogenous TCR. A barcode unique for each member of the knockin library was also 

introduced into ~6 degenerate bases at the 3’ end of the TCRαVJ region of the HDR 

template (Fig. 4a). The 36 constructs included in the pooled knockin library 

(Supplementary Table 3) were designed using the Benchling DNA sequence editor, 

commercially synthesized as a dsDNA geneblock (IDT), and individually cloned using 

Gibson Assemblies into a pUC19 plasmid containing the NY-ESO-1 TCR replacement 

HDR sequence (except for pooled assembly conditions, whereas all geneblocks in the 

library were pooled prior to assembly). The library was pooled at various stages as 

described in figure legends (Extended Data Fig. 12), but unless otherwise noted HDR 

templates were pooled prior to electroporation. 

 

The modified T cell libraries generated by pooled knockins were electroporated, 

cultured, and expanded as described, before being subjected to a variety of in vitro 

assays beginning at day 7 post electroporation and ending at day 12 post 

electroporation. In stimulation assays, the modified T cell library was stimulated with 

CD3/CD28 dynabeads at a 1:1 bead to cell ratio, and at a 5:1 bead to cell ratio for the 

excessive stimulation condition. In the TGFβ assay, 25 ng/mL of human TGFβ was 

added to the culture media. For the CD3 stimulation only condition, a 1G4 TCR (NY-

ESO-1 specific) binding dextramer (Immudex) was bound to cells at 1:50 dilution in 50 

uL (500,000 cells total) for 12 minutes at room temperature, prior to return to culture 

media. All in vitro assays began with 500,000 sorted NY-ESO-1+ T cells unless 

otherwise described. 
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At the conclusion of the in vitro or in vivo assays, T cells were pelleted and either 

genomic DNA was extracted (QuickExtract) or mRNA was stabilized in Trizol.  mRNA 

was purified using a Zymo Direct-zol spin column according to manufacturer’s 

instructions, and converted to cDNA using a Maxima H RT First Strand cDNA Synthesis 

(Thermo) according to manufacturer’s instructions. Unless otherwise stated, libraries 

were made from isolated mRNA/cDNA. A two step PCR was performed on the isolated 

genomic DNA or cDNA,. The first PCR (PCR1) included a forward primer binding in the 

TCRαVJ region of the insert and a reverse primer binding in the genomic region 

overlapping the site of the mismatches in the 3’ homology arm (Extended Data Fig. 11 

and Supplementary Table 3), and used Kapa Hifi Hotstart polymerase for 12 cycles, 

followed by a 1.0X SPRI purification. The second PCR used NEB Next Ultra II Q5 

polymerase for 10 cycles to append P5 and P7 Illumina sequencing adaptors and 

sample-specific barcodes, followed again by a 1.0X SPRI purification. Normalized 

libraries were pooled across samples and sequenced on an Illumina Mini-Seq with a 

2X150 bp reads run mode. Barcode counts from quality filtered reads were determined 

in R using PDict. 

 

In Vivo Xenograft Model 

An NY-ESO-1 melanoma tumor xenograft model was used as previously described5. All 

mouse experiments were completed under a UCSF Institutional Animal Care and Use 

Committee protocol. We used 8 to 12 week old NOD/SCID/IL-2Rɣ-null (NSG) male mice 

(Jackson Laboratory) for all experiments. Mice were seeded with tumours by 

subcutaneous injection into a shaved right flank of 1x106 A375 human melanoma cells 
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(ATCC CRL-1619).  At seven days post tumour seeding, tumour size was assessed and 

mice with tumour volumes between 20-40 mm3 were used for subsequent experiments. 

The length and width of the tumour was measured using electronic calipers and volume 

was calculated as v = 1/6 * π * length * width * (length + width) / 2. Indicated numbers of 

T cells with the pooled knockin library were resuspended in 100 µl of serum-free RPMI 

and injected retro-orbitally. A bulk edited T cell population (10x106) containing at least 

10% NY-ESO-1 knockin positive cells as transferred. Five days after T cell transfer, 

single-cell suspensions from tumours and spleens were produced by mechanical 

dissociation of the tissue through a 70 µm filter, and T cells (CD45+ TCR+) were sorted 

from bulkt tumorcytes by FACS. All animal experiments were performed in compliance 

with relevant ethical regulations per an approved IACUC protocol (UCSF), including a 

tumor size limit of 2.0 cm in any dimension. 

 

Data availability 

Amplicon sequencing, bulk RNA sequencing, and ATAC sequencing data are available 

upon request. Sequencing data from pooled knockin screens is available upon request. 

Plasmids containing the HDR template sequences used in the study are available 

through AddGene, and annotated DNA sequences for all constructs are available upon 

request.  
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Supplementary Note 1: Calculation of predicted total template switching for a 

large library using observed template switching from a two-member library. 

An estimation of the total amount of template switching (barcode switching) during a 

large pooled experiment where there is some distance between a DNA barcode and the 

functional DNA sequence that barcode is associated with can be calculated using the 

observed amount of template switching from a small library (Extended Data Fig. 12). A 

simple model requires two assumptions. 

 

Assumption 1: Template switching is random, and any barcode that is swapped is 

equally likely to switch to any other barcode. 

 

Assumption 2: A template that has switched once is equally likely to switch again. 

 

Using a two-member library where DNA barcodes are associated with observable 

functional DNA sequences (e.g. encoding a detectable surface marker or fluorescent 

protein), cells that are confirmed to express the functional DNA sequence can be 

isolated from all other cells that express the other (e.g. sorting for GFP+ cells) and their 

DNA barcodes sequenced.  The percentage of the sequenced DNA barcodes that does 

not match the barcode associated with the functional DNA sequence is thus the 

observed amount of template switching, represented as a ratio. 

  

X = Observed ratio of template switching 

Y = Actual ratio of template switching 
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In a two-member library half of the actual template switching will occur with another 

template that contains the same barcode, and is thus not detected. Therefore the 

observed amount of switching must be multiplied by 2. 

1) Y = 2*X 

 

However a template that has switched once is equally likely to switch again, and 

therefor additional round of switching after the first can occur. 

2) Y = 2*X + 2*X2 + 2*X3 + … + 2*Xn 

 

Simplifying the equation yields: 

3) Y / X = 2 + 2*X + 2*X2 + 2*X3 + … + 2*Xn 

4) Y / X = 2 + Y 

5) (Y / X) – Y = 2 

6) Y * (1 / X – 1) = 2 

7) Y = 2 / (1 / X – 1) 

 

Thus a general equation for total template switching (Y) can be derived from the 

observed amount of template switching (X) in a two member library. For example, if the 

observed template switching was 0.2 (20% of total reads contained an incorrect 

barcode), then the actual predicted amount of template switching would be 0.5 (50% of 

the reads are predicted to have switched, but because many switched to a template 

containing the same barcode, they were not observed). In a library of arbitrarily large 
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size, there will be no significant switching with templates containing the same barcode, 

