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C-C chemokine receptor type 5 (CCR5) is the main co-receptor
for HIV entry into the target CD4+ cells, and homozygous
CCR5D32/D32 cells are resistant to CCR5-tropic HIV infec-
tion. However, the CCR5D32/D32 homozygous donors in pop-
ulations are rare. Here we developed a simple approach to
induce CCR5D32/D32 homozygotes through CRISPR-Cas9
genome-editing technology. Designing a pair of single-guide
RNA targeting the flank region of the CCR5D32 mutation
locus, we applied the CRISPR-Cas9 and lentiviral pack-
aging system to successfully convert wild-type CCR5 into
CCR5D32/D32 homozygotes in the human Jurkat CD4+ cell
line and primary CD4+ cells, exactly the same as the naturally
occurring CCR5D32/D32mutation. The successful rate is up to
20% in Jurkat cells but less in primary CD4+ cells. Themodified
CCR5D32/D32 CD4+ cells are resistant to CCR5-tropic HIV
infection. Whole-genome sequencing revealed no apparent
off-target sites. This approach has the promise to promote
HIV/AIDS therapy from the only cured unique Berlin patient
to a routine autologous cell-based therapy.
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INTRODUCTION
In 2009, Dr. Hutter reported that a Berlin patient, Mr. Timothy
Brown, who suffered both HIV infection and acute myeloid leukemia,
received allogeneic CCR5D32/D32 bone marrow transplantation.1

The individuals with CCR5D32/D32 homozygous deletion are resis-
tant to CCR5-tropic HIV infection. The Berlin patient showed no
HIV rebound 20 months after the transplantation and the ceasing
of antiretroviral therapy (ART).1,2 Most importantly, he is still
healthy and no HIV rebound has occurred after 9 years of stopping
the ART.2 Namely, he is cured, and the only cured case until now
globally.

Under the encouragement of success in this Berlin patient, CCR5, the
main co-receptor of HIV entry into CD4+ cells, has become an
important target for gene editing anti-HIV therapy.3–8 On the other
hand, as a retrovirus, HIV reversely transcribes its single-stranded
RNA genome into a double-stranded DNA, which integrates into
the human genome.9,10 The integrated viral genome can either
actively promote the production of new virions or remain inactive
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within a CD4+ population of cells.10 Cells harboring inactive viral
genomes, known as latent viruses, are not sensitive to ART, and
they become a viral reservoir capable of producing infectious virus
under altered conditions. Another type of viral reservoir results
from the persistent HIV replication in anatomical sites hard to reach
with drugs, such as lymphoid tissue, brain, or gut.10,11 HIV viruses
still spread through cell-to-cell despite the ART.10 All of these viral
reservoirs contribute to the viral rebound after ART stop, and these
reservoirs are the major barriers to an HIV/AIDS cure.10 The
HIV reservoirs are established during primary infection and matured
in early latent infection.10,12 CCR5-tropic viruses predominate glob-
ally, and they remain dominant throughout the asymptomatic phase
of HIV infection.13,14 Thus, CCR5-tropic viruses are a key target for
downsizing the viral reservoirs and preventing further HIV
replication.

The Berlin patient is a unique case and dependent on the histocom-
patibility-matched CCR5D32/D32 homozygous donors. These
donors occur at a little higher rate in the European Caucasian popu-
lation, but they are very rare in Asians and Africans.15–17 The recently
developed genome-editing technology, such as zinc-finger nuclease
(ZFN), transcription activator-like effector nucleases (TALENs),
and CRISPR and CRISPR-Cas9, provides powerful approaches for
CCR5 artificial modification.8,18,19 These approaches are making it
possible tomodify self-cells to resist HIV infection, and they represent
promising approaches for autologous cell-based therapy. Positive
results have been obtained in both preclinical and clinical trials in
which HIV-infected patients were transplanted with autologous
ZFN-disrupted CCR5 CD4+ cells.20–22 Investigators have also ablated
the entire CCR5 gene, but the long-term adverse effects of CCR5-dis-
rupted cell transplantation are unknown. In contrast, naturally occur-
ring CCR5D32/D32 homozygotes are healthy in the population.
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Figure 1. CRISPR-Cas9-Mediated CCR5D32/D32

Homozygotes in the CD4+ Jurkat Cell Line

(A) CCR5 gene and schematic diagram of CRISPR-Cas9-

mediated CCR5D32 induction. The CCR5D32 mutation

is in red color. PAM is in dark blue color. Nuclease Cas9 is

in light blue color. sgRNA1- and sgRNA2-mediated

Cas9 cleavage sites are labeled with red arrows. (B) T7E1

digestion of 609-bp CCR5 PCR products of wild-

type (WT) and each sgRNA-treated sample, sgRNA1

(sgRNA-1), or sgRNA2 (sgRNA-2), or both (sgRNA1/2).

