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Abstract 

Genetic modification of specific genes is emerging as a useful tool to enhance the functions of antitumor T cells in adoptive immunotherapy. 
Current advances in CRISPR / Cas9 technology enable gene knockout during in vitro preparation of infused T-cell products through transient 
transfection of a Cas9-guide RNA ( gRNA ) ribonucleoprotein comple x. Ho w e v er, selecting optimal gRNAs remains a major challenge for efficient 
gene ablation. Although multiple in silico tools to predict the targeting efficiency ha v e been de v eloped, their perf ormance has not been validated 
in cultured human T cells. Here, we explored a strategy to select optimal gRNAs using our pooled data on CRISPR / Cas9-mediated gene knockout 
in human T cells. The currently available prediction tools alone were insufficient to accurately predict the indel percentage in T cells. We used 
data on the epigenetic profiles of cultured T cells obtained from transposase-accessible chromatin with high-throughput sequencing ( A T AC- 
seq ) . Combining the epigenetic information with sequence-based prediction tools significantly improved the gene-editing efficiency. We further 
demonstrate that epigenetically closed regions can be targeted by designing two gRNAs in adjacent regions. Finally, we demonstrate that the 
gene-editing efficiency of unstimulated T cells can be enhanced through pretreatment with IL-7. These findings enable more efficient gene editing 
in human T cells. 
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ntroduction 

doptive T-cell therapy, such as chimeric antigen receptor
 CAR ) -T-cell therapy, has emerged as a potentially curative
herapy for relapsed and refractory cancer ( 1 ) . However,
ts long-term efficacy is still insufficient, especially against
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substantially improve the therapeutic efficacy of CAR-T cells.
To this end, efficient and specific knockout of the target genes
is essential. 

Clustered, regularly interspaced, short palindromic repeats
( CRISPR ) / CRISPR-associated protein 9 ( Cas9 ) technology
has revolutionized the area of gene editing ( 8 ) . The simplicity
of the CRISPR / Cas9 system compared with zinc finger nu-
cleases ( ZFNs ) and transcription activator-like effector nucle-
ases ( TALENs ) has made it the most widely used technique
for gene knockout ( 9 ) . One of the key processes in using the
CRISPR / Cas9 system is to select the optimal sequences tar-
geted by guide RNAs ( gRNAs ) ( 10 ) . Although several design
tools have been developed to predict the on-target efficiency of
gRNAs ( 11–14 ) , their prediction accuracy is still insufficient
and inconsistent among different experimental settings ( 15 ) . 

The delivery method of Cas9 and gRNAs has an influence
on the knockout efficacy ( 16 ) . While stable viral transduction
with Cas9 and gRNAs is a standard method for cell lines,
electroporating Cas9-ribonucleoprotein ( RNP ) complexes has
been established as an efficient delivery strategy for cultured
T cells ( 17 ) . Since a lot of prediction tools to design gRNAs
have been constructed based on the data obtained in the vi-
ral transduction approach, it is uncertain whether the findings
can be applicable in the case of RNP electroporation. More-
over, optimal target regions may be different between cancer
cell lines and primary T cells ( 18 ) . 

We have been investigating the genetic engineering of CAR-
T cells to enhance their functions using transient electropora-
tion of a Cas9-gRNA RNP complex ( 4 , 19 , 20 ) . In this study,
we explored a strategy to identify targets with high gene-
editing efficiency using accumulated data on the indel percent-
age of individual gRNAs. While multiple studies already inves-
tigated the effect of chromatin accessibility on CRISPR / Cas9-
mediated gene-editing efficacy ( 21–23 ) , we demonstrate that
combining cultured T cell-specific epigenetic data with a pre-
diction algorithm significantly improves gRNA design. 

Materials and methods 

Human T-cell culture 

Peripheral blood mononuclear cells ( PBMCs ) derived from
healthy donors ( Cellular Technology Limited, Cleveland, OH )
were stimulated with mitomycin C-treated K562 cells ( JCRB,
Osaka, Japan ) expressing anti-CD3 mAb ( clone OKT3 ) -
derived single-chain variable fragment ( scFv ) and CD80 on
the cell surface at an effector to target ratio of 7:1 ( 4 ) . Stim-
ulated T cells were cultured with RPMI-1640 medium con-
taining 10% fetal bovine serum, 1% penicillin / streptomycin,
and recombinant IL-2 ( 100 IU / ml, Nipro, Osaka, Japan ) . Un-
stimulated T cells were maintained in the presence of recom-
binant IL-7 ( 10 ng / ml, PeproT ech, W altham, MA ) . When in-
dicated, naïve T cells were enriched by magnetically isolat-
ing CD45RO 

− cells using CD45RO MicroBeads ( Miltenyi
Biotech, Bergisch Gladbach, Germany ) . 