and thus the observed and actual amounts of template switching will converge. 
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Figure 5.1: Arrayed Knockins across endogenous loci reveal rules for efficient 
non-viral gene targeting in primary human T cells. 
a, An arrayed knockin screen was performed targeting integration of a large DNA 
template (either GFP or tNGFR, ~800 bps) to 90 unique genomic sites. Two gRNAs 
were chosen for each site, and differences across cell types and biologic donor were 
assayed by performing the arrayed knockins in both CD4 and CD8 T cells from 6 unique 
healthy human blood donors. 
b, Arrayed knockin screen timeline and readouts for target gene expression, target site 
accessibility, gRNA cutting efficiency, and observed knockin percentages. RNA-Seq 
was performed at day 0 (prior to activation), day 2 (time of electroporation), and day 4 
(during expansion). ATAC-Seq was performed at days 0 and 2. Amplicon sequencing to 
determine the actual cutting efficiency of each guide was performed at day 6 (using 
separate RNP only plates where no HDR template was electroporated). Actual knockin 
percentages were analyzed at the cellular level by flow cytometry for GFP or tNGFR 
expression, either at day 6 for samples without a second stimulation (“- Stim”) or at day 
7 for samples 24 hours after a second stimulation (“+ Stim”). 
c, Observed knockin percentages for knockin of a large HDR template across 90 unique 
genomic target sites, testing two gRNAs per site. A wide range of knockin efficiencies 
were observed, from below detectable levels at genes such CX3CR1 and ELOB to 
averages across donors of ~50% at B2M, IL2RA, RAB11A, and STAT1. Across tested 
sites, observed knockin was much higher with an on-target RNP than with a scrambled 
RNP not specific for any human genomic sequence. 
d, Correlation of gRNA and target genomic site parameters with observed knockin 
percentage. The relative distance between cut site and integration site (“Cut Distance”) 
or the orientation of Cas9 relative to the integration site (“Cut Direction”) were minimally 
correlative (although only gRNAs with Cut Distance < ~25 bps were predominantly 
used). Actual observed NHEJ % cutting of each gRNA (in the absence of HDRT) was 
more correlative with observed knockin % (when including HDRT) than predicted gRNA 
cut scores. RNA expression of the target gene was more correlative with knockin %, 
especially at days closer to the protein level readout (note that as expression of the 
knocked-in GFP or tNGFR was driven by each genes endogenous promoter, the actual 
knockin % may be higher than the observed knockin % for low-expression genes). DNA 
accessibility at the gRNA cut site was similarly correlated with observed knockin 
percentage. 
e, Multivariate linear regression across gRNA and target genomic site parameters is 
more predictive of observed knockin % than any individual parameter. The predicted 
knockin % for each combination of genomic site, gRNA, and cell type (CD4 or CD8) is 
graphed relative to the average observed knockin % (average of n=6 unique donors). 
f, Examination of the multivariate linear regression model’s weighting of individual 
parameters revealed large independent contributions to observed knockin % from gRNA 
observed cutting efficiency, RNA expression levels of the target gene, and DNA 
accessibility at the gRNA target site. An ideal target genomic locus for large knockin in 
primary T cells is thus highly expressed, accessible at the time of electroporation, and 
contains a target sequence for a gRNA that cuts efficiently. 
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Figure 5.2: Genetically Engineered Endogenous Proteins (GEEPs) 
a, Schematic description of all the different ways we validated for engineering cell-
surface proteins at the endogenous gene locus. Within any given cell-surface protein’s 
gene locus, we can modify (from left to right) the 5’ non-coding region to override 
endogenous gene regulation with a synthetic/exogenous promoter, add or replace the 
protein expressed under a particular endogenous promoter, replace receptor specificity 
by targeting a sequence encoding a novel extracellular domain to the exon encoding the 
transmembrane domain, and alter the signaling of a receptor by knocking-in new 
signaling domain(s). 
b, To test whether we could tune gene expression by knocking-in a synthetic promoter, 
we targeted a SFFV promoter to the 5’ non-coding region of IL2RA and PDCD1. When 
we analyzed edited T cells cultured without restimulation by flow cytometry 7 days after 
electroporation, we saw that successful knock-in led to sustained expression of either 
protein. (Top) We show that T cells edited with on-target conditions for IL2RA (IL2RA 
RNP + SFFV HDR DNA Template) maintain high expression of CD25 whereas T cells 
edited with control conditions (Scrambled RNP + SFFV HDR DNA Template) see CD25 
expression levels return to baseline. (Bottom) Similarly, T cells edited with on-target 
conditions for PDCD1 (PDCD1 RNP + SFFV HDR DNA Template) maintain high levels 
of PD1 whereas T cells edited with control conditions see PD1 expression levels return 
to baseline. 
c, To test whether we could put a synthetic product under the regulation of an 
endogenous promoter, we targeted an insert encoding tNGFR and either a 2A 
sequence or a PolyA tail to the N-terminal coding region of PD1 such that tNGFR would 
be expressed with or without PD1, respectively, under the regulation of the PD1 
promoter. When we restimulated edited T cells and analyzed them by flow cytometry 48 
hours later, we saw high co-expression of PD1 and tNGFR with the tNGFR-2A insert 
(Top) and high expression of tNGFR along with PD1 KO with the tNGFR-PolyA insert 
(Bottom). 
d, To test whether we could alter the extracellular specificity of a receptor, we tested to 
see whether we could alter TCR specificity. Using a previously described targeting 
strategy, we were able to knock-in the 1G4 TCR receptor into the endogenous TRAC 
locus with a very high knock-in efficiency.  
e, To test whether we could knock-in additional or replacement signaling domains to 
create synthetic signaling cascades, we designed constructs that would incorporate 
either the CD28 or 41BB intracellular domain on the C-terminus of one of the CD3 
subunits. To make readout of an intracellular domain knock-in easier, we also included 
a fluorescent protein preceded by a 2A sequence in the construct as a marker for 
successful knock-in. Successful integration would yield a multicistronic sequence 
expressing a CD3 chain containing a new signaling domain fused to the C-terminus and 
a fluorescent protein simultaneously. (Top) We show successful integration of the CD28 
intracellular domain at the C-terminus of CD3 epsilon, as measured by the percentage 
of GFP+ cells. (Bottom) Additionally, we show successful integration of the 41BB 
intracellular domain at the C-terminus of CD3 epsilon, as measured by the percentage 
of mCherry+ cells. 
f, To test whether putting a synthetic product under an endogenous promoter truly 
mimicked the corresponding endogenous protein’s expression dynamics, we profiled T 
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cells with tNGFR-2A knocked in to the IL2RA N terminus by flow cytometry over the 
course of 5 days and compared tNGFR expression dynamics to that of IL2RA. In both 
CD8 and CD4 subsets, IL2RA and tNGFR expression both decreased over time in the 
absence of restimulation. Similarly, in restimulated cells, both CD8 and CD4 cells saw a 
simultaneous upregulation of IL2RA and tNGFR. 
g, Results of a competitive mixed proliferation assay testing the advantage of synthetic 
CD3 signaling. We pooled unsorted edited T cells with CD28IC-2A-GFP, 41BBIC-2A-
mCherry, or 2A-BFP knocked-in to the same CD3 complex member’s gene locus. We 
then cultured the mixed cell population without stimulation, with CD3 stimulation only, 
with CD28 stimulation only, or with CD3/CD28 stimulation. After 4 days in culture, 
samples were analyzed by flow cytometry for relative outgrowth of GFP+ and mCherry+ 
subpopulations relative to the BFP+ subpopulation. We then normalized the proportions 
to those found in the corresponding unstimulated condition.  
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Figure 5.3: Simultaneous engineering of T cell specificity and function. 
a, Schematic description of our strategy for simultaneous in-frame integration of a new 
replacement TCR and an additional protein of interest at the endogenous TCR-α locus. 
We designed a single HDR DNA Template that included (in order) a Furin-Spacer-T2A 
sequence, the sequence for a new full-length TCR-β chain, a Furin-Spacer-E2A 
sequence, the sequence for a protein of interest, a Furin-Spacer-P2A sequence, and 
the sequence of the new variable region of the TCR-α chain. These exogenous 
sequences were flanked by homology arms homologous to the endogenous TCR-α 
locus Exon 1 region. Successful knock-in yields a multi-cistronic mRNA that expresses 
three separate proteins. 
b, Representative data from a flow cytometry readout of our TCR+Payload knock-in. For 
initial tests, our TCR replacement was the 1G4 TCR, which targets the NY-ESO-1 
cancer-testis antigen, and our additional protein of interest was a truncated Nerve 
Growth Factor Receptor (tNGFR). Proper integration of this construct at the 
