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Guide-seq has become the gold standard for identification of off-target genome editing using CRISPR, but several changes are needed to allow discovery of possible off-targets generated by a meganuclease. Using our customized method, we were able to identify and eliminate multiple 
off-target sites by creating an optimized generation of our TRC 1-2 nuclease.  While the first version of the nuclease produced modified CAR T cells that performed to specifications and were phenotypically normal, the optimized nuclease allowed for a large increase in the amount of cells 
produced during the manufacturing process and increased the effectiveness of the CAR T cells in killing the target cells. In this case, it appears that off-target genome breaks that occur during the production of cell therapy products may have a greater effect on the efficiency and cost of 
manufacturing than the safety of the final product. 
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ABSTRACT

Chimeric Antigen Receptor T cells (CAR Ts) are
revolutionizing the treatment of hematologic
malignancies. Autologous (patient-derived)
therapies, though effective, are challenging to
produce. Allogeneic (donor-derived) CAR T cells
may be an attractive alternative if they can be
modified to prevent graft-vs-host disease (GvHD).
We previously reported an efficient genome
editing strategy to produce allogeneic CAR T cells
by targeting the insertion of a CAR transgene
directly into the native TRAC locus using an
engineered meganuclease and an AAV donor
template (MacLeod, et. al., 2017). The resulting
cells are CAR+ and do not elicit GvHD by virtue of
having the native T cell receptor gene knocked-
out by the CAR transgene.

To better understand the extent and impact of
nuclease activity on the CAR T cell product, we
developed a high-sensitivity assay for off-target
cutting that takes advantage of the 3' overhangs
generated by meganucleases. Based on this
analysis, we were able to engineer a second-
generation nuclease with greatly reduced off-
target activity. By comparing the performance of
the optimized nuclease to the parent, we found a
surprisingly robust relationship between nuclease
specificity and CAR T cell performance. These
results suggest that monitoring and control of off-
target nuclease activity is critical to optimizing
the overall fitness and function of gene edited
CAR T cells.

METHODS

Oligo capture parallels GUIDE-Seq in wet lab procedure with changes at a few key points. Instead of using a blunt-ended double stranded oligo for insertion, we use a double stranded oligo with randomized, 
protected, 4bp overhangs at the 3’ ends. A new data processing pipeline has been customized for meganucleases, including changes in target site identification based on the single chain structure. 
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Adding a randomized 4bp 3’ overhang increases the integration 
of the oligo at the intended target site from 8% to 14%. 

1 2 3 4 5

1 Mock 0%

2 Nuclease only 0%

3 Nuclease + oligo with site specific overhangs 19%

4 Nuclease + oligo with random overhangs 14%

5 Nuclease + oligo with blunt ends 8%

Integration

Integration scales with amount of oligo electroporated into the cells and peaks around 48 hours. 
No significant increase in integration occurs between 48 and 72 hours post-electroporation.

24 hr 48 hr 72 hr

ug Oligo

Percent Integration

2 171834829 60 T A G T G T A A 7
4 113389218 59 G T T C C A 5
7 121204561 59 T A G T G T A A 7
15 93059767 55 T A G T G T A A 7
4 46296485 54 G A T G C C A 5
3 124472302 53 T A G T G T A A 7
3 190642718 52 A G T G T A A 6
2 219039632 52 T A G T G T A A 7
3 170536265 51 T A G T G T A A 7
6 128649180 51 G A T T C G 6
X 126002084 50 T A A G G T G T A A 7
7 15547932 49 G A T T A C A A A 8
17 73253472 49 T A G T G T A A 7
X 85564817 48 T T C C C A 5
1 53894790 47 T A G T G T A A 7
17 32515115 47 T A G T G T A A 7
6 110177848 45 T A G T G T A A 7
9 80800844 45 T A G T G T A A 7
21 44221868 43 T A G T G T A A 7
2 45262483 43 T A G T G T A A 7
4 88857981 43 T A G T G T A A 7
6 102744289 43 T A G T G T A A 7
10 5454314 43 T T G A G T C A 6
1 96703928 42 T G T C A C 4
15 67532820 42 A A C A A G T A C A C T 8
7 63086318 41 A A G G T G 6
19 28922988 41 T A G T G T A A 7
21 18269679 40 T A G T G T A A 7
6 152362503 40 G T C C C A 5
1 113363631 39 T A G T G T A A 7
7 93273980 39 T A G T G T A A 7
6 131728771 38 T A G T G T A A 7
X 95884613 38 T A G T G T A A 7