(C) Sequencing chromatograph of the CCR5 gene, un-

treated (WT) or treated with sgRNA-1 or sgRNA-2. (D)

Real-time qPCR analysis of the CCR5 gene. Error bars

represent the average value of two independent experi-

ments, triplicate in each experiment and triplicate in each

measurement. ***p = 0.0001. (E) DNA sequence align-

ment of the CCR5 gene from the sample treated by

sgRNA1 and sgRNA2. (F) T7E1 digestion of PCR prod-

ucts from CRISPR-Cas9 sgRNA1/2-treated monoclonal

Jurkat cells. PCR product mixture of wild-type with each

sample number 7, 8, 11, 20, and 26 (left panel) and PCR

products of each sample alone (right panel) are shown.

(G) DNA sequence alignment of the CCR5 gene from

CRISPR-Cas9 sgRNA1/2-treated monoclonal Jurkat

cells. Cell clone number is as indicated. Compared to the

wild-type CCR5 gene, some mutations caused by

CRISPR-Cas9 are in the black box.
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Thus, CCR5D32/D32 induction may be a much better approach than
CCR5 disruption. Ye et al.23 successfully created mutant CCR5D32/
D32 homozygotes in induced pluripotent stem cells using the combi-
nation of piggyBac transposon technology and TALENs or CRISPR-
Cas9 technology. While exciting, their technological approach was
complicated. In this paper, we have developed a more simple
approach to induce CCR5D32/D32 homozygotes in human cells
using only the CRISPR-Cas9 technology and a pair of single-guide
RNAs.

RESULTS
CRISPR-Cas9 InducedCCR5D32/D32Mutation in the Jurkat Cell

Line

The CRISPR-Cas9 technology is a single RNA guided and limited by
the protospacer adjacent motif (PAM) recognition, containing
268 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
50NGG30. Fortunately, we found a PAM in the
flank region of antisense DNA of the CCR5
gene and another PAM in the internal antisense
DNA of the CCR5D32 mutation (Figure 1A).
We then designed a pair of single-guide RNAs
(sgRNAs) targeting the CCR5D32 locus,
sgRNA1 and sgRNA2. Cas9 nuclease cut be-
tween the third and fourth nucleotides up-
stream of the PAM site, as the red arrows indi-
cate (Figure 1A; Table S1). Although the
cleavage of the pair of sgRNA1 and sgRNA2
was not exactly as CCR5D32 mutation, sgRNA1
cleavage cut 1 less nucleotide T, and this cut was supplemented with 1
more nucleotide T by sgRNA2 cleavage. Thus, the cleavage of the pair
sgRNA1 and sgRNA2 resulted in an exact CCR5D32 mutation (Fig-
ure 1A) (China patent application 201610028603; US patent applica-
tion PCT/CN2016/079007). The corresponding DNAs of sgRNA1
and sgRNA2 were inserted into the lentiviral vector LentiCRISPRv2
(from Dr. Feng Zhang, McGovern Institute for Brain Research at
MIT, Addgene Catalog 52961). As a nuclease, Cas9 causes DNA dou-
ble-strand breaks (DSBs) under the guide of sgRNAs. DSB recovery is
dependent either on homologous recombination (HR) or non-ho-
mologous end joining (NHEJ). NHEJ results in nucleotide insertions
or deletions (indels) and induces deleterious reading frameshifts.

Next, we investigated whether the sgRNA1 and sgRNA2 work
alone or in combination to induce CCR5 mutation. First, the human



www.moleculartherapy.org
CD4+ Jurkat cell line was used to test sgRNA1, sgRNA2, and the com-
bination. T7 endonuclease 1 (T7E1) can recognize the mismatched
double-stranded DNA. After infection of LentiCRISPRv2 containing
sgRNA1 and/or sgRNA2, we checked the effects of genome editing.
The 609-bp CCR5 gene was amplified from wild-type CCR5 and
each sgRNA-treated sample. The PCR products from sgRNA1-,
sgRNA2-, and combined sgRNA1 and 2-treated samples could be
digested by T7E1, but wild-type CCR5 could not (Figure 1B). These
data indicate that sgRNA1, sgRNA2, or the combination can cause
genome editing and work well.

PCR products of the CCR5 gene were cloned into the TA vector and
sequenced (Table S2). DNA sequencing also confirmed genome
editing of the CCR5 gene and the proportion of CCR5D32 mutation
(Figures 1C and 1E). TA cloning and sequencing showed that 75%
bacterial clones from the combined sgRNA1 and sgRNA2-treated
DNA sample contained CCR5 mutations, and among them 60%
was CCR5D32 mutation, which could not be found in sgRNA1 or
sgRNA2 singly treated sample (Figures 1C–1E). The other 15% bac-
terial clones contained non-specific indels (Figure 1E). Real-time
qPCR, using sense primer complementary to the CCR5D32 deletion
and antisense primer complementary to the region downstream of the
CCR5D32 deletion, further confirmed the significant reduction of the
wild-type CCR5 gene (Figure 1D).