endogenous TCR-α locus would yield NY-ESO-1 TCR+ tNGFR+ T-cells. The flow plot 
on the left illustrates the knock-in efficiency, determined by the percentage T-cells 
staining positive with a NY-ESO-1 dextramer. The histogram on the right demonstrates 
that the NY-ESO-1 TCR+ population expresses tNGFR concordantly. 
c, Our TCR+Payload knock-in strategy at the endogenous TRAC locus leads to 
coordinated gene expression of a novel TCR-β chain, a TCR-α chain, and a protein of 
interest. The three proteins, however, should retain independent protein level regulation. 
To test this, we sorted NYESO-1+ tNGFR+ CD4/CD8 T-cells and compared NY-ESO-1 
TCR expression levels with tNGFR expression levels at steady state versus after TCR 
stimulation. TCR stimulation is known to cause TCR internalization, and after 24 hours 
of stimulation, we observed decreased NY-ESO-1 TCR expression by dextramer 
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staining. In contrast, tNGFR protein expression remained high after 24 hours of 
stimulation. 
d, After validating our TCR+Payload knock-in strategy, we designed a second construct 
that replaced tNGFR with a dominant negative TGFβ receptor 2 (dnTGFβR2) as our 
additional protein of interest. We hypothesized that the addition of a dnTGFβR2 would 
not only enable us to target T-cells to a specific cancer antigen but also provide the T-
cells a functional advantage in an immunosuppressive tumor microenvironment 
mediated by TGFβ1. To test this, we pooled two unsorted, edited T-cell populations 
containing either NY-ESO-1 TCR+ dnTGFβR2+ T-cells or NY-ESO-1 TCR+ tNGFR+ T-
cells and expanded this mixed population under various culture conditions (+/- 
stimulation +/- TGFβ1). Our observations in Figures 3b and 3c enabled us to distinguish 
our two populations of interest within a pooled sample and determine their relative 
expansion by flow cytometry. After 5 days, we found that stimulated pooled samples 
cultured in 25 ng/mL of TGFβ1 saw a significant expansion of the NY-ESO-1 TCR+ 
dnTGFβR2+ T-cells over the NY-ESO-1 TCR+ tNGFR+ T-cells. 
e, To validate both reprogrammed T-cell specificity and enhanced function, we utilized a 
killing assay where melanoma cell lines expressing the NY-ESO-1 antigen were co-
cultured with NY-ESO-1 TCR+ dnTGFβR2+ T-cells or NY-ESO-1 TCR+ tNGFR+ T-cells 
in the presence or absence of additional TGFβ1at various effector to target ratios. We 
found that NY-ESO-1 TCR+ tNGFR+ performed relatively poorly in the presence of 
TGFβ1 but that the NY-ESO-1 TCR+ dnTGFBR2+ T-cells were able to overcome the 
suppressive force of TGFβ1. Cancer cell growth/killing was monitored on the Incucyte 
and quantified using an image analysis software. The %Clearance was calculated as 
the (%Confluence of Cancer Cells Only - % Confluence of Co-Culture 
Condition)/(%Confluence of Cancer Cells Only) and all values were taken from images 
taken 96 hours of co-culture.  
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Figure 5.4: Targeted pooled knockin screens in primary human T cells. 
a, Generalizable method for targeted pooled knockin screens using non-viral genome 
targeting. A library of HDR templates each containing a unique insert sequence are 
electroporated into primary human T cells to produce a modified T cell library. After 
applying a selective pressure to the T cell library, a barcode unique to each insert can 
be simply sequences by PCR, taking advantage of a constant short altered sequence in 
the HDRT 3’ homology arm that is not integrated during homology directed repair. 
b, A 36 member pooled knockin library was designed containing previously described 
and novel chimeric and therapeutic genes and targeted to the TCR alpha locus in 
primary human T cells along with a new TCR specificity (for NY-ESO-1, total insert 
sizes ~2-3 kB). Comparison of the modified T cell library after TCR stimulation with 
CD3/CD38 magnetic beads revealed dramatic relative expansion of four chimeric 
proteins derived from the apoptosis mediator FAS that was highly reproducible across 
human donors. 
c, Application of diverse in vitro selective pressures to the therapeutic T cell pooled 
knockin library. Individual functional genes within the library showed greater relative 
proliferation in specific selective contexts rather than across all conditions. Comparison 
to stimulation only further elucidated the unique functional contribution of individual 
therapeutic knockin constructs. Two novel TGFBR2 derived chimeric proteins, along 
with the previously described dnTGFBR2, increased proliferation selectively in the 
presence of exogenous TGFB. The transcription factor TCF7 selectively enriched in the 
presence of excessive amounts of TCR stimulus (5X more anti-CD3/CD28 stimulation 
than stimulation only condition). Novel and described CD28 chimeric switch receptors 
with various immune checkpoints selectively increased proliferation in the context of 
CD3 stimulation only. Averages of n=4 independent healthy donors are displayed for 
each condition. 
d, In vivo pooled knockin screen in a solid tumor xenograft model of human melanoma. 
The A375 human melanoma line expresses the target NY-ESO-1 peptide/MHC 
recognized by the new TCR specificity knocked into the TRAC locus along with the 
therapeutic construct library. After expansion, a bulk population of 10 million T cells, 
containing ~2 million knockin positive NY-ESO-1 TCR expressing cells, were transferred 
I.V. into tumour bearing mice, and an input control T cell population saved. Four days 
post transfer tumours were harvested, and the modified T cell library post in vivo 
selection was sorted out and analyzed relative to input control. 
e, A variety of hits identified in in vitro pooled knockin screens validated in the in vivo 
melanoma xenografts model, including the TGFBR2 derived constructs and the 
transcription factor TCF7. Averages of n=2 independent healthy donors are displayed. 
f, Knockin of a single HDRT to the TRAC locus allows replacement of the endogenous 
TCR with a new specificity as well expression of a new gene modifying function. Pooled 
targeted knockin screening allowed rapid identification of new constructs that modified T 
cell function in specific contexts.  
g, Additional individual validation of hits from in vitro pooled knockin screens. A chimeric 
protein with TGFBR2’s extracellular domain and a 41BB intraceulluar domain showed 
greater antigen specific cancer cell killing compared to a dnTGFBR2 construct or TCR 
knockin with a control tNGFR insert, both in the absence of presence of exogenous 
TGFB. 
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h, Individual knockin of a new TCR specificity plus a FAS extracellular 41BB 
intercellular chimera or the transcription factor TCF7 similarly showed greater antigen 
specific killing compared to TCR knockin with a control GFP insert. 
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Extended Data Figure 5.1: Large non-viral knockins at 91 unique genomic loci in 
primary human T cells. 
a, A non-viral arrayed knockin screen was performed across 91 unique genomic loci. 
Efficient knockin of a GFP fusion protein to the C terminus of TCR-α and the four 
members of the CD3 complex were all achieved. No HDR template control showed 
minimal background levels of fluorescence in the GFP channel.  
b, For additional targets, a tNGFR-2A multicistronic cassette was knocked in to the N-
terminus of the target gene. Efficient knockin was achieved at many of an additional 24 
surface receptors targeted. In both GFP fusion constructs and tNGFR-2A targeted 
constructs the observed GFP or tNGFR expression was driven by each gene’s 
endogenous promoter, yielding diverse expression levels across target loci. For 
example, note the extremely high expression of tNGFR targeted to the B2M or CD45 
loci, and the comparatively lower expression at CXCR4. No knockin was observed at 
some target sites, such as CX3CR1 and LTK, whereas at other sites over 50% of cells 
were successfully targeted, such as IL2RA and CD28. 
c, Targeting of various checkpoint inhibitors showed greater observed knockin 
percentages upon stimulation than in unstimulated cells. Note all cells received an initial 
CD3/CD28 activation upon isolation and two days prior to electroporation in order to 
achieve efficient non-viral genome targeting, and flow cytometry was performed either 
four days after electroporation without additional stimulation (“No stim” or 
“unstimulated”) or five days after electroporation following 24 hours of CD3/CD28 bead 
stimulation (Figure 1b). 
d, Non-viral genome targeting at 16 different transcription factors. Some target loci, 
such as JunD, showed low observed knockin percentages but high expression levels of 
the knocked in gene, whereas other sites, such as NCOA3, showed high percentages of 
observed knockin but low overall expression levels. 
e, Efficient targeting of seven unique cytoskeletal elements. Again not the variable 
expression levels of the integrated target genes under diverse endogenous promoters. 
f, Large knockins at an additional 32 target genes. 
All displays are from the same healthy blood donor, and are representative of n=6 total 
donors tested during the arrayed knockin screen.  Displays show the more efficient of 
the two gRNAs tested for each loci. Unless significant differences in observed knockin 
