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Recent advances in gene editing have enabled the targeted engineering of primary cells to insert entire transgenes without the use of viral 
vectors. Here, we developed a method to efficiently manufacture T cells expressing neoepitope-specific T cell receptors from the endoge-
nous locus while abolishing expression of the endogenous TCR. We developed a primary T cell GUIDE seq method to assess precision of 
the genome engineering method in primary T cells. Finally, demonstrating the flexibility of the platform and the ability to deliver large genetic 
constructs, this highly efficient and accurate genome engineering method was used to integrate and express four gene products: CD8α, 
CD8β, in addition to the TCR alpha and beta chains.

•We have developed a highly efficient, single-step, site-specific, DNA-mediated, non-viral precision genome engineering method
that can be used at both laboratory and clinical manufacturing scales

•We developed a primary T cell GUIDE-seq method to identify potential off-target genome editing sites in a highly relevant model
•The genome engineering method was determined to be highly specific to the target loci
•The precision genome engineering technology is capable of integrating and expressing large gene cassettes  >5 kb, exceeding the 
    packaging size limit for AAV, with high efficiency. 

Efficient integration of neoepitope-specific TCRs into the endogenous TCR locus of primary T cells

A primary T cell GUIDE-seq method was developed to discover potential off-target sites
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1A. Primary human T cells were engineered with site-specific nucleases in a single-step transfection 
process to both knock-out the endogenous TCR beta chain and knock-in the neoTCR at the TCR alpha 
locus. In this way, expression of the endogenous TCR is abolished while ensuring natural expression 
and regulation of the inserted neoTCR.
1B. NeoTCR expression in engineered T cells were determined using fluorescently-labeled neoepi-
tope-HLA multimer and measurement by flow cytometry. Flow plot gates show T cells positive for 
neoTCR. High expression of the neoTCR and efficient knockout of the endogenous TCR (not shown) were observed both at small and large scale production. 

2A. The GUIDE-seq protocol was modified from a cell line-based assay to be 
performed in primary T cells. Briefly, using the our transfection platform, T cells 
were transfected with Cas9:sgRNA and dsODN. On-target and off-target cut 
sites were tagged by the dsODN and high-throughput sequencing was used 
identify genomic sites of tag integration. 
2B. Two primary T cell GUIDE-seq studies were performed (Study 1 and Study 
2) in replicate (run #1 and run #2). Sites of dsODN integration resulting from 
TRBC guide RNA are shown. No sites were identified from TRAC guide RNA. 
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Primary T cell GUIDE-seq

Multiple large payloads can be delivered simultaneously to edited T cells, resulting in homogenous
edited cell populations 
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4A. The CD8 coreceptor (consisting of the CD8α and CD8β chains) was expressed by inserting 
the two genes upstream of the neoTCR cassette. The entire cassette was integrated into the TRAC 
locus and endogenous TCR expression was abolished by knockout at the TRBC locus. The four 
gene products were expressed under control the endogenous TCRα promoter.
4B. Genome engineered T cells were analyzed by flow cytometry. Despite integration of a larger 
gene cassette, expression of the payload was observed at high efficiency (24.2%). Additionally,  
engineered T cells were stained with fluorescently labeled anti-CD4 and anti-CD8 antibodies. T 
cells expressing the gene cassette expressed both the neoTCR and the CD8 coreceptor. CD4 T 
cells expressing the CD8-neoTCR gene cassette were observed to positive for both CD4 and 
CD8, and were uniform in their expression of both.
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Targeted deep sequencing and FISH analysis confirmed the precision of the engineering method
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3A. T cells engineered using our precision genome engineering method were analyzed by 
both targeted deep sequencing for editing at potential off-target sites, and by fluorescense
in situ hybridization (FISH) for chromsomal abnormalities.
3B. Among all samples tested, editing outside the TRAC locus was only observed at 1 site
of 61 potential off-target sites tested (TRBC_OT6). Editing at this site occurred at levels 
just above the level of detection.  Editing at this site was not found to provide engineered T 
cells a growth advantage (data not shown). Chromosomal aberrations  above background
levels were not observed by FISH in any samples tested.
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On-target/Off-
target site Site type

target sequence TCRB On-target
15646 18394 1 TCRB On target

202 281 1.41x10-2 TRBC_OT6 Exonic

N.D. 60 1.63x10-3 TRBC_OTA Intronic

35 N.D. 1.12x10-3 TRBC_OTD Intronic

19 N.D. 6.07x10-4 TRBC_OTE Intronic

12 2 4.38x10-4 TRBC_OTB Intergenic

N.D. 6 1.63x10-4 TRBC_OTC Intronic

15866 4521 1 TCRB On target
536 79 2.56x10-2 TRBC_OT6 Exonic

104 N.D. 3.28x10-3 TRBC_OTF Intergenic

16 14 2.05x10-3 TRBC_OTA Intronic

N.D. 8 8.85x10-4 TRBC_OTB Intergenic

7 N.D. 2.21x10-4 TRBC_OTG Intronic

4 N.D. 1.26x10-4 TRBC_OTC Intronic

target sequence TCRA On-target
1 18009 28574 1 TCRA On-target
2 17726 5707 1 TCRA On-target
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Sample
Chromsomal aberrations above 
background detected by FISH 

Number of sites 
detected Site detected

% disruption above 
background

Sample 1 0 None N/A ND
Sample 2 0 None N/A ND
Sample 3 1 TRBC_OT6 0.007% ND
Sample 4 1 TRBC_OT6 0.081% ND
Sample 5 ND ND ND None
Sample 6 ND ND ND None
Sample 7 1 TRBC_OT6 0.0199% None
Sample 8 0 None N/A None
Sample 9 1 TRBC_OT6 0.0173% None
Sample 10 0 None N/A None
Sample 11 1 TRBC_OT6 0.016% None
Sample 12 0 None N/A None
Sample 13 1 TRBC_OT6 0.0306% ND
Sample 14 0 None N/A None
Sample 15 1 TRBC_OT6 0.07% None
Sample 16 0 None N/A None
Sample 17 0 None N/A None
Sample 18 0 None N/A None
Sample 19 1 TRBC_OT6 0.0271% None
Sample 20 0 None N/A None
Sample 21 0 None N/A None
Sample 22 1 TRBC_OT6 0.0015% None
Sample 23 ND ND ND None
Sample 24 ND ND ND None

Off-target sites detected by targeted high throughput 
sequencing

Unedited

CD8+neoTCR

74.7% 24.2%

37.4% 3.64%

55.2%

28.2% 68.1%
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