To generate CAR-T cells, T cells were retrovirally trans-
duced with CD19- or GD2-targeting CAR genes two days
after stimulation. We used PG13 packaging cells for retro-
virus production. The CAR constructs consisted of a single-
chain variable fragment ( scFv ) derived from the clone FMC63
( targeting CD19 ) ( 24 ) or 14g2a with E101K high-affinity mu-
tation ( targeting GD2 ) ( 25 ) linked to CD28 and CD3z signal-
ing domains. 
CRISPR / Cas9-based gene editing 

CRISPR / Cas9-mediated knockout was performed using the 
Alt-R CRISPR / Cas9 system provided by Integrated DNA 

Technologies ( IDT, Coralville, IA ) as previously described ( 4 ) .
The electroporation of a ribonucleoprotein ( RNP ) complex 

was performed using a NEPA 21 electroporator ( Nepa Gene,
Ichikawa, Japan ) on days 1–5 after T cell stimulation. Chem- 
ically synthesized crRNA and tracrRNA ( IDT ) were mixed 

and annealed at 95 

◦C for 5 min followed by gradual cool- 
ing to room temperature. An RNP complex was generated 

by incubating the Alt-R Cas9 Nuclease V3 ( 25 μg, IDT ) with 

the annealed guide RNAs ( 300 pmol ) at 37 

◦C for 10 to 15 

minutes. For simultaneous introduction of dual gRNAs, Cas9 

Nuclease V3 ( 25 μg ) and two separately prepared gRNAs 
( 300 pmol each ) were mixed in the same tube, and the gener- 
ated RNP complexes were used for electroporation. The Alt-R 

Cas9 Electroporation Enhancer was added before electropo- 
ration at a final concentration of 2 μM. The following pa- 
rameters were used for electroporation: poring pulse: voltage,
275 V; pulse length, 1 msec; pulse interval, 50 ms; number of 
pulses, 2; decay rate, 10%; polarity, + and transfer pulse: volt- 
age, 20 V; pulse length, 50 msec; pulse interval, 50 ms; number 
of pulses, ±5; decay rate, 40%; polarity, + / –. 

Genomic DNA was extracted after 48–72 h using Nu- 
cleoSpin DNA Rapid Lyse kit ( Macherey Nagel, Düren,
Germany ) . Genomic regions containing the target sites were 
amplified by PCR, and the amplicons were submitted to 

Sanger sequencing. The editing efficiency of each gRNA was 
calculated using the Inference of CRISPR Edits ( ICE ) analysis 
( 26 ) . We used indel percentages to evaluate the efficiency of 
CRISPR / Cas9-mediated gene editing, which does not neces- 
sarily indicate knockout unless it induces a frameshift muta- 
tion. When indicated, T cells were pretreated with romidepsin 

( 10 nM, Selleck Chemicals, Houston, TX ) for 8 h before elec- 
troporation. To analyze transfection efficacy of RNP com- 
plexes, TYE 563-labeled duplex RNA ( #51-01-20-19, IDT ) 
was used according to the manufacturer’s instruction. 

Viral transduction 

Jurkat cells were retrovirally transduced with Cas9-P2A- 
truncated NGFR using Retronectin ( Takara Bio, Kusatsu,
Japan ) . Plat-A packaging cells ( provided by Dr. Kitamura ) 
were used for retrovirus production. We performed trans- 
fection using CalPhos Mammalian Transfection Kit ( Takara 
Bio ) . Virus supernatants were collected 2 days after trans- 
fection and directly used for transduction. For lentiviral 
transduction, Lenti-X 293T cells ( Takara Bio ) were trans- 
fected with pLKO5.sgRNA.EFS.tRFP ( a gift from Benjamin 

Ebert ( Addgene plasmid # 57823; http:// n2t.net/ addgene: 
57823; RRID: Addgene_57823). Virus supernatants were col- 
lected 2 days after transfection and concentrated using Lenti- 
X concentrator (Takara Bio). 

Flow cytometry analysis 

Flow cytometry analysis was conducted using FACSCanto 

II and LSRFortessa (BD Biosciences, Franklin Lakes, NJ),
and CytoFLEX S (Beckman Coulter, Brea, CA). The fol- 
lowing antibodies were used: PerCP / Cyanine5.5-anti-human 

CD271 (ME20.4, BioLegend, San Diego, CA), APC-anti- 
CD8 (RPA-T8, BioLegend), Pacific blue-anti-CCR7 (G043H7,
BioLegend), APC-Cy7-anti-CD62L (DREG-56, BioLegend),
PE-Cy7-anti-CD27 (M-T271, BioLegend), PE-anti-CD28 

http://n2t.net/addgene:57823;
https://scicrunch.org/resolver/RRID:
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CD28.2, BioLegend), BV510-anti-CD45RA (HI100, BioLe-
end), and FITC-anti-CD45RA (HI100, BD Biosciences).
ata were analyzed with FlowJo v10 software (BD Bio-

ciences). 

 T AC-sequencing analysis 

 T AC-sequencing was performed as previously described ( 4 ).
riefly, CD8 

+ CAR-T cells cultured for 7 days were incu-
ated for 30 min at 37 ºC in complete culture media supple-
ented with 100x DNase buffer (250mM MgCl2 and 50mM
aCl2) and 100x Dnase solution (Hanks Balanced Salt Solu-

ion with 20 000 IU / ml Turbo Dnase). The cells were then
ryopreserved in growth media with 10% DMSO and sub-
itted to sequencing analysis (Genewiz, Plainfield, NJ). Se-
uencing adapters and low-quality bases were trimmed using
rimmomatic 0.38, and cleaned reads were aligned to the ref-
rence genome hg38 using bowtie2. PCR or optical duplicates
ere removed using Picard 2.18.26. The bigwig files for Inte-
rative Genomics Viewer (IGV) visualization were generated
sing the bamCoverage function with the following param-
ters: –normalizeUsing CPM –binSize 1. The data obtained
rom the donor #1 (D1) were used for analysis. The fastq file
f GSE231309 (GSM7256892) was used for the analysis of
ublicly available A T AC-seq data of CD8 

+ CAR-T cells. To an-
lyze A T AC-seq data of K562 cells and human mesenchymal
tem cells derived from bone marrow (hMSC-BMs), bigwig
les were directly obtained from GSE137647 (GSM4083680)
nd GSE94272 (GSM2472047), respectively. To calculate the
 T AC-seq score of gRNAs for hMSC-BMs, read counts in the
igwig file deposited in GSE94272 (GSM2472047; normal-

zed to 10 million reads) were divided by 10 to normalize to
PM. 