% were seen between CD8 and CD4 T cells or between stimulated and unstimulated 
conditions (Extended Data Fig. 2), the unstimulated CD8 T cell condition is shown. In 
all panels the X-axis is either GFP fluorescence or tNGFR staining, and the Y-axis 
shows cell size (FSC-A). 
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Extended Data Figure 5.2: Analysis of observed knockin percentages across 91 
target loci in multiple cell types and stimulation conditions. 
a, Relative observed knockin percentages in CD8 vs CD4 T cells. The highest 
divergence in observed knockin in both cell types was their hallmark surface receptor, 
CD8A and CD4 respectively. Knockin at 41BB (TNFRSF9) and Lag3 was much higher 
in CD8 T cells, while observed knockin at the cytokine IL2 was higher in CD4 T cells. 
The vast majority of targeted sites did not show large difference between the two cell 
types. Observed knockin % for n=6 donors across 91 target genomic loci with 2 gRNAs 
per locus. 
b, Relative observed knockin percentages in stimulated vs unstimulated CD8 T cells 
(Fig. 1b). The amount of knockin observed by flow cytometry at various 
activation/exhaustion markers, such as PD1, 41BB, and OX40 (TNFRSF4) was higher 
after a second stimulation four days following electroporation. In comparison, observed 
knockin at other sites, such as FBL, CCR2, and IL7R, was higher without a second 
stimulation (“Unstimulated”). n=6 donors across 91 target genomic loci with 2 gRNAs 
per locus. 
c, Analysis of the observed off-target knockin % for each of the 91 unique HDR 
templates containing a GFP or tNGFR knockin sequence along with homology arms 
specific for their target genomic locus.  In all 6 donors in the arrayed knockin screen, all 
91 HDR templates were electroporated with a scrambled gRNA (forming an RNP that is 
not specific for any site in the human genome). While the vast majority of HDR 
templates showed minimal to no observed off-target knockin, a handful of HDR 
templates (targeting the genes FBL, IL2RG, and STAT2) showed higher amounts. 
Future analysis of the DNA sequences of these templates could yield further insights 
into patterns of off-target integration. 
d, Observed MFI of knockin positive cells across all templates, donors, and cell types, 
was correlated with the RNA-Seq expression values recorded for each combination of 
target gene, donor, and cell type. Aggregated data from n=6 unique human blood 
donors. 
e, Correlation of predicted cut score for each gRNA used in the arrayed knockin screen 
(91 target sites x 2 gRNA per site = 182 total gRNAs) with the observed cutting 
efficiency in each of the 6 donors that the arrayed knockin screen was performed in.  All 
182 gRNAs were individually electroporated into bulk CD3+ T cells in all 6 donors in the 
absence of an HDR template, and the % editing at each target locus was analyzed by 
amplicon sequencing. Likely due to the high efficiency of RNP based knock outs in 
primary human T cells (vast majority of gRNAs showed >95% NHEJ editing by amplicon 
sequencing), the predicted cut score was not observed to be correlated with observed 
cutting in these conditions. 
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Extended Data Figure 5.3: Correlation of gRNA and target DNA locus parameters 
with observed knockin efficiency. 
a, The distance between the cut site of the tested gRNAs and the integration site of their 
associated HDR template in bps (“Cut Distance”) was correlated with observed knockin 
efficiency across all donors. The necessity of short distances between a cut site and 
integration site has been well described , but within the window of a cut distance less 
than approximately 25 bps there was a low correlation with observed knockin. 
b,  A gRNA can recognize a DNA sequence and cut in either the 5’ or 3’ direction 
relative to the integration site. A cut towards the 5’ direction was defined as when the 
gRNA’s NGG PAM faced towards the integration site in a 5’ to 3’ direction, and was 
assigned a value of -1. A cut towards the 3’ direction was defined as when the gRNA’s 
NGG PAM faced away from the integration site in a 5’ to 3’ direction, and was assigned 
a value of 1. No correlation was observed across the 91 targeted loci in regards to the 
directionality of the cut. 
c, The predicted on-target cut score  for each guide was not correlated with observed 
on-target knockin percentage. 
d, The observed NHEJ efficiency of each gRNA in each of the 6 donors tested 
(Extended Data Fig. 2e) showed a positive correlation with observed knockin 
efficiency. X-axis displays proportion of alleles with NHEJ edit. 
e, Bulk RNA-Seq was performed in all combinations of the 6 tested healthy donors 
tested, 2 cell types (CD4 and CD8) and three time points. Expression levels of the 91 
target genes at the time of T cell isolation and prior to activation (“Day 0”), at the time of 
electroporation two days after CD3/CD28 stimulation (“Day 2”), or during the expansion 
phase after electroporation (“Day 4”) were determined. RNA expression levels at all 
three time points were correlated with observed knockin %, with the highest correlation 
being the time point (Day 4) closest to the time of the protein level flow cytometry 
readout. Note that the actual knockin efficiency at each loci may be higher than the 
observed efficiency, since the expression of each construct in the arrayed knockin 
screen is driven by the target gene’s endogenous promoter. Genes that are expressed 
at levels below the detection limit of the flow cytometric readout could potentially have 
higher actual knockin percentages that are not seen due to a low level of protein 
expression. X-axis displays log10 transcripts per million (TPM). 
f, ATAC-Seq was performed in all combinations of the 6 tested healthy donors, 2 cell 
types (CD4 and CD8), and two time points (Day 0 before activation and Day 2 prior to 
electroporation). DNA accessibility was determined for a 1 kb window centered on the 
cut site of each gRNA at the 91 target loci. At both timepoints, the accessibility of the 
target locus was correlated with observed knockin efficiency. X-axis displays log10 
reads per million (RPM). 
g, A multivariate linear regression model (Fig 1e, f) incorporating each of the gRNA 
parameters (except predicted cutting), RNA expression, and DNA accessibility shows 
greater correlation than any individual parameter in isolation. 
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Extended Data Figure 5.4: Examination of knockin target sites with divergent 
predicted and observed knockin efficiencies. 
a, Analysis of difference between the predicted knockin efficiencies by a multivariate 
linear regression model and the actual observed knockin efficiencies for each of the 91 
unique genomic target sites with 2 gRNAs per site in 2 cell types (CD4 and CD8).  The 
vast majority of genes had predicted knockin efficiencies within a one fold change of the 
actual observed amount, but a handful of genes had much higher predicted knockin 
efficiencies than were actually observed (ELOB, JUND), while some genes had much 
lower predicted knockin values than were observed (DDX20, STAT4, ITGB1). 
b, Top 6 gene targets with higher predicted knockin % than observed. The two tested 
gRNAs are colored, and the two lines for each guide represent CD4 and CD8 T cells. 
c, Bottom 6 gene targets with lower predicted knockin % than observed. As these sites 
showed higher knockin efficiencies than would otherwise be predicted, further 
examination of these targets and their sequence context may reveal design features 
that could improve overall knockin efficiencies across target sites. 
d, 6 target loci with the highest variance in prediction accuracy between the two gRNAs 
tested at that site.  For at least two of these sites (SATB1, CCR7) the gRNA that 
showed much higher predicted knockin than was actually observed was found to 
actually cut its associated HDR template due to design errors in the DNA HDRT 
sequence (the gRNA binding sequence and/or PAM site for all gRNAs was disrupted in 
their respective HDR template to prevent cutting of the HDR template either episomally 
prior to integration or in a second round of cutting after homology directed repair). 
e, The top 6 target loci with the highest variance in prediction accuracy between the two 
cell types tested (CD4 and CD8 T cells). 
Averages from n=6 unique healthy donors are displayed (a-e). 
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Extended Data Figure 5.5: Genetically Engineered Endogenous Proteins with 
synthetic regulation of endogenous products. 
a, Schematic describing our knock-in strategy for targeting a novel promoter to the N-
terminus of a gene of interest with or without an additional selection marker. 
b, Representative flow data for our knock-in strategy wherein we integrate (in 5’ to 3’ 
order) a SFFV promoter, a selection marker tNGFR, and a 2A sequence such that a 
multicistronic mRNA that produces two proteins, tNGFR and the endogenous protein, is 
being expressed off an SFFV promoter at defined endogenous gene locus. We targeted 
the N-terminus of three immune receptors, PD1, Lag3, and IL2RA, whose expression 
are highly upregulated upon T-cell activation. In the top row, we observe that expression 
levels of each respective immune receptor in cells that have been cultured for 7 days 