We then isolated monoclonal mutated cell clones through serial dilu-
tion in a 96-well plate, ensuring roughly one cell/well. Because the
vector LentiCRISPRv2 contains a puromycin-screening marker, the
LentiCRISPRv2-uninfected Jurkat cells would be killed by puromy-
cin. In 29 randomly selected puromycin-resistant cell clones, all of
them were digested by T7E1 (Figure S1), indicating that all of them
had the CCR5 mutation. Among 29 cell clones, we randomly selected
5 clones (numbers 7, 8, 11, 20, and 26; Figure 1F) for further analysis.
Interestingly, the 609-bp CCR5 PCR product mixtures of wild-type
CCR5 and each cell clone could be digested by T7E1 (Figure 1F,
left panel). However, the CCR5 PCR products of each cell clone alone
could be digested by T7E1 except cell clone 20 (Figure 1F, right
panel). DNA sequencing confirmed that the number 20 cell clone
was CCR5D32/D32 homozygotes. The other cell clones were other
types of CCR5D32 mutations (Figure 1G). Therefore, we successfully
obtained the CCR5D32/D32 homozygous Jurkat cells.

CRISPR-Cas9 Induced CCR5D32/D32 Mutation in Primary CD4+

Cells

Since CD4+ cells are the target cells of HIV, we then tried this
approach in primary CD4+ cells. Primary CD4+ cells from peripheral
blood mononuclear cells (PBMCs) of a healthy donor were isolated.
The experimental procedure of CRISPR-Cas9 application in primary
CD4+ cells is illustrated in Figure 2A. After sgRNA1- and 2-contain-
ing LentiCRISPEv2 infection and 12 days of puromycin screening,
DNA was extracted from the puromycin-resistant cells and the
CCR5 gene was amplified by PCR again. T7E1 digestion assay also
illustrated the genome-editing effect of this sgRNA1- and sgRNA2-
specific CRISPR-Cas9 technology again (Figure 2B). Real-time
qPCR also confirmed the significant reduction of the wild-type
CCR5 gene, and the mutation efficiency was 45%–55% (Figure 2C).
PCR products were cloned into the TA vector for sequencing.

In the selected 30 bacterial monoclonal colonies, only 18 clones car-
ried the CCR5 gene mutations (18/30, 60%), and among them 6
clones were the CCR5D32 deletion (6/30, 20%) and the other 12
clones (12/30, 40%) were an unwanted non-CCR5D32 deletion (Fig-
ure 2D). The CCR5D32 induction frequency was obviously lower in
primary CD4+ cells (20%) than in Jurkat cells (60%) (Figures 1E
and 2D). Like Jurkat cells, we tried to isolate monoclonal cells through
limiting dilution method. Unfortunately, for some unknown reasons,
we were unable to isolate the monoclonal primary CD4+ cells. Next,
sgRNA1 and sgRNA2 CRISPR-Cas9-induced primary CD4+ cells
were challenged with HIV. As expected, these induced primary
CD4+ CCR5D32 cells were resistant to CCR5-tropic virus infection
compared to wild-type primary CD4+ cells, when 4 ng CCR5-tropic
HIV-1397PXJ virus was used (Figure 2E).

Off-Target Analysis in the Primary CD4+ Cells

Because CRISPR-Cas9 technology could cause an off-target effect, we
analyzed themost possible sites in human genome. Computer analysis
predicted the most possible off-target sites in human chromosomes, 8
sites for sgRNA1 and 7 sites for sgRNA2 (Table S3). T7E1 digestion
clearly showed that all of the 8 sites for sgRNA1 and 7 sites for sgRNA2
had no off-target effects in the primary CD4+ cells (Figure 3A).

Except T7E1 digestion assay, another simple and quantitative assess-
ment of genome editing is TIDE (Tracking of Indels by Decomposi-
tion) analysis.24 TIDE required two parallel PCR reactions for the cell
pool and sequencing, and the sequencing data were then analyzed on
the R-coded online software (https://tide.nki.nl). We performed
TIDE analysis on the 15 potential off-target sites (Figure 3B; Table
S4). TIDE showed that, on the cell pools, the on-target editing (indel
equals 0) was significantly highly efficient with the rate >90% (Fig-
ure 3B). For the sites of on-target editing lower than 90%, we per-
formed two PCRs, one was forward and the other was reverse.
TIDE analysis still showed the high on-target efficiency >84% (Fig-
ure 3B). Most off-target indels were lower than 1% (Figure 3B).

