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Transplantation of hematopoietic stem cells (HSCs) with a
naturally occurring CCR5mutation confers a loss of detectable
HIV-1 in the patient,making ablation of theCCR5 gene inHSCs
an ideal therapy for an HIV-1 cure. Although CCR5 disruption
has been attempted in CD4+ T cells and hematopoietic stem/
progenitor cells (HSPCs), efficient gene editing with high spec-
ificity and long-term therapeutic potential remains amajor chal-
lenge for clinical translation. Here, we established a CRISPR/
Cas9 gene editing system in human CD34+HSPCs and achieved
efficient CCR5 ablation evaluated in long-term reconstituted
NOD/Prkdcscid/IL-2Rgnullmice. TheCCR5disruption efficiency
in our system remained robust in secondary transplanted repo-
pulating hematopoietic cells.More importantly, anHIV-1 resis-
tance effect was observed as indicated by significant reduction of
virus titration and enrichment of human CD4+ T cells. Hence,
we successfully established a CRISPR/Cas9 mediated CCR5
ablating system in long-term HSCs, which confers HIV-1 resis-
tance in vivo. Our study provides evidence for translating CCR5
gene-edited HSC transplantation for an HIV cure to the clinic.

INTRODUCTION
Hematopoietic stem cell (HSC) transplantation has been widely and
successfully applied to treatments of blood diseases. CCR5 is the key
chemokine receptor for HIV to enter targeted human hematopoietic
cells.1 Individuals with a homozygous CCR5 mutation show resis-
tance to HIV-1 infection.2,3 The allo-transplantation of HSCs with
naturally occurring CCR5 mutation into an HIV-1 patient resulted
in a loss of detectable HIV-1.4,5 These suggest that transplantation
of CCR5-ablated HSCs would be a promising gene therapy approach
for an HIV-1 cure.

Several studies have shown that zinc-finger nucleases (ZFNs) could be
used to disrupt CCR5 in human CD34+ hematopoietic stem/progeni-
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tor cells (HSPCs) despite some off-target cleavage events.6–8 More-
over, immunodeficient mice reconstituted with CCR5-disrupted
HSPCs show anti-HIV infection and CCR5 disruption enrichment af-
ter HIV-1 challenge.6 CRISPR/Cas9 has been used in an attempt to
disrupt CCR5 in hematopoietic progenitor cells.9 However, CRISPR/
Cas9 mediated CCR5 disruption in long-term repopulating HSCs
has not been fully illustrated, and its HIV-1 prevention effect remains
to be evaluated.

In this study, we established a CRISPR/Cas9 gene editing and non-
viral transfection system in HSPCs with high cleavage efficiency
and low off-target effect. Moreover, we achieved robust CCR5 disrup-
tion evaluated in both long-term reconstituted and secondary trans-
planted mice and observed a significant anti-viral effect in vivo.
RESULTS
Development of an Efficient CCR5 Ablation System Based on

CRISPR/Cas9 with a Minimal Off-Target Effect

To efficiently disrupt the human CCR5 gene, we rationally designed
and screened a series of single guideRNAs (sgRNAs) targeting the locus
from the beginning of the first exon to theD32mutation site in the hu-
manCCR5 gene (Figure 1A). These sgRNAs were paired and truncated
an Society of Gene and Cell Therapy.
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Figure 1. Efficient CCR5 Ablation In Vitro and In Vivo

(A) Flowchart of sgRNA pair selection. The off-target effects of sgRNA pairs were predicted using multiple bioinformatic prediction tools, and high off-target pairs were

eliminated. The remaining pairs were transfectedwith CRISPR/Cas9 into a cell line, and the cleavage efficiency was determined using T7 endonuclease I (T7EI) assay. (B) T7EI

assay of CCR5 gene ablation in K562 cells and human CD34+ cells in a representative experiment. (C) Human CD34+ cells treated with the CRISPR/Cas9 system were

analyzed in the CFU assay, and different types of colonies were presented. Scale bars, 200 mm. (D) Various types of colonies were counted for CRISPR/Cas9-treated or non-

treated CD34+ cells. (E) Human CD45+ cell reconstitution was evaluated in peripheral blood in NPG mice transplanted with gene-edited HSPCs. Robust reconstitution was

detected in mice from 6 to 12 weeks post-transplantation (mean values, 0.9%, 2.2%, 9.6%, and 9.9%; n = 9). (F) Human hematopoietic cell reconstitution ofCCR5-disrupted

or non-treated HSPCs in mouse peripheral blood lymphocytes collected at week 12 (mean ± SEM, n = 9). (G) Representative assay showing efficient humanCCR5 disruption

in peripheral blood of reconstituted mice 12 weeks after transplantation. The PCR products (647 bp) were digested into two fragments (465 and 182 bp), indicating effective