post electroporation without restimulation. Consistently, we observe that in control 
conditions (Scrambled RNP + HDR DNA Template) expression levels or immune 
receptor are relatively low. In the on target conditions (On-target RNP + HDR DNA 
Template), we see that tNGFR+ cells, which also have the SFFV promoter knocked in, 
have high levels of expression of each of the immune receptors while the tNGFR- cells 
have expression levels similar or lower than the control, the latter most likely attributed 
to KO occurring with the on-target RNP in the absence of HDR DNA Template 
integration. When we restimulated these cells, we see that the expression levels of each 
of the immune receptors increase in the control samples. In the restimulated on-target 
samples, the tNGFR+ cells retain high expression levels of each respective immune 
receptor whereas the tNGFR- cells upregulate expression levels, although to a lesser 
extent.  
c, When we compare tNGFR expression levels against expression levels of the 
respective immune receptor in control and on-Target edited cells that have not been 
restimulated, we see that on-target cells have high expression levels of both tNGFR and 
their respective immune receptor (demonstrated by the linear relationship) while the 
control cells have lower expression levels of the respective immune receptor and 
negligible tNGFR expression.  
d, Having validated our knock-in strategy for integrating a novel/synthetic promoter 
along with a selection marker, we applied our knock-in strategy to an array of 
transcription factors whose overexpression may be beneficial for T-cell proliferation and 
long-term function. To readout successful integration of our construct, we examined 
tNGFR expression levels in on-target samples for four different transcription factors and 
found that we were able to achieve 10-25% knock-in efficiency. This strategy has 
implications for being able to efficiently modulate transcription factor expression and 
subsequent T-cell function. 
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Extended Data Figure 5.6: Creation of Genetically Engineered Endogenous 
Proteins with endogenous regulation of synthetic products at PDCD1 locus. 
a, Schematic describing our knock-in strategy for targeting novel protein(s) to the N-
terminus of a gene of interest for coordinated expression of the novel protein(s) and the 
endogenous protein or expression of the novel protein(s) with knock out of the 
endogenous protein under endogenous gene regulation. 
b, Representative flow plots validating our strategy for coordinated expression of a 
novel protein and PD1 under the endogenous gene regulation of PD1. In rested cells 
(top row), there is minimal PD1 and tNGFR expression. However, by 48 hours after 
restimulation with CD3/CD28 Dynabeads, we see a coordinated upregulation of tNGFR 
and PD1. 
c, Representative flow plots validating our strategy for simultaneous expression of a 
novel protein and knock out of PD1 under the endogenous gene regulation of PD1. In 
rested cells (top row), there is minimal PD1 and tNGFR expression. However, by 48 
hours after restimulation with CD3/CD28 Dynabeads, we see upregulation of tNGFR 
and without upregulation of PD1. 
d, Representative flow plots validating our strategy for coordinated expression of 
multiple novel proteins and PD1 under the endogenous gene regulation of PD1. Based 
on tNGFR readout, we were able to successfully integrate our novel construct at the 
PDCD1 gene locus. 
e, Representative flow plots validating our strategy for simultaneous expression of 
multiple novel proteins and knock-out of PD1 under the endogenous gene regulation of 
PD1. Based on tNGFR readout, we were able to successfully integrate our novel 
construct at the PDCD1 gene locus. 
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Extended Data Figure 5.7: Genetically Engineered Endogenous Proteins with 
endogenous regulation of synthetic products. 
a, Schematic describing our knock-in strategy for targeting a novel protein to the N-
terminus of a gene of interest for coordinated expression of the novel protein and the 
endogenous protein under endogenous gene regulation 
b, Representative flow data from experiments wherein we integrate a tNGFR-2A 
construct at the N-terminus of IL2RA. We demonstrate tNGFR expression levels differ 
depending integration site, time, and cell culture conditions and, importantly, mirror that 
of that of the endogenous protein whose promoter is controlling expression. In cells 
where the target site was IL2RA, we see a linear IL2RA high, tNGFR high population at 
Day 3 post-electroporation, indicative of coordinated expression of the two. At Day 7 
post-electroporation, cells that were cultured without restimulation see a gradual and 
coordinated decreased expression of both IL2RA and tNGFR whereas in cells that were 
restimulated, we see the maintenance of an IL2RA high, tNGFR high population.  
c, Representative flow data from experiments wherein we integrate a tNGFR-2A 
construct at the N-terminus of CD28. We similarly observe a linear CD28 high tNGFR 
high population at Day 3. CD28 expression levels remain high without restimulation and 
that is reflected in our Day 7 analyses. In cells that were cultured without restimulation, 
we see a sustained CD28 high tNGFR high population where as in restimulated cells, 
we see a simultaneous modulation of CD28 and tNGFR expression. The more drastic 
decrease of CD28 expression could be due to the combination of gene expression 
modulation and internalization of the protein whereas tNGFR is not being internalized.  
d, Representative flow data from experiments wherein we integrate a tNGFR-2A 
construct at the N-terminus of Lag3. At Day 3, Lag3 and tNGFR expression were 
neglible and both levels of expression remained low without restimulation at Day 7. 
However, when we restimulated the cells and analyzed them on Day 7, we saw the 
simultaneous upregulation of Lag3 and tNGFR. 
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Extended Data Figure 5.8: Creation of Genetically Engineered Endogenous 
Proteins with endogenous specificity and synthetic signaling in CD3 complex 
members. 
a, Schematic describing the three different constructs we designed to modify the C-
terminus of each of the different CD3 subunits in the TCR complex, which include the 
CD3δ chain, CD3ε chain, CD3γ chain, and CD3ζ chain. For initial tests, we designed a 
construct that would knock-in a 2A-BFP at the C-terminus of each of the different CD3 
subunits. The 2A-BFP integration would create a multicistronic mRNA that produces two 
separate proteins: an unmodified CD3 chain and BFP. Once the 2A-BFP integration 
was validated, we modified the construct to include a cytoplasmic domain of an 
activating immune receptor before the 2A sequence such that the C-terminus of the 
CD3 subunit chain now contains an additional signaling domain/motif.  
b, To readout successful integration of the signaling domain, we analyzed the 
percentage of fluorescent protein expressing T-cells by flow cytometry. The addition of 
an extra signaling domain did not have a significant/consistent effect on knock-in 
efficiency. The positioning of the additional signaling domain relative to endogenous 
CD3 signaling motifs was not optimized, but the ability to modify the intracellular 
domains of individual CD3 subunits provides a promising platform for tuning TCR 
signaling. 
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Extended Data Figure 5.9: Knockin of four-component multi-cistronic cassette to 
the human TCR-α locus. 
a, Schematic description of our strategy for simultaneous in-frame integration of a new 
replacement TCR and two additional proteins of interest at the endogenous TCR-α 
locus. We designed a single HDR DNA Template that included (in order) a Furin-
Spacer-T2A sequence, the sequence for a new full-length TCR-β chain, a Furin-Spacer-
E2A sequence, the sequence for our first protein of interest, a Furin-Spacer-F2A 
sequence, the sequence for our second protein of interest, a Furin-Spacer-P2A 
sequence, and the sequence of the new variable region of the TCR-α chain. These 
exogenous sequences were flanked by homology arms homologous to the endogenous 
TCR-α locus Exon 1 region. Successful knock-in would yield a multi-cistronic mRNA 
that expresses four separate proteins. 
b, Representative data from a flow cytometry readout of our knock-in strategy. For initial 
tests, our TCR replacement was the 1G4 TCR and our additional proteins of interest 
were tNGFR and GFP. Proper integration of this construct at the endogenous TCR-α 
locus would yield NY-ESO-1 TCR+ tNGFR+ GFP+ T-cells. The flow plot in the top left 
illustrates the knock-in efficiency, determined by the percentage T-cells staining positive 
with a NY-ESO-1 dextramer. NY-ESO-1+ cells all express GFP and tNGFR 
concordantly (top right flow plot) whereas NY-ESO-1-TCR- cells do not (bottom left flow 
plot). A relatively small percentage of TCR+NY-ESO-1- cells express both GFP and 
tNGFR, but not either alone (bottom right flow plot). This observation can most likely be 
explained by off-target integration of our construct at a locus with active expression or 
an on-target integration of our construct with improper expression of either the 1G4 
TCR-α chain, TCR-β chain, or both. 
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Extended Data Figure 5.10: Characterization of T cell function after knockin of a 