NA-sequencing analysis 

BMCs derived from two different donors were used
or RNA-sequencing analysis (Rhelixa, Tokyo, Japan).
D8 

+ primary naïve T cells (CD8 

+ CD45RA 

+ CCR7 

+ ), CD8 

+

nstimulated T cells cultured in the presence of IL-7
CD8 

+ CD45RA 

+ CCR7 

+ ), and CD8 

+ T cells that were stim-
lated and cultured in the presence of IL-2 and IL-15 for
 days (CD8 

+ ) were isolated by flow cytometry for collec-
ion of total RNA. Sequencing libraries were prepared using
MART-Seq HT PLUS Kit (Takara Bio). Base calling was per-
ormed by the Illumina RTA software. Further demultiplexing
as performed using Illumina bcl2fastq software. Trimming,
apping, and calculation of read counts were performed us-

ng Trim-galore, Hisat2 and HTSeq-count, respectively. Princi-
al component analysis, hierarchical clustering, and pathway
nalysis were performed using the iDEP tool ( 27 ). Genes were
anked by their standard deviation across all samples, and the
op 1000 genes with variable expression levels were used for
ierarchical clustering analysis. For pathway analysis, differ-
ntially expressed genes between naïve T cells and IL-7 treated
nstimulated T cells were extracted using DESeq2 (false dis-
overy rate < 0.1 and fold change > 2) and analyzed for en-
ichment using GO Biological Process gene sets. 

ulture of human mesenchymal stem cells from 

one marrow 

uman mesenchymal stem cells from bone marrow (hMSC-
M) derived from healthy donors (PromoCell, Heidel-
erg, Germany) were expanded with Mesenchymal Stem
Cell Growth Medium 2 (PromoCell) containing 1%
penicillin / streptomycin. Electroporation of Cas9 / gRNA
complexes was performed using the same parameters as those
used for T cells. 

Statistical analysis 

Significance of differences between two groups was assessed
with unpaired or paired two-tailed t- test. The differences
among three or more groups were compared using one-
way ANOVA. When indicated, the data were compared with
nonparametric test: Mann-Whitney test for two groups and
Kruskal–Wallis test for three or more groups. Correlation be-
tween two data was assessed with Spearman’s rank correla-
tion coefficient. Differences were considered statistically sig-
nificant when p value was < 0.05. Significant correlation was
defined as P value < 0.05. The GraphPad Prism 8 software was
used for statistical analysis and graphical design. 

Results 

Currently available gRNA design tools to predict 
the efficiency of CRISPR / Cas9-mediated gene 

editing in human T cells 

The stable transduction of primary T cells with Cas9 and gR-
NAs is inefficient due to the large size of the Cas9 cDNA while
off-target effects increase during prolonged expression ( 28 ).
Recently, electroporating Cas9 protein / gRNA complexes into
stimulated T cells was established as an efficient delivery
method ( 17 ). Using this strategy, we have accumulated data
on the indel percentages for 205 gRNAs against 110 genes
and found that the efficiency was highly variable among dif-
ferent target sites (Figure 1 A; Supplementary Table S1). 

We further explored whether the gene-editing efficiency
in human T cells can be estimated accurately using cur-
rently available online prediction tools, including IDT on-
target score, CHOPCHOP web tool ( 29 ,30 ) based on Doench
et al. ( 31 ), Doench et al. ( 32 ), Xu et al. ( 33 ) and Moreno-
Mateos et al. ( 34 ), DeepSpCas9 ( 35 ), DeepHF (U6 promoter
and T7 promoter) ( 36 ), Azimuth 2.0 ( 31 ), CRISPRedict (U6
promoter and T7 promoter) ( 37 ), Vienna Bioactivity CRISPR
score (VBC) ( 38 ), CRISPick ( 39 ) and SPROUT ( 40 ). The ma-
jority of the gRNAs were designed regardless of the score
calculated by any specific prediction software (Figure 1 B–
O). Among these tools, the scores calculated by CHOPCHOP
(Doench 2014) and DeepSpCas9 achieved the highest correla-
tion with the indel percentage. These scores showed a signif-
icant correlation with each other (Supplementary Figure S1).
Although multiple prediction scores were significantly corre-
lated with indel percentages, gRNAs with high scores did not
always result in efficient indel formation, which highlights the
necessity of an additional method to further improve predic-
tion accuracy. 