CCR5 disruption. DCCR5, CCR5 gene ablation; Ctrl, non-treatment control.
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into 17–18 bp,10 followed by construction into an optimized scaffold.11

Screening with multiple bioinformatic prediction tools12,13 was per-
formed to eliminate sgRNAs with high non-specific binding potential
and improve gene editing efficiency. After removing those with high
off-target potential, sgRNA pairs were co-nucleofected with Cas9
(Streptococcus pyogenes) into K562 cells to test the cleavage efficiency.
Using the selected sgRNA pair, we achieved an average of 42% (±2.1%,
n = 3) cleavage efficiency in K562 cells, detected using T7 endonuclease
I (T7EI) assay (Figure 1B, representative data) and sequencing.

Then, high-throughput whole-genome sequencing (100�) was per-
formed to evaluate the non-specific gene targeting in K562 cells. At
a genome-wide coverage, we observed only one potential non-specific
site (chromosome 4 [chr4]: 18476075-18476173), which was not
located in an annotated gene coding or functional region. Moreover,
no off-target in human CCR2 gene locus was detected in our experi-
ment, which has a sequence highly similar to CCR5.

CCR5 Disruption in CD34+ HSPCs without Impairing

Differentiation Activity In Vitro

Using serum-free culture medium and nucleofection conditions, we
achieved CCR5 ablation of 27% (±5.4%, n = 3) in human CD34+

HSPCs in vitro detected using T7EI assay (Figure 1B) and sequencing.
Furthermore, colony-forming unit (CFU) assay was performed to
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examine the multi-lineage differentiation potential of CD34+ HSPCs
after gene editing treatment, and various types of colonies (Figure 1C)
were observed. Regardless of whether the CCR5 gene editing was per-
formed, comparable colony types and numbers (Figure 1D) suggested
that colony-forming potential was not affected by gene editing. In
addition, we have detected as high as 45% of colonies with CCR5
disruption. The percentage of biallelic disruption was 44% in all edi-
ted colonies.

Treated HSPCs Produce CCR5-Ablated Hematopoietic Cells

and Multi-lineage Progeny in Long-Term Reconstituted Mice

To evaluate theCCR5 disruption and the hematopoietic potential, hu-
man CD34+ HSPCs with CCR5-ablating treatment were transplanted
into non-obese diabetic (NOD)/Prkdcscid/IL-2Rgnull (NPG) mice and
resulted in rapid and efficient reconstitution in all mice (Figure 1E). In
an average of 8.3% of human CD45+ cells, engraftment was detected
12 weeks post-transplantation, which was comparable with the per-
centage in control mice transplanted with non-edited CD34+ cells
(Figure 1F). To determine the CCR5 editing efficiency, the genomic
DNA extracted from the peripheral blood cells of five reconstituted
mice 12 weeks post-transplantation was analyzed using T7EI assay
(Figure 1G). The average CCR5 cleavage efficiency was 32.2%
(±1.6%, n = 5), determined by sequencing.

Long-term HSCs, a rare population of CD34+ cells, support lifetime
hematopoiesis by self-renewing and differentiating into all lineages.
To confirm whether long-term repopulating HSCs were edited with
our strategy, we sampled peripheral blood from 12 mice reconstituted
for 30 to 47 weeks and conducted T7EI assay, followed by confirma-
tion using Sanger sequencing. The average ablating efficiency at the
CCR5 targeting locus was 31.2% (±4.9%), which was consistent
with that of 12-week assay.

Next, we evaluated the multi-lineage reconstitution potential of hu-
man gene-edited HSPCs in long-term reconstituted NPG mice.
High proportions of human cell chimerism and human CD3+,
CD4+, and CD8+ T cells were detected in multiple hematopoietic
and immune organs (Figure 2A), which was comparable with control
mice. In addition, B cells, myeloid cells, and natural killer (NK) cells
were observed (Figure 2B). These data indicated that treated HSPCs
maintained the activity of long-term hematopoietic repopulating
and differentiation into all hematopoietic lineages.