To further confirm the off-target effect, whole-genome sequencing
(WGS) was performed (Figures 3C–3E). Compared to human
genome GRCh37/HG19, 733,564 sites were joint indels in wild-type
CD4+ cells and sgRNA1/2-induced CD4+ cells, while there were
67,458 indels in wild-type CD4+ cells and 67,775 indels in
sgRNA1/2-induced CD4+ cells (Figure 3C), respectively. In contrast
to the 49 most possible off-target sites (above 15 sites plus 34 sites in
the Materials and Methods; Table S5), 6 indels were all joint sites,
which showed no off-target effect (Table S6).

Because of the sequencing error or heterogenicity of cells, the above
analysis may be misleading. To ensure the data reliability, more
than 20 times of repeat coverage for each site was calculated.
Compared to human genome GRCh37/HG19, 327,092 sites were
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 269
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joint indels in wild-type CD4+ cells and sgRNA1/2-induced CD4+
cells, while there were 4,644 indels in wild-type CD4+ cells and
4,658 indels in sgRNA1/2-induced CD4+ cells, respectively (Fig-
ure 3D, upper panel). In the 49 most possible off-target sites, 4 indels
were all joint sites, and there were no off-target sites in sgRNA1/2-
induced CD4+ cells (Figure 3D, lower panel; Table S6). We also
analyzed single-nucleotide variants (SNVs). Compared to human
genome GRCh37/HG19, 2,731,772 sites were common SNVs in
wild-type CD4+ cells and sgRNA1/2-induced CD4+ cells, while there
are 1,925 SNVs in wild-type CD4+ cells and 1,891 SNVs in sgRNA1/
2-induced CD4+ cells, respectively (Figure 3E, upper panel). In the 49
most possible off-target sites, 17 SNVs were all joint sites, and there
were no off-target SNVs in sgRNA1/2-induced CD4+ cells (Figure 3E;
Table S7).

CRISPR-Cas9 with One-Cassette sgRNA

To simplify the process, we tried to put two sgRNAs, sgRNA1 and
sgRNA2, into a cassette in one plasmid. Figure 4A shows the T7E1
digestion result of this strategy, indicating this strategy works well.
Real-time qPCR and sequencing illustrated the efficacy of this
CCR5-targeting CRISPR-Cas9 strategy (Figures 4B and 4C).
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DISCUSSION
In this study, we successfully converted wild-
type CCR5 genes into CCR5D32/D32 homozy-
gotes in a CD4+ Jurkat cell line and in primary
human CD4+ cells by using CRISPR-Cas9 tech-
nology. This approach is simple and effective,
better than the previous combination use of
piggyBac transposon technology and TALENs
or CRISPR-Cas9 technology.23 This approach
should be easily transferred to hematopoietic
stem and progenitor cells (HSPCs), which are
longer-lasting than primary CD4+ cells. Ye
et al.23 employed the induced pluripotent stem
cells (iPSCs). However, the safety of iPSCs is
still under study. CRISPR-Cas9 safety is another concern before
applying the technique for clinical use. Dual safety problems are
enough to prohibit the clinical use of this therapy. Thus, we did not
try it in iPSCs. In other studies, adenovirus delivery system or
mRNA electroporation was applied, in contrast to the lentiviral
delivery system in this study. This CRISPR-Cas9 approach in this
study is easily transferred to mRNA electroporation. The lentiviral
delivery system can be used ex vivo, but not in vivo.

Following analysis of the Berlin patient, Dr. Hutter reported another
six HIV-infected patients received bonemarrow transplantation from
donors of CCR5D32/D32 homozygotes. But none of these transplan-
tations succeeded. All patients died either from infections or from the
relapse of lymphoma within 1 year.25 Kordelas and colleagues26 also
reported a failed case, where the patient died from the CXCR4-tropic
variant rapid rebound after the transplantation. Therefore, CXCR4-
tropic or dual-tropic HIV viruses are enough to ruin the goal of an
HIV/AIDS cure based on CCR5-targeting therapy. The Berlin patient
benefited from the primary presence of the CCR5-tropic viruses.
Disrupting the CXCR4 gene may not be a practical approach, because
CXCR4 plays an important role in hematopoietic stem cell homing
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Figure 3. Off-Target Analysis in the Primary CD4+ Cells

(A) T7E1 digestion of sgRNA1- (upper panel) and sgRNA2-treated primary CD4+ cells (lower panel) in the most possible off-target sites. (B) TIDE analysis of 15 potential off-

target sites. (C) Whole-genome sequencing (WGS) shows the joint and respective indels of wild-type or sgRNA1/2-induced CCR5 gene (upper panel) and 49 most possible

indels (lower panel). (D) WGS indel data were reanalyzed when the sites were covered more than 20 times by sequencing. (E) WGS shows the joint and respective SNVs of