T-cell-specific epigenetic profiles affect gene-editing
efficiency 

The above results suggest that no single algorithm can pre-
cisely predict gene-editing efficiency by transient transfection
of Cas9-gRNAs in T cells. The primary method of validation
for these algorithms is based on data using cell lines. In ad-
dition to the effect of target DNA sequences, chromatin den-
sity has been reported to be associated with efficient targeting
( 41 ). Since epigenetic architecture is highly variable between
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Figure 1. Validation of gRNA design algorithms to predict CRISPR / Cas9-mediated gene-editing efficiency in human T cells. ( A ) T cells were individually 
electroporated with a Cas9-gRNA complex and analyzed for gene-editing efficiency ( n = 205 targets). (B–O) The estimated indel percentages and 
on-target scores based on the software provided by IDT ( B ), CHOPCHOP (Doench 2016, C ), CH OPCH OP (Doench 2014, D ), CH OPCH OP (Xu 2015, E ), 
CH OPCH OP (Moreno-Mateos 2015, F ), DeepSpCas9 ( G ), DeepHF (U6 promoter, H), DeepHF (T7 promoter, I ), Azimuth2.0 (J) , CRISPRedict (U6 
promoter, K ), CRISPRedict (T7 promoter, L), VBC ( M ), CRISPick ( N ) and SPR O UT ( O ) were plotted for individual gRNA targets. Correlation between the 
t wo dat a was assessed based on Spearman’s rank correlation coefficient ( n = 205 t argets). The indel percent ages were obt ained at least in duplicate, 
and the mean values were used for correlation analysis. 
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ell types, we speculated that T-cell-specific epigenetic status
ids in designing optimal gRNA targets. 

To investigate the correlation between the chromatin acces-
ibility of target sites and gene-editing efficiency in T cells, we
sed the A T AC-seq data that we previously generated from
AR-T cells ( 4 ). The A T AC-seq score of gRNAs was defined
s the median value of the read counts of their target regions,
nd thus is associated with accessibility to the targeted re-
ions. As shown in Figure 2 A, the A T AC-seq score alone did
ot show a significant correlation with the efficiency of in-
el generation. However, high A T AC-seq scores were signifi-
antly associated with efficient indel formation among gRNAs
ith above-median scores in CHOPCHOP (Doench 2014) or
eepSpCas9 (Figure 2 A). The gRNAs with high scores in both
 T AC-seq and CHOPCHOP or DeepSpCas9 analysis induced

ignificantly higher indel percentages than the other groups
Figure 2 B). The A T AC-seq scores did not show significant
orrelation with the CHOPCHOP or DeepSpCas9 scores, sug-
esting that the chromatin accessibility of the target region
ffects CRISPR / Cas9-mediated gene-editing efficiency inde-
endent of the sequence patterns of gRNAs (Supplementary
igure S2A, B). 
These findings led us to hypothesize that the use of epige-

etic information in combination with prediction tools may
elp to identify optimized gRNA targets. To obtain more prac-
ical metrics to optimize the selection process of gRNAs, we
nvestigated whether we could set appropriate cut-off values
or each score. When we calculated the frequency of gRNAs
hat achieved more than 50% indel formation for each cut-
ff value, the frequency of efficient gRNAs progressively in-
reased along with higher cut-off values in the DeepSpCas9
core, especially at 60 or more as a threshold score (Figure
 C). We then selected gRNAs with the DeepSpCas9 score ≥ 60
nd explored the optimal threshold of the A T AC-seq score
mong them. As shown in Figure 2 D, most of the gRNAs
ith A T AC-seq score of ≥ 0.1 achieved efficient indel forma-

ion. While the gRNA efficiency was also improved by set-
ing a threshold for the CHOPCHOP (Doench 2014) score,
t became almost constant beyond the cut-off score of ≥0.3
Figure 2 E). 

Based on these results, we have set selection flow of gR-
As as follows (Figure 2 F). We first choose gRNAs with the
ighest possible DeepSpCas9 scores (at least more than 60).
e then exclude the gRNAs with < 0.1 ATAC-seq score and

lso those with < 0.3 CHOPCHOP score. We newly designed
0 gRNAs targeting five genes ( DNMT3A , PDCD1 , PRDM1 ,
GFBR2 and MYC ) that are essentially associated with T cell

unctions using this strategy (Figure 2 G). Although the num-
er of candidate gRNAs that passed the criteria were vari-
ble among the target genes, we found that all the selected
RNAs achieved efficient gene editing, which validated the ef-
ectiveness of this approach. We also used another publicly
vailable A T AC-seq data of CAR-T cells (GSM7256892) to
alculate the A T AC-seq scores. Using the same cutoff of 0.1,
he A T AC-seq scores calculated from this dataset also helped
o identify efficient gRNA targets when combined with the
eepSpCas9 or CHOPCHOP scores (Supplementary Figure

3A). The scores calculated from both sets of A T AC-seq data
howed a significant correlation (Supplementary Figure S3B).

Considering that epigenetic profiles are highly variable
mong different cell types (e.g. T cells and myeloid cells),
RNA sequences that can efficiently cleave the targets in T
ells may not work in different types of cells, and vice versa. To
ascertain this possibility, we designed several gRNAs against
genes with distinct epigenetic profiles between T cells and the
erythroleukemia cell line K562 (Supplementary Table S2). We
first selected gRNAs with high A T AC-seq scores in T cells but
low A T AC-seq scores in K562 cells ( GZMA , GZMB , CD3D ,
CD3G , CD28 and EOMES ) (Figure 2 H; Supplementary Fig-
ure S4A–E). Consistent with our hypothesis, these gRNAs
achieved efficient gene editing in T cells, whereas the major-
ity of them showed poor efficiency in K562 cells (Figure 2 I).
Conversely, gRNAs targeting myeloid- or erythroid-associated
genes, which are epigenetically open in K562 cells ( GATA1 ,
CD33 , HBB , HBE1 and TFR2 ), selectively induced success-
ful indel formation in K562 cells (Figure 2 J, K; Supplemen-
tary Figure S4F–I). These results further corroborate the im-
portance of chromatin accessibility in efficient cleavage by the
CRISPR / Cas9 system. 