High Proportion of Frameshift Mutations in Disrupted CCR5

Locus

We then tested the ratio of frameshift mutations on human CCR5 lo-
cus in peripheral lymphocytes from long-term reconstituted mice,
because this type of mutation has a higher probability to induce pro-
tein dysfunction. Sequencing data from the reconstitutedmice implied
a predictable 35-bp deletion in 107 of 122 insertion or deletion (indel)
events (Figure 2C), confirming a high-frequency predictable deletion.
The frequency of the CCR5 mutation with frameshift was 95%. These
results indicate that CCR5 was efficiently disrupted and most alleles
were modified with frameshift mutations in our gene editing system.
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Robust CCR5 Ablation in Long-Term Repopulating HSCs

The gene modification in long-term and secondary reconstituted an-
imal models, instead of short-term reconstitution, reveals the gene ed-
iting efficiency in HSCs. We performed secondary transplantation
with bone marrow cells derived from long-term (30 to 47 weeks) re-
constituted mice at a ratio of 1 to 3. Twelve weeks post-transplanta-
tion, we euthanized four secondary mice and observed robust human
cell reconstitution in bone marrow, peripheral blood, spleen, and
thymus (Figure 3A). Moreover, we stained bone marrow cells with
human CD45 and CD34 markers for fluorescence-activated cell sort-
ing (FACS) analysis. The representative result showed that human
HSPCs (CD34+/38�/45RA�/90+) were still present among CD45+

cells (Figure 3B), suggesting that CCR5-modified HSPCs were re-
tained in secondary transplanted mice. The genomic DNA from pe-
ripheral blood cells was analyzed by T7EI assay (Figure 3C), and
the average CCR5 ablation efficiency was 24.7% (±3.8%, n = 9). In
addition, gene editing in CD4+ T cells sorted from three secondary
transplanted mice was evaluated. The average CCR5 ablation effi-
ciency in human CD4+ T cells was 27.3% (±6.7%, n = 3), which
was comparable to that of peripheral lymphocyte (25.4% ± 5.9%)
from the same mice. The result indicated that CCR5 disruption in
CD4+ T cells is as efficient as that in peripheral lymphocytes.

The CCR5 disruption in our system remained at a high level and
robust over time after transplantation in long-term and secondary
transplanted repopulating HSCs (Figure 3D). Hence, efficient and
robust CCR5 knockout was achieved with our developed system in
HSCs that support long-term hematopoiesis.

HIV-1 Challenge in Reconstituted Mice and the Selection Effect

To test the HIV-1 resistance effect, after reconstitution for 10 to
12 weeks, Bal-1 virus (CCR5-tropic HIV-1 strain) challenge was con-
ducted in NPGmice transplanted withCCR5-disrupted or non-edited
human CD34+ HSPCs. We measured HIV RNA levels in mouse pe-
ripheral blood plasma biweekly post-infection and observed a signif-
icant decrease of HIV-1 RNA level in mice transplanted with edited
HSPCs 8 weeks post-infection (wpi). By contrast, the HIV RNA level
increased in the non-edited control group (Figure 4A).

HIV-resistant cells could be enriched through the elimination of in-
fected cells under the selection pressure of the virus.14 The reconsti-
tution of human CD4+ cells at 8 wpi was 0.37-fold of that at 6 wpi
in the control group, but the ratio was about three times higher
(0.94-fold) in the CCR5-disrupted group, while the ratios of human
CD8+ cell reconstitution in both groups were similar (Figure 4B).
This result revealed that CCR5 disruption contributed to protection
against the decline of CD4+ cells in reconstituted mice under
HIV-1 infection pressure. In addition, the gene ablation efficiency
was analyzed pre- and post-HIV challenge. The average rate of
CCR5 gene disruption was higher after virus infection (Figure 4C),
indicating that CCR5 edited cells were enriched during HIV-1 infec-
tion. Hence, CCR5-ablated human HSPCs, using the developed sys-
tem, reconstituted human CD4+ cells in NPG mice, which conferred
resistance against HIV-1 infection.