wild-type or sgRNA1/2-induced CCR5 gene (upper panel) and 49 most possible SNVs (lower panel), when the sites were covered more than 20 times by sequencing.
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and retention.9 However, we do find CCR5-only-tropic virus infec-
tions. Circulating Recombinant Form 07_BC (CRF07_BC) is the
most predominant epidemic HIV-1 viruses in China. Until now, all
of isolated CRF07-BC viruses are CCR5 tropic, and CXCR4-tropic
(X4) viruses have thus far not been found in CRF07_BC.27 Moreover,
Zhang et al.27 tried to artificially mutate CRF07-BC Env V3 loop into
CXCR4-like amino acids, such as two amino acid insertions between
positions 13 and 14, as well as an arginine substitution at position 11
or 16 (IG insertion and P16R mutation or MG insertion and S11R
mutation). These CXCR4-like mutations in CRF07-BC completely
abrogated virus infectivity.27 Therefore, natural or artificial mutated
CRF07-BC viruses are all CCR5 tropic. This is good news for this
study. At least we can apply a CCR5-targeting strategy in CCR5-
tropic virus, such as HIV-1 CRF07-BC.

Toward the HIV/AIDS cure, this study offers a simple approach to
induce HIV-1 resistance in cells homozygous for the CCR5D32/
D32 mutant genes. We were surprised to find that, in 29 puromy-
cin-resistant sgRNA1/2-specfic CRISPR-Cas9-induced Jurkat cell
clones, all of them harbored CCR5 mutations (100%). Among 29
cell clones, we randomly selected 5 clones, and only one of these
(20%, 1/5) was a CCR5D32/D32 homozygote. However, the TA
cloning and sequencing showed that �75% mutation is CCR5D32
monoallelic or biallelic mutation. Thus, we estimate that the
CCR5D32/D32 homozygote induction rate is 15%–20% in Jurkat
cells. This efficiency is lower in primary CD4+ cells, which is esti-
mated around <11% (1/5 of 45%–55%). In this study, we did not
get monoclonal primary CD4+ cells. This could be a lack of some
cytokines or enough cell density. In the clinical use of this approach,
we also should develop a simple way to select the CCR5D32/D32 ho-
mozygotes. Flow cytometry does not seem to work, because there is
272 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
no specific antibody distinguishing between
CCR5D32/D32 homozygotes from other types
of CCR5 mutations.

The top concern for the clinical use of CRISPR-
Cas9 technology is safety. Off-target alterations
must be avoided to ensure genome integrity and
proper cellular function. WGS found no off-
target effects among the top 49 predicted off-target sites. WGS did
find 4,658 indels and 1,891 SNVs in sgRNA1/2-induced CD4+ cells
(Figures 3D and 3E), but these were absent in wild-type CD4+ cells.
This finding is similar to the Schaefer report,28 which showed the un-
expectedmutations in CRISPR-Cas9-edited mice. Schaefer concluded
that these mutations were caused by CRISPR-Cas9 editing.28 How-
ever, we also found 4,644 indels and 1,925 SNVs in wild-type
CD4+ only, and these were absent in sgRNA1/2-induced CD4+ cells.
These two numbers are comparable. Therefore, indels and SNVs
showed by WGS could not be concluded to be caused by CRISPR-
Cas9 editing. Cellular heterogenicity may be a possible explanation.

Although TIDE analysis and WGS showed no apparent off-target
effects, we did find unexpected on-target CCR5 mutations (Figures
1E, 1G, 2D, and 4C). These mutations would sometimes be like
CCR5D32/D32 homozygotes, but with unexpected indels or point
mutations. The only way to distinguish these mutations from the ex-
pected CCR5D32/D32 mutation is through sequencing.

This study is relevant to the HIV field, but the concept of specifically
deleting a region of genomic DNA is also important to geneticists and
molecular biologists who are interested in generating knockout cell
lines or animals.

In summary, this study successfully induced the CCR5D32/D32
homozygotes. This approach and other studies are pushing forward
the unique Berlin patient to a cell-based HIV/AIDS cure.

MATERIALS AND METHODS
The Research Ethics Community of School of Medicine, Nankai Uni-
versity reviewed and approved this study.
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Plasmids and Cell Culture

The lentiviral vector LentiCRISPRv2 (from Dr. Feng Zhang,
McGovern Institute for Brain Research at MIT, Addgene Catalog
52961), lentiviral packaging plasmid psPAX2, and VSVG enve-
lope-expressing plasmid PMD2.G were used in this study. The
sequences of sgRNAs and primers are listed in Tables S1 and S2.
HEK293T (CRL-11268) cells and human acute T cell leukemia cell
line Jurkat E6-1 (TIB-152) were obtained from American Type
Culture Collection (ATCC).

T7E1 Analysis, TA Cloning, and Sequencing

The genomic DNA from wild-type cells and lentivirus-infected cells
were extracted using the DNA extraction kit (Axygen). DNA frag-
ments across the target sites were amplified by PCR, and analyzed
with T7E1 (Polymath Technology). PCR products of interest were
cloned into a T vector using a TA cloning kit (Thermo Fisher Scien-
tific). The genotypes of 20–30 bacterial clones were analyzed by DNA
sequencing.