Targeting with two gRNAs enhances the 

gene-editing efficiency 

We then explored how we can improve the gene-editing effi-
ciency of gRNAs with low A T AC-seq scores. Histone deacety-
lase (HDAC) inhibitors induce genome-wide chromatin re-
modeling and have been reported to enhance knockout effi-
ciency in HeLa and HT29 cells ( 42 ). However, pretreatment
with romidepsin, an HDAC inhibitor, did not improve the in-
del percentage of the tested gRNAs (Supplementary Figure
S5A). In addition, romidepsin was highly toxic to human T
cells (Supplementary Figure S5B, C) ( 43 ), making it impracti-
cal to use to enhance gene-editing efficiency. 

Another approach is targeting two adjacent sites, which
can potentially improve gene-editing efficiency ( 28 ). We tested
whether this strategy can augment the cleavage of epigeneti-
cally closed regions (Figure 3 A). Although gRNA #1 target-
ing an epigenetically closed region in the TET2 gene poorly
produces cleavage, the concomitant use of gRNA #2 signifi-
cantly improved the gene-editing efficiency (Figure 3 B). The
majority of the cells showed deletion between gRNA#1 and
gRNA#2 target sites, suggesting their synergistic effects (Fig-
ure 3 C). Likewise, dual targeting of the adjacent regions in
DOT1L or PRDM1 successfully edited the genes by inducing
a deletion between the two target sites (Figure 3 D–G). These
results suggest that the double-targeting strategy can enhance
the gene-editing efficiency of epigenetically closed regions for
at least some of the targets. 

We further explored how a pair of gRNAs can be designed
to enhance gene-editing efficiency in more detail. Although the
PAM sequences following the gRNA targets faced inward in
the above designs, we found that any other orientation of the
two gRNAs (facing outward or aligned in the same direction)
allowed them to delete the intervening region (Figure 3 A; Sup-
plementary Figure S6A, B). For the distance between two tar-
gets, gRNAs located at least about 500 bp apart can efficiently
delete the intervening DNA sequences (Supplementary Figure
S6C, D). We further tested if gRNA pairs with longer distance
can also delete DNA between the target sites. Surprisingly,
we detected a deletion between gRNAs that are apart from
each other up to 70 000 nucleotides (Supplementary Figure
S7A, B). Although the deletion efficiency cannot be precisely
quantified due to the more efficient amplification of shorter
fragments by PCR, these results suggest that substantial vari-
ability can be accepted for the distance between two gRNA
targets. 
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Figure 2. Chromatin accessibility of the target region affects the gene-editing efficiency. ( A ) The indel percentages and chromatin accessibility based on 
A T AC-seq data were plotted for individual gRNA targets (Spearman’s rank correlation analysis) ( n = 205). The lower panels represent plots among the 
gRNAs with abo v e-median v alues of CH OPCH OP (Doenc h 201 4) score ( ≥0.29, lef t panel) or DeepSpCas9 score ( ≥57, right panel). Correlation was 
e v aluated b y the Spearman’s rank correlation coefficient. ( B ) The indel percentages of gRNAs among the four groups classified according to the A T AC-seq 
values and CHOPCHOP scores or DeepSpCas9 scores. Median values were used as cut-off points for each score (one-way ANO V A with Kruskal–Wallis 
multiple comparison test, * P < 0.05, ** P < 0.01, **** P < 0.0 0 01). ( C ) The frequency of efficient gRNAs (defined as > 50% indel generation) was 
plotted against the threshold values set for the DeepSpCas9 score (C), A T AC-seq score ( D ) and CHOPCHOP score ( E ). For (D), only gRNAs with the 
DeepSpCas9 score of ≥60 were used for calculation. ( F ) Selection diagram of gRNAs based on the DeepSpCas9, A T AC-seq and CH OPCH OP scores. ( G ) 
Individual indel efficiency of 10 gRNAs designed for five genes ( DNMT3A , PDCD1 , PRDM1 , TGFBR2 , and MYC ). (H–K) Indel percentages were 
compared between T cells and K562 cells against the genes with different chromatin accessibility. ( H, J ) R epresentativ e A T AC-seq signal tracks in GZMA 

and GA T A1 gene locus w ere depicted. R ed rect angles denote the regions cont aining t arget sites. ( I, K ) Indel frequency of gRNAs t argeting T 
cell-associated (I) and m y eloerythroid-associated genes (K) were compared between T cells and K562 cells ( n = 5 or 6 genes, paired t wo-t ailed t -test). 
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Figure 3. Dual targeting of adjacent regions can o v ercome the poor chromatin accessibility. ( A ) The gRNAs were designed at two proximal regions 
against TET2 , DOT1L , and PRDM1 . (B–G) Indel percentage was calculated when two gRNAs were electroporated individually or in combination against 
TET2 ( B ), DOT1L ( D ), and PRDM1 ( F ) (one-way ANO V A with multiple comparison test; * P < 0.05, *** P < 0.001, **** P < 0.0001, n = 3 experiments). 
Generated indels through dual gRNA targeting against TET2 ( C ), DOT1L ( E ) and PRDM1 ( G ) were estimated using the ICE algorithm. 
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Efficient gene editing is essentially associated with the mod-
ification of T cell functions. We previously reported that
PRDM1 knockout in T cells enhances the maintenance of
an early memory phenotype ( 4 ). As expected, the double-
targeting strategy enhanced the gene-editing efficiency in
PRDM1 (Figure 3 F, G), which resulted in the maintenance of
a central memory phenotype (CD45RA 

−CCR7 

+ ) better than
single-targeting approaches (Supplementary Figure S8A-C). 