Figure 2. Human Cell Chimerism and Feature of CCR5 Indels in Long-Term Reconstituted Mice

(A) Chimerism and human T cell reconstitution of HSPCs after gene editing in multiple organs from representative reconstituted mice. Human CD3+ (huCD3), human CD4+

(huCD4), and human CD8+ (huCD8) cells were gated from human CD45+ (huCD45) cells. (B) Representative T7EI data from one long-term reconstituted mouse show multi-

lineage activity of human HSPCs in multiple organs. B lymphocytes (CD19+), myeloid cells (CD33+), and NK cells (CD56+) were detected. (C) Features ofCCR5 indels in long-

term reconstituted mice. The PCR products of human CCR5 gene in long-term reconstitution mice were sequenced and analyzed (n = 12). The predictable indel (35-bp

deletion) was present at a dominant rate (107/122, 87.7%).
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DISCUSSION
In this study, we reported efficient gene modification in long-term
repopulating HSCs targeting human CCR5 using the established
CRISPR/Cas9 system. Human HSPCs with CCR5 ablating treatment
reconstituted the human immune system and conferred resistance to
HIV-1 infection after being transplanted into NPG mice.

Efficient and robust gene ablation in long-term HSCs targeting CCR5
has been achieved using our developed CRISPR/Cas9 system. Suc-
cessful gene editing in long-term HSCs is the key aspect for trans-
lating gene-targeted therapy in HSCs to the clinic, because only
CCR5-disrupted HSCs are responsible for sustainable generation of
HIV-1-resistant cells. In a recent work, CCR5 ablation was attempted
in HSPCs using CRISPR/Cas9 in vitro and short-term reconstituted
mice.9 However, T lymphocyte reconstitution has not been reported,
and the ability of gene editing in long-term HSCs remains uncertain.
In previous reported works, gene editing efficiency decreased 5- to
20-fold after long-term transplantation in animal models.15,16 Our re-
sults showed that human CCR5-ablated HSPCs reconstituted in mice
for over 1 year. Robust CCR5 disruption was indicated by the similar
efficiency detected in vitro and in vivo at various reconstitution pe-
riods. Human HSPCs (CD34+/38�/45RA�/90+) were still presented
in bone marrow from secondary transplanted mice. Our achievement
of robust and efficient CCR5 ablation in long-term HSCs was possible
because of the optimized gene editing system and the pre-culture
condition of CD34+ cells. CRISPR/Cas9 has been optimized to
enhance cleavage efficiency and reduce non-specific targeting in
recent years,10,11,17,18 achieving better performance over ZFNs and
transcription activator-like effector nucleases (TALENs). A serum-
free culture condition was developed and adopted in various works
Molecular Therapy Vol. 25 No 8 August 2017 1785
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Figure 3. CCR5 Ablation and Reconstitution in

Secondary Transplanted Mice

(A) Proportion of huCD45 in cells from bone marrow (BM),

peripheral blood (PB), spleen, and thymus of four sec-

ondary transplanted mice after 12 weeks of reconstitu-

tion. Data from the same mouse were shown in the same

color and shape. (B) Human CD34+/38�/45RA�/90+

HSPCs were detected in the bone marrow from sec-

ondary transplantation mice. (C) T7EI assay showing

efficient CCR5 disruption of human hematopoietic cells in

secondary transplantation mice after 12 weeks of recon-

stitution. (D) CCR5 indel efficiency was summarized from

an in vitro experiment (in vitro, 27.0 ± 5, n = 3), primary

transplantedmice of 12 weeks (primary, 32.2 ± 1.6, n = 5),

long-term reconstituted mice (long-term, 31.2 ± 4.9,

n = 12), and secondary transplanted mice (secondary,

24.7 ± 3.8, n = 9). Data are represented as mean ± SEM.
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to support gene manipulation or expansion of CD34+ HSPCs without
impairing the all-lineage reconstitution property.19–21

The HIV-resistant efficacy of hematopoietic cells generated from
CCR5-ablated HSPCs was confirmed in reconstituted mice in our
gene editing system. In our study, HIV-1 RNA level decreased
in mice transplanted with CCR5 modified HSPCs. Human CD4+

T cells remained at a stable level after HIV-1 challenge, while
they declined dramatically in control mice. These results indicated
that CCR5 gene modification in our system supports stable CD4+

cell counts that resist HIV-1 infection, which are attributed to
the consistent generation of modified hematopoietic cells from
CCR5-ablated HSPCs. The HIV-1-resistant effect in our CRISPR/
Cas9-based strategy is comparable to that in the previous studies
using ZFNs and lentivirus-based strategies.6,15,22 Therefore,
CRISPR/Cas9-based CCR5-ablated HSPCs could consistently
generate HIV-resisting hematopoietic cells in our system to support
stable CD4+ cell counts, making our study evidence for the thera-
peutic potential of CRISPR/Cas9-ablated CCR5 in HSCs for an
HIV cure.