new TCR specity along with a dnTGFβR2 functional gene. 
a, Schematic description of construct designs and experimental set up for Figure 3d 
(pooled proliferation assay). NY-ESO-1 TCR+ dnTGFβR2+ T-cells and NY-ESO-1 
TCR+ tNGFR+ T-cells were edited and expanded independently. After expansion, the 
two bulk edited samples were pooled together. The pooled population included a 
heterogenous population of NY-ESO-1 TCR+ dnTGFβR2+ T-cells, NY-ESO-1 TCR+ 
tNGFR+, TCR KO T-cells, and NY-ESO-1-TCR+ T-cells. Input numbers of NY-ESO-1 
TCR+ dnTGFβR2+ T-cells and NY-ESO-1 TCR+ tNGFR+ were approximately 
normalized based on observed knock-in percentages. Replicates of the pooled 
populations were further expanded with or without Immunocult stimulation and in the 
presence or absence of TGFβ1. 
b, Gating strategy to determine relative expansion of NY-ESO-1 TCR+ dnTGFβR2+ T-
cells over NY-ESO-1 TCR+ tNGFR+. The majority of T-cells at this stage of the 
experiment (19 days after initial isolation, 2 rounds of stimulation, continuous culture in 
500 U/mL of IL-2) were CD8+ T-cells. Thus, we completed our flow analysis on CD8+ T-
cells. Gating on NY-ESO-1+CD3+ CD8+ T-cells, we see a bimodal distribution of cells 
when examining tNGFR expression. The proportion of tNGFR- NY-ESO-1+CD3+ CD8+ 
T-cells represents the NY-ESO-1 TCR+ dnTGFβR2+ T-cells and was used for 
downstream analysis.  
c, The results of a replicate pooled proliferation assay in another independent healthy 
donor. After 5 days, we again found that stimulated pooled samples cultured in 25 
ng/mL of TGFβ1 saw a significant expansion of the NY-ESO-1 TCR+ dnTGFβR2+ T-
cells over the NY-ESO-1 TCR+ tNGFR+ T-cells. 
d, The results of a replicate killing assay in two additional independent healthy donors. 
Again, we found that NY-ESO-1 TCR+ tNGFR+ performed relatively poorly in the 
presence of TGFβ1 but that the NY-ESO-1 TCR+ dnTGFBR2+ T-cells were able to 
overcome the suppressive force of TGFβ1 and performed the best in this assay. 
e, After co-culture for 108 hours, T-cells were recovered from the killing assay in the 
previous figure and analyzed by flow cytometry for activation markers/checkpoint 
molecules on CD8+ T-cells. In samples with only T-cells and no cancer cells, there was 
a negligible PD1 high population, which suggests that the T-cells at steady state are not 
in an activated or exhausted state. At decreasing effector to target ratio, we see a 
general increase in the PD1 high population across all variants and culture conditions, 
which suggests either sustained activation from the continual clearance of cancer cells 
or the beginnings of exhaustion due to an inability to effectively clear the cancer cells. At 
the 1:2 effector to target ratio, the NY-ESO-1 TCR+ dnTGFBR2+ T-cells had 
significantly lower percentages of PD1 high T-cells, an observation that was 
independent of TGFβ1 addition. This could be because NY-ESO-1 TCR+ dnTGFBR2+ 
T-cells were more effective at clearing cancer cells in general. TGFβ1 has been shown 
to increase antigen induced PD1 expression. Thus, the lower percentage of PD1 high T-
cells among NY-ESO-1 TCR+ dnTGFBR2+ T-cells could also be attributed to the direct 
downstream effects of the dominant negative receptor. 
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Extended Data Figure 5.11: Simple DNA sequencing strategy to selectively detect 
on-target knockins. 
a, DNA sequencing of homology directed repair outcomes is complicated by the large 
amount of HDRT introduces into the cell and which remains episomal. A successful on-
target knockin must be distinguished from the wild type or NHEJ modified genomic 
locus, non-integrates episomal template, and nhej mediated off-target integrations. To 
overcome this challenge, two aspects of homology directed repair can be used to create 
a unique amplifyable sequence at on-target knockins exclusively. First, only a short 
region of the homology arms of an HDRT are copied into the genome during homology 
directed repair (along with the entire length of the inserted region), while the majority of 
the homology arm is used for complementary base pairing when the genomic locus 
crosses over. Second, small mismatches in the homology arm can be tolerated during 
crossing over, as long as the vast majority of homology arm remains complementary to 
the genomic target site. This enables a strategy where a short stretch of mismatches is 
introduced to the homology arm (~10 bp of mismatches to the 3’ HA in this case), and 
will thus be included in any episomal template. These mismatches will also be included 
in any off-target integrations, as the entire homology arms are integrated during NHEJ 
mediated integrations at off-target sites of random dsDNA breaks. However, at the on-
target locus, the mismatches are not copied into the genome. This enables a simple 
PCR to amplify off of the on-target locus by using one primer contained within the 
inserted region (and thus unable to prime off of the non-integrated genomic locus), and 
a second primer binding to the genomic sequence overlapping with the site of the 
homology arm mismatches introduced into the HDRT. Only the on-target knockin 
possesses both primer binding sites.  
b, Knockin of a tri-cistronic HDRT to the TRAC locus replacing the endogenous TCR 
with a new specificity (NY-ESP-1) along with an additional gene (tNGFR) with standard 
unaltered homology arms, as well as with a 3’ HA containing ~10 bp of mismatches to 
the target genomic site at ~100 bps into the homology arm sequence. 
c, Knockin of ~2.5kb NY-ESO-1 TCR+tNGFR was slightly less efficient with the 
homology arm mismatches compared to unaltered homology arms, but still easily 
detectable. 
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Extended Data Figure 5.12: Analysis of template switching with varying pooling 
stages in pooled knockin screens. 
a, Pooling of samples can occur at each distinct step of a non-viral genome targeting 
protocol: dsDNA fragments containing the unique members of a pooled knockin library 
can be pooled prior to assembly into DNA plasmids already containing constant 
elements such as homology arms (“Pooled Assembly”); DNA plasmids containing the 
entire HDRT sequence for each unique library member can be pooled prior to a PCR 
reaction to generate large amounts of dsDNA HDR template (“Pooled PCR”); dsDNA 
HDR templates for each unique library member can be pooled prior to electroporation 
into the final cells (“Pooled Electroporation”); or, cells separately electroporated with 
each unique library member can be pooled following electroporation but before a final 
readout (“Pooled Culture”).  
b, A library of two members, either a GFP or RFP template each contained within a 
knockin cassette encoding a new TCR specificity (NY-ESO-1 specific 1G4 clone) to 
TRAC exon 1, was used for the analysis of pooling stage.  Knockin positive primary 
human T cell could be identified based on expression of the new TCR specificity (TCR+ 
NY-ESO-1+). 
c, Knockin positive cells were analyzed for GFP and RFP expression.  Cells with either 
GFP or RFP templates alone only showed expression of each respective fluor, while the 
Pooled Culture condition showed equal populations of GFP and RFP positive cells 
exclusively, without any dual GFP+RFP+ cells. Pooling conditions prior to the 
electroporation step (Pooled Assembly, Pooled PCR, or Pooled Electroporation) all 
showed both single GFP+ or RFP+ cells, as well as dual GFP+RFP+ cells, potentially 
due to bi-allelic knockin at both TRAC loci, as T cells often express functional TCR-α 
chains off of both alleles . Multiple populations were sorted for barcode sequencing, 
including bulk knockin negative cells (NY-ESO-1-), bulk knockin positive cells (NY-ESO-
1+), and individual populations of RFP+GFP- or RFP-GFP+ cells. Next-generation DNA 
sequencing of on-target knockins was performed using either isolated mRNA converted 
to cDNA, or isolated genomic DNA using a 2 step PCR.  An initial PCR amplified the 
barcode region using a reverse primer overlapping mismatches in the 3’ HA of the HDR 
template (Extended Data Fig. 11) and a constant forward primer within the insert 
sequence (total amplified region ~140bp). A second indexing PCR was then performed 
prior to pooling of samples for sequencing. 
d, To analyze the selectivity of the selective on-target knockin PCR sequencing 
strategy, the total amount of amplification off of sorted knockin positive (NY-ESO-1+) vs 
knockin negative (NY-ESO-1-) cells was analyzed relative to the bulk population of 
edited cells using a constant amount of input genomic DNA prior to the first PCR and 
reading out the total relative number of reads sequenced (no concentration 
normalizations were used between samples at any protocol steps).  Knockin positive 
cells showed enhanced amplification of the region of the knocked in HDRT containing 
the barcode relative to the bulk edited population, while knockin negative cells showed 
little to no successful amplification, demonstrating the selectivity for amplifying and 
sequencing on-target knockins relative to non-integrated episomal HDRT or off-target 
integrations (Extended Data Fig. 11). 
e, The degree to which the endogenous genomic locus was amplified during the 
barcode sequencing PCR was analyzed across pooling stages and comparing isolated 