Stable expression of Cas9 and gRNAs can induce 

cleavage at epigenetically closed regions 

Electroporation delivers Cas9 protein and gRNAs in a tran-
sient manner. We investigated whether constitutively ex-
pressed Cas9 and gRNAs can eventually cleave target sites
with closed chromatin status. The human T-cell leukemia cell
line Jurkat was stably transduced with Cas9 and gRNAs that
target epigenetically closed regions within 9 genes and open
regions within 2 genes as positive controls (Supplementary
Figure S9A–E). While RNP transfection poorly induced cleav-
age in most of the closed chromatin regions, we observed a
gradual increase in the indel percentages in Jurkat cells with
stable expression of Cas9 and gRNAs, which reached 60–
100% by day 14. These results suggest that gene knockout by
constitutively expressed Cas9 and gRNAs is less hampered by
closed epigenetic status compared with the transient delivery
system. 

Short-term culture with IL-7 improves gene-editing 

efficiency in naïve T cells 

The above data were obtained in activated T cells. Unstimu-
lated naïve T cells are known to be highly resistant to gene
knockout ( 44 ). We confirmed that the gRNAs that efficiently
target DPH1 , FURIN and SELL for activated T cells were
less efficient when electroporated into T cells soon after thaw-
ing (Figure 4 A, B). Since T-cell activation inevitably induces
naïve T-cell differentiation into memory or effector T cells, the
present protocol cannot evaluate the effect of genetic modifi-
cation in naïve T cells. IL-7 is essential for the maintenance
and persistence of naïve and early memory T cells ( 45 ). As
previously described, IL-7 treatment maintained the naïve T-
cell population (CD45RA 

+ CCR7 

+ CD62L 

+ ) in vitro , which
was in contrast to the rapid loss of this subset upon anti-CD3
mAb stimulation (Supplementary Figure S10A–C) ( 46 ). 

We examined the influence of IL-7 pre-culture on gene ex-
pression profiles of naïve T cells by RNA-sequencing analy-
sis. IL-7-treated T cells showed altered gene expression pro-
files compared to primary naïve T cells (Supplementary Fig-
ure S11A, B). However, gene ontology enrichment analysis of
differentially expressed genes between naïve and IL-7-treated
T cells demonstrated that IL-7 treatment mainly affected
genes associated with cell cycle regulation and DNA repair
(Supplementary Figure S11C). IL-7-treated T cells maintained
the expression of multiple naïve-associated genes ( LEF1 ,
TCF7 , KLF2 ) and did not upregulate effector-associated genes
( GZMA , GZMB , and PRF1 ) (Supplementary Figure S11D).
These results suggest that IL-7 treatment at least partly pre-
served the core gene expression signatures of naïve T cells. 

We examined whether preculture with IL-7 affects the gene-
editing efficiency of unstimulated T cells (Figure 4 A). Intrigu-
ingly, the indel percentages were progressively improved after
IL-7 treatment in all of the tested genes (Figure 4 B). These
results suggest that IL-7 pretreatment enables genetic modifi-
cation of unstimulated T cells. The combinatorial use of IL-7 

pretreatment and dual gRNA targeting further improved the 
gene-editing efficiency in unstimulated T cells (Figure 4 C, D).
One of the mechanisms for the enhanced gene editing may be 
related to the efficient entry of RNP complexes into T cells. In 

fact, IL-7 preculture increased uptake of the fluorescent dye 
TYE 563-labeled duplex RNA within T cells, suggesting el- 
evated transfection efficiency (Supplementary Figure S12A).
In general, cells with a smaller radius need a larger external 
electric field to achieve permeabilization ( 47 ). Naïve T cells 
become increased in the size of cells after IL-7 preculture,
which may partly contribute to the efficient transfection of 
RNP complexes (Supplementary Figure S12B). 

Knockout of PRDM1 in human naïve T cells 

The above strategy enables to ablate a gene before T-cell 
stimulation and expansion. Although we previously reported 

that PRDM1 knockout helped to maintain an early mem- 
ory phenotype in cultured T cells, RNP electroporation was 
performed around 5 days after stimulation ( 4 ), which might 
have induced precocious T-cell differentiation prior to ge- 
netic modification. Knockout at earlier time points may fur- 
ther enhance the effect of PRDM1 disruption. To this end,
we enriched naïve T cells by isolating CD45RO-negative cells 
(Day -7), cultured them without stimulation in the presence 
of IL-7, and ablated PRDM1 3 days later (Day –4) (Figure 
5 A; Supplementary Figure S13A, B). T cells were then stim- 
ulated and expanded after transduced with anti-GD2 CAR,
which was reported to accelerate terminal T-cell differenti- 
ation through tonic signaling ( 48 ). As comparison, we also 

knocked out PRDM1 3 days after CAR transduction. Mem- 
ory marker analysis on Day 10 demonstrated that CAR-T cells 
ablated with PRDM1 prior to stimulation maintained a cen- 
tral memory phenotype (CD45RA 

−CCR7 

+ ) significantly bet- 
ter than T cells that underwent electroporation after stimula- 
tion (Figure 5 B, C). These results suggest that genetic modifi- 
cation of T cells prior to activation further reinforces its effect 
on T cell properties. 