14 23016633 1956 T G G C C T G G A G C A A C A A A T C T G A
A 5 3 3 4 8 2 1 0 93 5 63 90 89 13 92 12 32 4 5 62 77 93
T 88 3 3 4 63 96 1 8 2 3 24 4 2 2 1 1 63 16 61 22 2 3
G 4 92 93 18 1 1 97 91 3 90 6 5 3 2 7 70 1 62 1 4 20 2
C 2 1 2 73 28 0 1 1 2 1 7 1 6 83 0 17 4 18 34 12 1 2

Chr BP Reads Mismatches
20 56622815 730 C T T C A G G C 6
3 61066689 401 C A G A G C 4
11 112420069 383 G A G 1
8 77742673 309 T T A T 2
4 2739527 300 G T C A 3
4 175903457 232 T C C C A 4
1 36350764 231 G A A G G G G T C 7
4 46641994 171 G T C C 3
2 62675694 164 G A T C A G G A 6
X 30201957 149 T T C G T G A 6

TRC 1-2x.87 EE
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Positions Chosen for Optimization

Oligo capture performed on the TRC 1-2x.87 EE nuclease identified two types of off-
target sites. The first type were high frequency hits: sites that were cut many times 
resulting in a large number of reads. The second type were low frequency repeats: sites 
that were cut a few times and had lower numbers of reads but with a target site 
sequence that occurred multiple times in the genome.

TRC 1-2x.87EE 
(Generation 1)

TGGCCTGGAGCAACAAATCTGA
target site in human TRAC gene

TRC 1-2L.1592 
(Generation 2)

TGGCCTGGAGCAACAAATCTGA
target site in human TRAC gene

H40
K28

V40

Linker Linker

Three positions in the target sequences were chosen for optimization and a second generation 
enzyme was produced (TRC 1-2L.1592). The second generation nuclease differs from the original 
at only 3 amino acid positions (designated in bold). 

Analysis of TRC 1-2L.1592 by Guide-seq produced only two off-target sites, both of which 
were shown to be false positives by targeted indel analysis. Oligo capture identified a 
further 47 targets, 5 of which produced indels above the mock background.

site # Chr Pos Indel Frequency (%)
site 0 14 23016633 T G G C C T G G A G C A A C A A A T C T G A 61.35
site 8 11 112420069 G A G N.S
site 14 17 70963906 T C C 0.23
site 43 7 45886383 G G A T A C 0.44
site 46 11 117707291 T A C C T 0.85
site 79 8 70953326 G T A C C 2.83
site 80 15 91730805 T T G T A C T 0.45
site 81 6 134362399 G T A G G G A A T N.S
site 83 20 51802795 T A A T T G A C T N.S
site 84 2 85864762 A A C A C T T C A C N.S
site 85 5 75148730 A A T T T T A A N.S
site 86 14 96013249 A T G T T G T G C N.S
site 89 8 68898594 A A G G C C A T N.S
site 92 22 48584419 A A A A G T A C C T N.S
site 93 2 9176023 A A G A T T T C T C T N.S
site 94 4 183627898 T T T A T C T G C A N.S
site 95 6 86300063 A T T T T G G A A A T N.S
site 97 11 67957795 A A G T T G T C G C T N.S
site 98 10 94357492 T A C C G G G G G N.S
site 100 2 200426071 T T A T T T G T G A C N.S
site 101 7 102266445 A T G A T G A C G T N.S
site 102 12 133336771 A A A T C C C C A A T N.S
site 103 1 91577468 A T A C T A G C A N.S
site 105 2 207017087 A T A T T T T A A A N.S

Sequence

site # Chr Pos Indel Frequency (%)
site 0 14 23016633 T G G C C T G G A G C A A C A A A T C T G A 61.35
site 200 3 45249461 G A G A T C C N.S
site 201 4 149232383 T T T T T T T N.S

Sequence

N.S.: not significant (<1 STDEV over mock)
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The optimized TRC 1-2L.1592 showed a better knock-in efficiency, CD4:CD8 ratio, and 
phenotype. Viability was unaffected. 

Significant increases were seen in the number of total viable cells produced in a standard 
production run. 

CAR T cells produced using TRC 1-2L.1592 expanded 5x better than those made with TRC 1-2x.87EE 
and killed target cells significantly better.

cntrl

Reporter assays showed that the second generation nuclease did not cut either the top high frequency 
off-target site or the low frequency, repetitive off-target site. 

CAR T cells produced with either the first or second generation nuclease fail to survive in the absence of exogenous IL-2 indicating that no neoplastic 
transformation has occurred. 
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*Arrows indicate that samples with IL-2 supplementation were reduced to 1e6 cells after 
counting at days 2, 4, and 7.

Conclusions

RESULTS