HIV-1 Challenge

The CCR5-tropic HIV-1397PXJ virus for challenging test in this study
was obtained from the laboratory of Professor Yiming Shao (Chinese
Centers for Disease Control and Prevention).

Off-Target Analysis

All potential off-target sites of sgRNA1 and sgRNA2 were pre-
dicted using Dr. Feng Zhang’s CRISPR design website (http://
crispr.mit.edu:8079/). 15 potential sites were selected, of which 8
were potential off-target sites for sgRNA1 and 7 for sgRNA2 (Table
S3). The PCR primers for off-target analysis are listed in the sup-
porting Table S4, and the PCR products alone were analyzed by
T7E1 assay.

sgRNA needs to recognize the target sequence by base complemen-
tary pairing, and the 8–12 bp nearest the PAM region is the most
critical. According to this principle, 34 potential off-target sites with
the same 8 bp nearest the PAM side were picked, of which 11 were
potential off-target sites for sgRNA1 and 23 were potential off-target
sites for sgRNA2 (Table S5). These sites were analyzed in the results of
WGS according to their locations.

TIDE Analysis

TIDE analysis was performed according to Brinkman et al.24 Briefly,
for 15 potential off-target sites, PCR was conducted and followed by
sequencing. The sequencing data were analyzed using the online soft-
ware (https://tide.nki.nl).

WGS

WGS was performed on the Illumina Hiseq platform at The Beijing
Genomics Institute (BGI). The sequencing depth was 30 times. The
raw data then were filtered and mapped to the human reference
genome GRCh37/HG19. The genomic variations, including indels
and SNVs, were detected by the Haplotype Caller of GATK
(v.3.3.0) (Tables S6 and S7).
Statistical Analysis

All statistical analyses were performed using statistical software, and
the difference between the two groups was determined using the two-
tailed upaired t test with Welch’s correction when the confidence
intervals were 95%.
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Figure S1. T7E1 digestion of CCR5 PCR products from CRISPR-Cas9 sgRNA1/2 treated 
                  puromycin-resistant monoclonal Jurkat cells. 

Sequence ( 5' to 3' )  sgRNA

Table S1.   sgRNA for this study

sgRNA-1

sgRNA-2

CAGAAUUGAUACUGACUGUA

AGAUGACUAUCUUUAAUGUC 



Reverse primer ( 5' to 3' ) Forward primer ( 5' to 3' )  Name

CCR5 TCTTCTTCATCATCCTCCTG GTTTGGCAATGTGCTTTT

sgRNA1-2 TTAAGAATTCGAGGGCCTATTTCCCATGAT TAGCGAATTCAAAAAAGCACCGAC

real-time-CCR5

real-time-β-actin

GGAAGAATTTCCAGACA CTTCTCATTTCGACACC

CACCTTCTACAATGAGCTGCGTGTG ATAGCACAGCCTGGATAGCAACGTAC

Table S2.   Primers for amplifying CCR5 gene, constructing plamid and qPCR 

Application

Amplifying CCR5 gene 
across the target sites

Constructing lentiCRISPRv2
containing sgRNA-1 and 
sgRNA-2

Amplifying CCR5 gene  
for quantitative analysis

Amplifying β-actin gene  
for quantitative analysis

Product size (bp)

609

372

116

158

OrdersgRNA Chromosome Strand Mismatchs Score Sequence ( 5' to 3' )  

sgRNA-1

sgRNA-2

                                                                        
                                                                           
                                                                               
                                                                
                                                                
                                                                
                                                                 
                                                                              

                                                                     
                                                                     
                                                                                  
                                                                                    
                                                                        
                                                                        
                                                            

1
2
3
4
5
6
7
8

1
2
3
4
5
6
7

chr13
chr8
chr11
chr8
chr12
che10
chr4
chr1

chr3
chr4
chr7
chr3
chrX
chr1
chr2

 1
-1
 1
-1
-1
-1
 1
 1

-1
 1
-1
 1
-1
-1
-1

2
3
3
4
4
3
3
4

3
3
3
3
4
4
4

3.264103
2.392593
1.040778
0.7171
0.412429
0.195685
1.196118
0.919204

0.968125
0.929725
0.869432
0.854042
0.770556
0.485165
0.328114 

TAGAATTGATACTGTCTGTATGG
TATATTTGATACTGACTGTAAGG
CACAATTAATACTGACTGCAAAG
AAAGATTGATAATGACTGTATGG
CAAAATTCCTACTGACTGTGTGG
CAGAACTGATTCTGACTTTAGGG
CAAAATTAATACTGACAGTAAAG
GCAAATAGATACTGACTGTAGAG