Epigenetic profiles affect gene-editing efficiency in 

mesenchymal stem cells 

We then investigated if our strategy to use chromatin ac- 
cessibility data for optimal gene editing can be applicable 
to other cell types. Mesenchymal stem cells (MSCs) possess 
pleiotropic immunoregulatory functions and ameliorate se- 
vere graft-versus-host disease ( 49 ). Since a genetic engineering 
approach is potentially useful to further enhance their func- 
tions ( 50 ), we attempted to apply CRISPR / Cas9 gene editing 
in human bone marrow-derived MSCs (hMSC-BMs). A to- 
tal of 30 gRNAs targeting three genes ( PTEN , KEAP1 and 

TSC1 ) were selected, including targets with both high and 

low A T AC-seq scores calculated based on the data of cul- 
tured hMSC-BMs (GSE94272). As shown in Supplementary 
Figure S14A and B, the A T AC-seq and CHOPCHOP (Doench 

2014) scores were significantly correlated with gene editing 
efficiency in hMSC-BMs (correlation between gene-editing ef- 
ficiency and scores from other prediction tools are shown in 

Supplementary Figure S14C–N). We selected two candidate 
targets for each gene using the workflow constructed in T cells 
(Figure 2 F) and confirmed that all of them achieved sufficient 
indel percentages (Supplementary Figure S15A). Deletion of 
PTEN , KEAP1 and TSC1 has been reported to enhance the 
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Figure 4. Gene-editing efficiency is augmented upon IL-7 pretreatment in unstimulated T cells. ( A ) Schematic diagram of experimental protocols. T cells 
were electroporated with Cas9 / gRNA after stimulation. Alternatively, unstimulated T cells were incubated in the presence of IL-7 for the indicated time 
periods and electroporated with Cas9 / gRNA. ( B ) The data shown are the estimated indel percentages of gRNAs targeting DPH1 , FURIN and SELL for 
each condition (one-w a y ANO V A with multiple comparison test; * P < 0.05, ** P < 0.01, **** P < 0.0 0 01, n.s., not significant, n = 3 experiments). ( C, D ) 
The gRNAs were designed at two proximal regions against DOT1L , ARID1A and MYC . T cells cultured at the indicated conditions were electroporated 
with single or dual gRNAs. The data shown are the estimated indel percentage for each condition (D, n = 2 experiments). 
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Figure 5. PRDM1 knockout in human naïve T cells enhances the maintenance of central memory CAR-T cells. ( A ) Naïve T cells were enriched by 
isolation of CD45R O-negativ e cells and cultured without stimulation in the presence of IL-7 (Day –7). PRDM1 knockout was performed on Day –4. T cells 
were then stimulated, transduced with anti-GD2 CAR, and further expanded. For comparison, PRDM1 knock out w as perf ormed 5 da y s after stimulation. 
( B ) Flow cytometry plots analyzing the expression of CCR7 and CD45RA in human CD8 + CAR-T cells on Day 10. ( C ) The proportion of CD45RA 

−CCR7 + 

cells in the CD8 + CAR-T cell population (paired one-w a y ANO V A with multiple comparison test; * P < 0.05, n = 3 independent experiments). 
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proliferation of MSC ( 51–53 ). We confirmed that the hMSC-
BMs ablated with PTEN and KEAP1 , but not TSC1 , acquired
enhanced proliferation compared with the unmodified cells
(Supplementary Figure S15B), suggesting that our approach
can be exploited in cells other than T cells to modify cellular
functions. 

Discussion 

Several prediction tools to design optimal gRNA targets have
been developed. Starting with a concise tool that simply ex-
tracts the regions containing PAM sequences, hypothesis-
driven tools such as CHOPCHOP have been developed to
extract candidate target regions based on DNA sequence fea-
tures associated with efficient targeting ( 33 , 54 , 55 ). Thereafter,
machine learning-based prediction tools have emerged, in-
cluding IDT and Azimuth 2.0, which exploit previously accu-
mulated data on the knockout efficiency of individual gRNAs.
These methods were further refined along with the innovation
of computing technology, which resulted in the development
of deep-learning tools, including DeepHF and DeepSpCas9
( 13 ,18 ). 

However, these prediction tools cannot necessarily apply to
all experimental settings. First, there are different approaches
to CRISPR / Cas9 delivery. Most of the prediction tools were
developed based on knockout efficiency data where Cas9 and 

gRNAs were stably transduced. While transient transfection 

of Cas9 and / or gRNAs minimizes risk for off-target cleav- 
age ( 56 ) and is easily available to primary cells with limited 

duration of culture, it requires more efficient cleavage com- 
pared to a stable expression approach. Some of the prediction 

tools such as DeepHF and CRISPRedict calculate scores dif- 
ferently according to whether gRNAs are introduced as DNA 

(expressed under the U6 promoter) or transcribed in vitro by 
the T7 promoter and transfected into the cell ( 36 ,37 ). These 
findings suggest that the prediction algorithms established un- 
der stable Cas9 and gRNA expression may not always be ap- 
plicable to the context of transient RNP delivery. The edit- 
ing efficiency of RNP electroporation can also be affected by 
multiple factors, such as the parameters of electroporation 

(voltage and duration), the amount of RNP input, the ratio 

of Cas9 protein to gRNAs, and the version of Cas9, as previ- 
ously demonstrated ( 28 ). 