	

	 222	

mRNA vs  genomic DNA. All conditions showed low amounts of reads without a 
barcode sequence (e.g. containing the wild-type sequence at the genomic locus), 
although when sequencing off of mRNA the amount was consistently slightly higher 
(~1% of total reads). Sequencing off of mRNA has the advantage of amplifying the 
number of sequencable barcodes from each individual cell, but requires the pooled 
knockin screen be performed in a coding region that is expressed (such as the TCR α 
locus) and that the barcode be integrated into degenerate bases in a coding sequence. 
In contrast, sequencing off of genomic DNA has the advantage of generalizability to any 
genomic locus where a successful knockin can be performed (Figure 1), but has 
potentially lower signal to noise compared to sequencing off of mRNA (converted to 
cDNA) when using low numbers of cells. 
f, The percentage of sequenced reads containing the GFP HDR template’s barcode 
corresponded with the observed percentage of cells expressing GFP protein by flow 
cytometry across pooling conditions and was constant when sequencing off of both 
genomic DNA or mRNA, demonstrating the ability of the pooled knockin screening 
sequencing strategy to accurately assess the cellular population frequencies by 
sequencing of their DNA barcodes. 
g, The percentage of sequenced barcodes in sorted GFP+ or RFP+ cells that contained 
the correct barcode is displayed across pooling conditions when sequencing off of 
genomic DNA. Knockin of GFP or RFP templates only yielded 100% of reads containing 
the correct barcode, and pooled culture of cells after electroporation yielded >99% 
correct barcodes. However, pooling at earlier experimental stages produced a highly 
consistent increasing amount of template switching across donors and whether sorted 
GFP+ or RFP+ cells were analyzed. 
h, Quantification of the amount of template switching using the homology arm mismatch 
priming strategy for pooled knockin screening that was observed across pooling stages. 
The amount of template switching observed was highly consistent between sequencing 
off of genomic DNA or mRNA.  The earliest pooling stage, Pooled Assembly, showed 
the greatest amount of template switching, but a consistent amount of template 
switching was observed with Pooled PCR and Pooled Electroporation conditions, 
indicating that crossing over or template switching events likely occurred during both the 
Gibson Assembly reaction, the PCR to produce the HDR templates, and even 
potentially within the cell during homology directed repair. Given that in a pooled 
knockin library with two members (GFP and RFP) approximately half of the actual 
amount of template switching will yield a barcode with an identical sequence, the 
predicted amount of template switching in an arbitrarily large library will be higher 
(Supplementary Note 1).  Given the parameters of the current pooled knockin library 
design (~400 bps between unique library insert and its corresponding barcode, 
separated by the new knocked in TCR-α specificity), the amount of predicted template 
switching with pooled assembly reactions was ~50%, whereas with a pooled 
electroporation was only ~10%. 
All experiments display one representative donor (b, c) or one or more technical 
replicates (d-h) from n=2 unique healthy donors.  
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Extended Data Figure 5.13: Design of a 36 member pooled knockin library to alter 
T cell function. 
a, A pooled knockin library of 36 potentially therapeutic genes was constructed that 
could be integrated along with a new TCR specificity (NY-ESO-1) using a single HDR 
template (Supplemetary Table 3).  The library was designed to contain both previously 
published and novel members that potentially modified immuno-therapeutic T cell 
function in a variety of broad classes: immune checkpoints with their intracellular 
domains either truncated (“tPD1” or “tCTLA4”) or replaced with an activated domain 
(chimeric switch receptors, “CTLA4-CD28”); apoptotic mediators similarly truncated or 
with intracellular domains switched; genes involved in cell proliferation; chemokines; 
transcription factors; genes involved in metabolic pathways associated with survival in 
tumor environments; and suppressive cytokine receptors either as truncated/dominant 
negative receptors (“dnTGFβR2”) or with switched intracellular domains.   
b, All 36 constructs were synthesized and placed into a TCR insertion cassette that 
would replace the endogenous T cell receptor with a new specificity (NY-ESO-1 TCR) 
as well as drive expression of the new gene that potentially modifies T cell function off 
of the endogenous TCR-α promoter. Each library member was individually tested in an 
arrayed knockin screen and assayed for the percent knockin as well MFI of the surface 
expressed TCR to assay any potential effects of the individual inserts on TCR 
expression. 
c, All 36 constructs successfully showed functional TCR expression as analyzed by 
surface dextramer staining for the new NY-ESO-1 TCR. 
d, The total insert sizes ranged from ~2,000-3,000 bps (not including the homology arm 
sequences), and little correlation was observed between template size and knockin 
efficiency. 
e, Observed MFI of NY-ESO-1 TCR expression following knockin of all 36 library 
members individually. Highly consistent TCR expression levels were observed across 
library members. 
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Extended Data Fig. 5.14: Technical validations of pooled knockin screening in 
primary human T cells. 
a, Pooled knockin screening of a 36 member HDR template library where each member 
contains a constant new specificity (NY-ESO-1 specific TCR) as well as a unique gene 
with barcode that potentially modifies T cell function all targeted for integration at the 
TCR-α locus (TRAC exon 1). After electroporation, a modified T cell library is generated 
that can then be assayed, for instance by addition of a second TCR stimulation (an 
initial stimulation is required to knockin the constructs). The frequency of the unique 
barcodes for each library member is then determined by DNA sequencing. Barcode 
frequencies can then be compared to the input population to see the relative effects of 
each library member on T cell behavior in that assay. 
b, Two genes in the 36 member library were easily detectable by flow cytometry, control 
knockins of GFP and RFP. Gating on knockin positive cells that has acquired the new 
NY-ESO-1 specific TCR revealed that the proportion of cells that were also GFP+ or 
RFP+ was roughly equivalent. 
c, Distribution of barcodes in the modified T cell library seven days after pooled 
electroporation of the 36 member library. The percentage of total reads for each library 
member was consistent across four unique healthy human T cell donors, and the library 
showed a relatively even distribution (Gini coefficient = 0.048). 
d, Correspondence between observed population frequencies at the protein level by 
flow cytometry and detected barcode frequencies at the DNA level through the pooled 
knockin sequencing approach.  For the proteins GFP and RFP easily observable by 
flow cytometry, the proportion of cells positive at the protein level was similar to the 
proportion of reads with corresponding GFP and RFP barcodes. 
e, Relationship between the size of the inserted sequence and the detected frequency 
in the modified T cell library. The NY-ESO-1-β and NY-ESO-1-α VJ segments along 
with their associated 2A elements are ~1.5 kb, while the size of the additional functional 
gene knocked in in the same construct varied from ~0.5 – 1.5 kb, yielding a total insert 
size of beween 2 – 3 kb. A slight correlation was observed with larger inserts present in 
the library at slightly lower frequencies (R2 = 0.11). 
f, Seven days after pooled electroporation of the 36 pooled knockin constructs, the 
modified T cell library was either stimulated 1:1 CD3/CD28 beads:cells ratio or isolated 
as an input population.  The log2 fold change in barcode frequency over the input 
population after 5 days of in-vitro TCR stimulation is displayed. Constructs derived from 
the apoptotic mediator FAS cell surface protein showed remarkable increases in relative 
proliferation across four unique healthy T cell donors. 
g, The reproducibility of pooled knockin screen results was examined across technical 
replicates and for different pooling stages (Extended Data Fig. 5.12a). Technical 
replicates of the TCR stimulation screen in the same biologic donor showed high 
correlation (R2 = 0.99). The correlation between Pooled Assembly and Pooled 
Electroporation conditions was lower (R2 = 0.88). This was likely due to greater variation 
between technical replicates in the Pooled Assembly condition due to the higher 
amounts of template switching observed when the library pooling occurs at earlier 
stages (Extended Data Fig. 5.12h), as the correlation between technical replicates of 
Pooled Assembly conditions was similarly slightly lower (R2 = 0.89). 
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h, The number of knockin positive viable cells is important for performing large pooled 
screens. The expansion of primary human T cells after pooled knockin was assayed for 
10 days poste electroporation.  Given 1 million primary human T cells at isolation, an 
average of ~0.5 million knockin positive cells were recovered by four days post 
electroporation (average knockin efficiencies were 10% – 20%), and these cells 
continued to expand robustly over additional days in culture across four healthy human 
donors. 
i,  Knockin experiments generate mixed populations of cells, some with alleles 
containing the desired knockin, some with knockout alleles, and some with unedited 
alleles (Extended Data Fig. 5.14b). Pooled knockin screening can be performed on 
both sorted knockin positive cells (here sorted on NY-ESO-1 dextramer staining) as well 