AGATGATGTTCTTTAATGTCAAG
AAATGACTTTTTTTAATGTCCAG
AGGTGACTCTCTTTAATGTGAGG
ACATGATTATCTTTAAAGTCAGG
AGGCCACTATTTTTAATGTCTGG
AAATTACTTTTTTTAATGTCTGG
ATATGGATATTTTTAATGTCTGG

Table S3.   Information of 15 potential off-target sites 



Reverse primer ( 5' to 3' ) Product size (bp)Forward primer ( 5' to 3' ) sgRNA Order

sgRNA-1

sgRNA-2

1
2
3
4
5
6
7
8

1
2
3
4
5
6
7

TCTCGGTGCTAACTGGAT
CTATTCGGACAGGTTTAT
CCTATCTCATAATGGGAACT
TTCAGAAATCCCTCACAG
ACCAGGAGTGAGACAGAT
GGTGGCGGAGTGATAAGC
CTCGTCCTTATTTGCTAC
ACAGGGTGGAGTTCTTTC

AATAAATGGCCTGGCTTA
GATGGGAATGATTAGAAG
TCAGGGACCTTGTCTTTT
AAACTTCTACCCACTCCC
AACGGAGGTCCATTTAGT
AGCCTGGGAGGGAAGAGT
TCAGTTTGTGGGCTCTTA
TGTTACCAGGGTCGTGAG

CACTATCTGATACAGGAGCCA
TCTTCTAAGCCATCCTAT
TTATTAAAGGACCTGGGTG
TCACCACCTTGTCATAAT
AAGATGGTGCTTTGTTGC
CATTCAGAACCTGCCAATA
CGGTCTGATTTCTTAGGT

CTGGAGGAAGCAAGGTGA
CATACCTTCGTGCATAAC
TCTGCTGGGAATTATGCT
TGGCACCTAATAAACACT
AGAGCCAAGGTTGAGAAT
TGTTACCTGGAGCCAATC
CAAGTAGGTTGGCTGTAT

 563
 625
 507
 577
 779
 523
 832
 599

 644
 582
 640
 727
 680
 784
 551

Table S4.   Primers for amplifying 15 potential off-target sites 

OrdersgRNA Chromosome Strand Mismatchs Score Sequence ( 5' to 3' )

sgRNA-1

sgRNA-2

                      
                                     
                       
                     
                      
                      
                           
                          
                         
                          
                     

        
      
       
      
                  
       
      
      
      
       
        
                    
       
        
       
      
     
                     
                     
        
      
       
       

 1
 2
 3
 4
 5 
 6
 7
 8
 9
10
11

 1 
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

chr5
chrX
chr4
chr3
chr20
chrY
chr5
chr7
chr2
chr17
chr19

chr12
chr4
chr7
chr7
chr8
chr8
chr2
chr2
chr13
chr8
chr5
chr18
chr11
chr21
chr5
chr8
chr12
chr9
chr8
chr5
chr2
chr6
chr6

 1
-1
 1
-1
 1
 1
 1
 1
 1
-1
-1

 1
-1
-1
-1
 1
-1
-1
-1
 1
 1
 1
-1
-1
 1
-1
-1
-1
 1
 1
 1
-1
 1
 1

4
4
4
4
4
4
4
4
4
4
4

3
4
4
4
3
4
4
4
4
4
4
4
4
4
4
4
4
3
4
4
4
4
4

0.899986
0.63923
0.638056
0.556119
0.542337
0.497494
0.423293
0.412612
0.409264
0.289109
0.28003 

TAGATTAGAGACTGACTGTACAG
CATAATTAACATTGACTGTATAG
CAGTCTTGAGAGTGACTGTATGG
GATAAAAGATACTGACTGTATGG
CTGATTGGATTCTGACTGTAGAG
CAACACTGTTACTGACTGTACAG
CAGTATTTTTAATGACTGTATAG
CAGATATAATAGTGACTGTACAG
GAGAATTGCAAGTGACTGTAAAG
CAGTATAGCTAGTGACTGTATAG
CAGACCTGGTCCTGACTGTATAG    

1.517516
1.296863
0.905329
0.904531
0.81265
0.807015
0.784602
0.782934
0.697697
0.669827
0.578474
0.488624
0.480401
0.478373
0.442449
0.423293
0.254014
0.39575
0.35551 
0.329465
0.293525
0.293525
0.262611 

AGAGTACTTTCTTTAATGTCAAG
AAATTACAACCTTTAATGTCAAG
ATGTTAATATCTTTAATGTCTAG
AGAAAAACATCTTTAATGTCTAG
AGGTGACTTTCATTAATGTCAAG
TTATGACAATTTTTAATGTCTAG
AAATTTCTAGCTTTAATGTCCAG
AATTAACTATATTTAATGTCCAG
AGATCACCAAATTTAATGTCAAG
TAATGACTAACATTAATGTCTAG
AAATTAATTTCTTTAATGTCTAG
ATATTAATATCATTAATGTCAAG
ACATTTCTATGTTTAATGTCTAG
ATGTGACTTTTTTTAATGTCTAG
AAATGTCTACATTTAATGTCTGG
AGAGTACTTTCCTTAATGTCAAG
AGATGGCTTGATTTAATGTCTGG
AGATGACTCTGGTTAATGTCTAG
TGATGTTTTTCTTTAATGTCCAG
AGATGTAGTTCTTTAATGTCTAG
AAATGGCTTTTTTTAATGTCAAG
ACATGTCTTTTTTTAATGTCAAG
AGAGGAATATGATTAATGTCCAG  