Second, the knockout efficiency can be significantly affected 

by cell type. Considering that the majority of the previous 
data have been obtained using immortalized cell lines, these 
findings cannot be readily translated to cultured T cells. We 
examined how precisely these tools can predict the target- 
ing efficiency using our data of human T cells electroporated 

with a Cas9 / gRNA RNP complex. Although some of the 
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ools helped to identify optimal targets, they were still insuf-
cient for accurate prediction. The prediction algorithm pro-
ided by IDT was constructed using the data collected through
as9 / gRNA electroporation-mediated knockout, but it did
ot show a significant correlation in our dataset, suggesting
he importance of accumulating T-cell-specific data. 

We demonstrated that epigenetic features have a significant
mpact on gene-editing efficiency. Several groups previously
eported that condensed nucleosomes impede Cas9 binding
o the target region and inhibit DNA cleavage ( 21 ,23 ). In
EK293T cells, chromatin accessibility in the target locus as
easured by DNase I hypersensitivity and histone 3 lysine 4

rimethylation (H3K4me3) deposition was significantly corre-
ated with gene-editing efficiency ( 41 ,57 ). 

On the other hand, Barkal et al. reported that Cas9 it-
elf was able to open the closed chromatin region ( 58 ). Sim-
lar findings were also reported by another group ( 59 ). Since
hese studies introduced Cas9 in different approaches, the
ndings cannot readily be applicable to T cells electroporated
ith Cas9 / gRNA complexes. In fact, we found that the sta-
le expression of Cas9 and gRNAs effectively targeted epi-
enetically closed regions (Supplementary Figure S9). These
esults suggest that chromatin accessibility of the target site
s less important when cells constitutively express Cas9 and
RNAs. Leenay et al. explored multiple chromatin features of
he target locus including epigenetic profiles that affect the ef-
ciency of indel generation and did not eventually incorporate
he chromatin accessibility data in their scoring system ( 40 ).

hile they evaluated indel generation in activated CD4 

+ T
ells, the chromatin accessibility data were obtained from pri-
ary T cells or other cell types. Considering that epigenetic
rofiles are distinct not only among different cell types but
lso among T cells in different conditions (e.g. memory versus
ffector cells, primary vs cultured cells) ( 60 ,61 ), the referred
pigenetic profiles may have been different from the tested T
ells in at least a part of the regions. The unique feature of our
tudy is that we quantified chromatin accessibility at the target
ocus using A T AC-seq data obtained in T cells in the same con-
itions (stimulated and cultured CD8 

+ T cells), which helped
o identify optimized targets. A comparison of the gene-editing
fficiency between T cells and the K562 cell line showed that
he efficiency substantially varied depending on the cell type.
hese results corroborate the importance of referring to the
ell-type specific epigenetic architecture. However, further in-
estigations will be required to explain the data obtained in
ifferent platforms in an integrative manner. 
Dual gRNA targeting is a promising approach to im-

rove the knockout efficiency. As discussed above, Chen et
l. demonstrated that catalytically dead Streptococcus pyo-
enes Cas9 can alter local chromatin structures and make epi-
enetically closed sites accessible to the other Cas9 targeting
roximal regions ( 59 ). Barkal et al. also revealed that Cas9
pens the chromatin region within the surrounding 100 bp
 58 ). These results suggest that using two Cas9 / gRNAs tar-
eting close regions may synergistically enhance each other’s
ccess to the target site, which was compatible with our data.

Gene editing in naïve T cells rather than stimulated T cells
ould be important to elucidate the role of genes in effec-

or differentiation and memory formation. However, naïve
 cells are highly resistant to gene knockout. We demon-
trated that IL-7 preculture enhanced the electroporation effi-
iency of naïve T cells. Also, the resistance of naïve T cells to
RISPR / Cas9 knockout may be associated with their epige-
netic profiles, which differ from those of memory and effector
T cells ( 62 ). In fact, naïve T cells display a more closed chro-
matin structure than activated T cells, which can be remodeled
via IL-7 treatment ( 63–65 ). 

In addition to human T cells, human MSCs have been in-
tensely investigated for clinical application against degenera-
tive, inflammatory, and autoimmune diseases. Genetic modi-
fication in human MSCs can be a useful strategy to enhance
their functions. We confirmed that cell type-specific chromatin
accessibility was also related to the gene editing efficiency in
hMSC-BMs, and the combination of A T AC-seq scores and
CHOPCHOP (Doench 2014) scores further improved the
prediction accuracy. Further studies are needed to determine
whether our workflow is more generally applicable to other
cell types. 

In conclusion, we demonstrated the importance of consider-
ing epigenetic profiles in selecting optimal CRISPR / Cas9 tar-
gets for human T cells. Combining A T AC-seq data and avail-
able prediction tools supported the identification of efficient
gRNA targets. These findings are highly informative for gene
editing in human T cells. 
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