as an unsorted bulk population of edited cells when sorting is not practical or feasible. 
The sequenced barcode frequencies after pooled knockins were highly correlated 
between both sorted and unsorted bulk populations (R2 = 0.87). 
j-k, For the majority of pooled knockin experiments, T cells were expanded for 7-10 
days after electroporation prior to application of a selective pressure.  Expansion in 
culture (containing media + IL-2 only) over this time period did not show any large 
changes in abundance of library members, except for a large relative increase in 
abundance of IL2RA. 
Experiments display or are representative of n=2 (d, g, i) or n=4 (c, e-f, h, j-k) unique 
healthy human T cell donors. Dotted lines represent max and min abundance of non-
functional control library members. 
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Extended Data Fig. 5.15: Pooled knockin screening identifies distinct functional 
sequences under varying in vitro selective pressures mimicking tumour 
environments.  
a, Pooled electroporation of a 36 member library of DNA sequences encoding potential 
function modifying proteins along with a constant new TCR specificity (NY-ESO-1) 
generates a pooled library of modified primary human T cells. Various In vitro Selective 
pressures mimicking the tumour environment can then be applied and the distribution of 
unique barcodes in the pool of modified T cells can be compared to the input population 
of T cells or between the given selective pressures, revealing library sequences that 
impart changes in T cell proliferation in each specific context. 
b, Distribution of library members after in vitro culture for 5 days in TGFB, represented 
as a ranked list of log2 fold changes over the input population. Input cells were taken at 
7 days post electroporation and 1:1 CD3/CD28 beads:cells stimulation was applied with 
25 ng/mL of exogenous TGFB in the culture media. Relative to input, multiple FAS 
derived anti-apoptotic receptors as well as TGFBR2 derived anti-suppressive receptors 
increased relative proliferation. When compared to bead based stimulation only though, 
FAS derived receptors showed a relative decrease in abundance (but still an absolute 
increase) demonstrating potentially enhanced susceptibility to TGFB mediated 
suppression. TGFBR2 derived receptors in contrast showed by far the greatest relative 
proliferation in the presence of TGFB. The previously published dominant negative 
TGFBR2 receptor was only by a novel chimeric TGFBR2 extracellular - 41BB 
intracellular construct. 
c, In the context of excessive amounts of TCR stimulation (5:1 CD3/CD28 bead:cell 
ratio instead of a standard 1:1 ratio), again FAS derived constructs showed increased 
relative abundance when compared to the input population prior to stimulation. When 
comparing the suppressive excessive stimulation population to standard stimulation, the 
FAS constructs again showed greater relative inhibition in the suppressive condition, 
whereas a construct expressing the transcription factor TCF7 in all four donors showed 
greater relative proliferation with excessive stimulation when compared to standard 
amounts of CD3/CD28 stimulation. 
d, Stimulation of the modified T cell library through the TCR only (through incubation 
with an NY-ESO-1 specific dextramer) without the presence of a CD28 engaging co-
stimulatory signal showed selective increase of some, but not all, CD28 chimeric switch 
receptors. The extracellular domain of various immune checkpoint proteins, such as 
CTLA4, TIM3, and BTLA were fused with the intracellular domain of CD28.  In 
comparison to CD3/CD28 stimulation, stimulation only through the TCR (CD3) showed 
relative increases in proliferation among CTLA4-CD28, TIM3-CD28, and BTLA-CD28 
constructs. 
All graphs display log 2 fold change compared to modified T cell library input, or relative 
log 2 fold change compared to CD3/CD28 stimulation. Mean of n=4 unique healthy 
donors is displayed and was used to rank the constructs. Dotted lines represent max 
and min abundance of non-functional control library members. 
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Extended Data Fig. 5.16: In vivo pooled knockin screen in solid tumour xenograft 
model. 
a, Pooled knockin of a 36 member potential therapeutic knockin constructs library that 
imparts a new unique function modifying protein as well as a constant new TCR 
specificity (NY-ESO-1 specific TCR, 1G4 clone). After generation and expansion for 10 
days, a modified T cell library (2.5e6 NY-ESO-1+ T cells) was adoptively transferred into 
immunodeficient NSG mice bearing a solid human melanoma tumour xenograft (A375 
melanoma cells expressing the target peptide/MHC for the NY-ESO-1 TCR) injected 
sub-cutaneously 7 days before transfer. After 5 days of in vivo selective pressure in the 
solid tumour environment the tumours were dissected, T cells sorted, and the relative 
abundance of barcodes analyzed by DNA sequencing. 
b, Biologic replicates of the in vivo solid tumor pooled knockin screen showed greater 
variance across the library than in vitro pooled knockin screens (Fig. 4b), but 
consistently showed the same top library hits. 
c,  Technical replicates of the in vivo pooled knockin screen within the same donor 
similarly showed greater variance than in vitro pooled knockin screens (Extended Data 
Fig. 14g). 
d, Multiple hits from in vitro pooled knockin screens similarly showed increased 
proliferation and/or persistence in the solid tumour xenograft environment. Both the 
transcription factor TCF7, as well as TGFβR2 derived chimeric receptors, showed 
robust and reproducible increases in relative abundance. Additional library members not 
identified in any of the in vitro screens performed, such as the metabolite transporter 
MCT4, showed strong relative enrichment in the in vivo tumour environment. 
Experiments display or are representative of n=2 (b-d) unique healthy human T cell 
donors. Dotted lines represent max and min abundance of non-functional control library 
members. 
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Extended Data Fig. 5.17: Individual validation of hits from pooled knockin 
screening 
a, Individual functional validation of a TGFβR2-41BB chimeric receptor bearing the 
extracellular domain of the suppressive cytokine receptor TGFβR2 and the intracellular 
domain of the proliferative receptor 41BB. With a single HDR template, primary human 
T cells were engineered to express both a new TCR specificity (NY-ESO-1) as well as 
the anti-suppressive TGFβR2-41BB receptor. 
b, In the presence of TGFβ, the TGFβR2-41BB modified cells recapitulated the 
observed phenotype of greater relative proliferation compared to stimulation only 
(Extended Data Fig. 5.15). Sorted NY-ESO-1+ T cells also expressing either TGFβR2-
41BB or a GFP control were stimulated with CD3/CD28 beads (1:1 bead to cell ratio) 7 
days after electroporation and proliferation was assayed by absolute cell counts at each 
indicated day. Surface staining for activation and exhaustion markers was performed 6 
days after the stimulation. 
c, TGFβR2-41BB modified cells showed greater antigen specific tumour killing in vitro 
than GFP controls, and comparable if not greater killing than expression of the 
dnTGFβR2, when co-cultured with A375 human melanoma cells with the addition of 
exogenous TGF-β across the indicated range of T cell to cancer cell ratios. At 5 days 
after beginning the co-culture killing assay, T cells were removed and stained for 
surface expression of PD1. 
d, Individual functional validation of a FAS-41BB chimeric receptor bearing the 
extracellular domain of the apoptotic receptor FAS and the intracellular domain of the 
proliferative receptor 41BB. With a single HDR template, primary human T cells were 
engineered to express both a new TCR specificity (NY-ESO-1) as well as the anti-
apoptotic FAS-41BB receptor. 
e, Expression of a FAS-41BB chimeric receptor greatly increased relative proliferation 
compared to expression of a GFP control receptor (both along with the new TCR 
specificity) in an antigen-independent proliferation assay (CD3/CD28 bead stimulation 7 
days post electroporation), validating the observed increased proliferation seen with 
stimulation in the pooled screens (Fig. 4c). Crucially, increased proliferation with the 
FAS-41BB receptor was only seen upon stimulation, whereas continued expansion in 
IL-2 without stimulation showed no relative proliferative advantage compared to control. 
Decreased surface expression of activation and exhaustion markers was also observed 
6 days after bead stimulation. 
f, FAS-41BB modified T cells showed greater antigen specific tumor killing in vitro. 
g, Individual functional validation of the TCF7 expression construct. With a single HDR 
template, primary human T cells were engineered to express both a new TCR specificity 
(NY-ESO-1) as well as an altered transcriptional program through expression of TCF7 
off of the TCR-α promoter. 
h, Expression of TCF7 recapitulated the higher observed relative proliferation compared 
to TCR+GFP control knockin in an excessive stimulation condition (5:1 CD3/CD28 bead 
to cell ratio) compared to standard stimulation (1:1 bead to cell ratio). Expression of the 
indicated activation and exhaustion markers was unchanged between the conditions. 
Note that in these individual validation experiments the effect size of the alteration in 
relative proliferation with TCF7 expression compared to the proliferative effect of the 
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FAS-41BB chimera similarly recapitulated the observed effect sizes in the pooled 
knockin screens (Fig. 5.4c). 
i, TCF7 expressing modified T cells showed greater antigen specific tumor killing in 
vitro. 
Experiments display or are representative of n=2 (b-c, e-f, h-i) unique healthy human T 
cell donors. 
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