In our non-viral CRISPR/Cas9 system targeting CCR5, a minimal off-
target effect was observed. Because the sequence of the CCR2 gene
has high similarity to that of CCR5, several studies have reported
off-target cleavage events in CCR2 when disrupting CCR5.7–9,14

However, a low off-target level at only one site was observed in a
CRISPR mediated CCR5 editing study,9 which may be attributed to
the flexible design of sgRNAs in the CRISPR system. To minimize
the off-target effect and retain highly efficient gene disruption, we
adopted optimized sgRNA strategies in our gene editing system,
including truncated sgRNA, optimized scaffold, and sgRNA pairing
1786 Molecular Therapy Vol. 25 No 8 August 2017
strategies.9–11,17 The high-throughput whole-
genome sequencing result showed only one
potential non-specific site located in a nonsense
region. Although high specificity was detected
using genome-wide sequencing, safety concerns
of a gene therapy approach should be evaluated in further studies and
clinical trials.

Overall,CCR5 ablation was achieved in human long-termHSCs using
our highly specific CRISPR/Cas9 system and resulted in apparent
HIV-1 resistance. Our findings suggest that CRISPR/Cas9 mediated
CCR5 ablation in human long-term HSCs might confer long-term
control of HIV-1 infection, which is an attractive stem cell-based
gene therapy for an HIV-1 cure in future clinical studies. In addition,
this study provides an alternative strategy for clinical translation of
HSC-based gene therapy in treating other genetic and infectious
diseases. However, a safety evaluation using adult HSPCs should be
performed before clinical trials.

MATERIALS AND METHODS
Screen of sgRNA Pairs

We cloned the SpCas9 gene with the pCMV promoter and nuclear
localization sequence (SV40 in the front of SpCas9 and nucleoplas-
min at the back of it). A series of sgRNAs targeting the locus from
the beginning of the first exon to the D32 mutation site in the human
CCR5 gene was truncated to 17 to 18 bp and cloned into a reported
scaffold, respectively (see Chen et al.11). A dual sgRNA strategy
was applied for sgRNA pairs. The sgRNAs with high off-target poten-
tial were eliminated with predicting tools. The sequences for the
selected paired sgRNAs are 50-GACTATGCTGCCGCCCAGT-30

and 50-GCAGAAGGGGACAGTAAGA-30.

Isolation of Human CD34+ HSPCs

Fetal liver samples were obtained as donated samples through the
approval of the Institutional Review Board of Peking University.
Mononuclear cells were isolated from cell suspension using Ficoll



Figure 4. HIV-1 Resistance and the Selection Effect

(A) HIV-1 RNA level was detected after Bal-1 virus strain infection in the peripheral blood plasma of NPGmice, which were transplanted withCCR5-disrupted (CCR5�) or non-
treated control (Ctrl) HSPCs (mean ± SEM, n = 3). (B) The fold change of human CD4+ and human CD8+ cells in the peripheral blood of mice was evaluated based on the ratio

of reconstitution from 6 to 8 weeks post-infection (mean ± SEM; p = 0.026, n = 3). (C)CCR5 locus of human cells in mouse peripheral blood was analyzed pre- and post-HIV

challenge. Percentage of indel alleles significantly increased 8 weeks after Bal-1 HIV-1 infection, indicating the enrichment of CCR5 disruption. p = 0.042, n = 3.

www.moleculartherapy.org
(Sigma). Human CD34+ cells were isolated through anti-human
CD34 antibody conjugation using microbeads (Miltenyi Biotec) and
the magnetic activated cell sorting method (Miltenyi Biotec) accord-
ing to the manufacturer’s instructions.