Table S5.   Information of 34 potential off-target sites 



sgRNA
Target sites

Chr Position Sequence ( 5' to 3' )
Indels Group

 Chr Position Reference Mutation Gene

                                                                                                                                                                                     

                                                                                                                                                                                                                                                                                      1       1
                                                                                                                                          
                                                                                                                  
                  32346002                                                                                                                                              
                                                                                                                        

WT sgRNA1/2

sgRNA-1

sgRNA-2

chr13      AGATCACCAAATTTAATGTCAAG   chr13

chr7

chr12
chr4
chr2
chr6

116721734

101090256
173334767
191608841
7818465

CAGATATAATAGTGACTGTACAG

AGAGTACTTTCTTTAATGTCAAG
AAATTACAACCTTTAATGTCAAG
AAATGGCTTTTTTTAATGTCAAG
ACATGTCTTTTTTTAATGTCAAG 

chr7

chr12
chr4
chr2
chr6

116721946

101090121 
173334806
191608793 
 7818565
 32346144
 32345928   

T

G
GT
A
G
T
T  

TGAGAGA

   GA
   G
   ACT
   GA
   TAA
   TAA

het

het
hom
het
het
het
het

1

1
1
1
1
1
1

1

1
1
1
1
1
1

Table S6.   Distribution of 6 and 4 Indels in the wide-type and sgRNA1/2 group

The red part indicates the four Indels when the whole genome sequencing were covered by at least 20× repeats in the wide-type 
and sgRNA1/2 group.

sgRNA
Target sites

Chr Position Sequence ( 5' to 3' )
SNVs Group

 Chr Position Reference Mutation Gene WT sgRNA1/2

sgRNA-1

sgRNA-2

                                                                                     
                                                                                                                                                                                
                                                                                                                                                                
                                                                                                                                              
                                                                                                                                                         

chr13 54263119 TAGAATTGATACTGTCTGTATGG chr13

                                                                                                                                                
                                                                                                                                                                             

      

chr4 27944663
 
  chr12     101090256        AGAGTACTTTCTTTAATGTCAAG    chr12                         
                                                                                                                                                
                                                                                                                                                  

chr2 159448454 AAATTTCTAGCTTTAATGTCCAG

chr13    32346002         AGATCACCAAATTTAATGTCAAG  chr13                                                    
chr5       18818030         AAATTAATTTCTTTAATGTCTAG  chr5                                        
                                                                                                                                           
                                                                                                                                                                                                                                                                                                                           
                                                                                                                                
                                                                                                          
                                                                                                                     
                                                                                                                       

                                                    

chr8
chr12
chr4
chr17
chr19

139024558
67433224
179505551
9510334
3152159 

chr8
chr12
chr4
chr17
chr19

TATATTTGATACTGACTGTAAGG
CAAAATTCCTACTGACTGTGTGG
CAAAATTAATACTGACAGTAAAG
CAGTATAGCTAGTGACTGTATAG
CAGACCTGGTCCTGACTGTATAG

54262910
54263249
139024326
67433136
179505530
 9510599
 3152298

G
C
A
A
G
A
C

T
T
G
C
C
G
T

het
het
hom
hom
hom
hom
hom

1
1
1
1
1
1
1

1
1
1
1
1
1
1

AAATGACTTTTTTTAATGTCCAG chr4

chr2

chr8
chr9
chr8
chr5
chr2

chr18 41236144 ATATTAATATCATTAATGTCAAG chr18

63481472
132110847
3892234
72612523
191608841 

AGAGTACTTTCCTTAATGTCAAG
AGATGACTCTGGTTAATGTCTAG
TGATGTTTTTCTTTAATGTCCAG
AGATGTAGTTCTTTAATGTCTAG
AAATGGCTTTTTTTAATGTCAAG

chr8
chr9
chr8
chr5
chr2

27944440
27944883
101090545
159448238
159448306
 32345752
18817870
 41236042
 41236054
 63481760
132110836
 3892017
 72612727
191608752 

A
T
G
G
G
T
A
G
G
G
C
C
A
A

T
A
T
A
C
C
G
A
A
A
T
A
G
G

het
hom
hom
het
het
het
het
hom
het
hom
hom
het
hom
het

1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1

Table S7.   Distribution of 17 SNVs in the wide-type and sgRNA1/2 group
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