Cell Culture and Transfection

Human CD34+ cells were cultured in Stemspan serum-free medium
II (STEMCELL Technologies) supplemented with stem cell factor
(SCF; 100 ng/mL, PeproTech), fms-related tyrosine kinase 3 ligand
(Flt-3L; 100 ng/mL, PeproTech), thrombopoietin (TPO; 100 ng/mL,
PeproTech), interleukin-6 (IL-6; 20 ng/mL, PeproTech), and 1%
penicillin-streptomycin solution (Gibco). K562 cells were cultured
in RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS, Gibco) plus 1% penicillin-streptomycin and passaged every
2 days through a complete culture medium change. For transfection,
human CD34+ cells were pre-stimulated for 24 hr in culture medium.
A total of 1� 106 to 3� 106 cells were transfected with 10 mg of Cas9
and 5 mg of each sgRNA plasmid in a final volume of 100 mL and nu-
cleofected using a 4D-Nucleofector device (Lonza) according to the
manufacturer’s instructions. The nucleofected cells were cultured
for 3 days at 37�C in a 5% CO2 incubator for further analysis. K562
cells were nucleofected after two passages according to the manufac-
turer’s instructions.

Analysis of Genome Editing

Genomic DNAwas extracted from cells using a DNA blood and tissue
kit (QIAGEN) according to the manufacturer’s instructions. The
target sequence was amplified using a high-fidelity DNA polymerase
(Takara) with genomic DNA and the primers 50- TGGACAGGGA
AGCTAGCAGCAAA-30 (forward) and 50-TCACCACCCCAAAGG
TGACCG-30 (reverse). The PCR products were annealed after purifi-
cation. Next, 200 ng of hybridized DNA were subjected to digestion
with 0.5 mL T7EI (New England Biolabs) in NE Buffer 2 for 30 min
at 37�C in a 15 mL final volume. Subsequently, the samples were
loaded onto a PAGE gel with an equal amount of PCR product con-
trols from non-edited samples. The indel percentage was calculated
according to the gray value detected using ImageJ software (ImageJ
1.46r). The PCR products were analyzed through Sanger sequencing.
For off-target assays, genomic DNA was extracted from different
samples for whole-genome sequencing to identify the potential off-
target loci. Whole-genome sequencing and data analysis were con-
ducted at Novogene.

CFU Assay and Detection of Mutation Efficiency

CD34+ HSPCs (5,000 cells) suspended in 100 mL of Iscove’s modified
Dulbecco’s medium supplemented with 2% FBS was mixed with 1 mL
of methylcellulose (MethoCult H4034 Optimum, STEMCELL Tech-
nologies). After plating on a 35 mm cell culture dish, the cells were
cultured for 14 days at 37�C in a 5% CO2 incubator. Individual col-
onies were derived from the CFU dish after culturing for 14 days,
and genomic DNA was extracted from each colony. The mono-
and biallelic disruption rates were analyzed by sequencing for each
colony.

Transplantation and Engraftment Assay

NOD/Prkdcscid/IL-2Rgnull (NPG) mice were obtained from Beijing
Vitalstar Biotechnology (NOD-Prkdcscid Il2rgtm1/Vst mice, stock
No. VS-AM-001). Animal experiments were performed according
to the Animal Protection Guidelines of Peking University, China.
Within 24 hr, neonatal NPG mice were sub-lethally irradiated
(1.0 Gy) and transplanted with 1 � 106 human CD34 cells in 0.9%
NaCl solution at 20 mL per mouse liver injection. For secondary trans-
plantation, bone marrow was harvested from the 12-week-old en-
grafted mice. Three 6- to 8-week-old NPG mice were sub-lethally
irradiated (1.6 Gy) 4 hours before bone marrow injection with one-
third bone marrow CD34 cells in 0.9% NaCl solution at 30 mL per
mouse.

Mouse peripheral blood samples were collected every 2 weeks from
6 wpi, and human cell engraftment was determined using flow cytom-
etry. The genomic DNA was extracted after erythrocyte lysis, and the
CCR5 disruption efficiency was analyzed by T7EI assay, followed by
Molecular Therapy Vol. 25 No 8 August 2017 1787
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sequencing. For multi-lineage engraftment analysis, the cells from the
mice were stained with listed BioLegend antibodies: human CD45
(PerCP, HI30), CD3 (APC, HIT3a), CD4 (PE, OKT4), CD8 (APC/
Cy7, SK1), CD19 (Brilliant Violet 711, HIB19), CD33 (Brilliant Violet
421, WM53), CD56 (Brilliant Violet 605, HCD56), CD34 (PE, 561),
CD38 (PE/Cy7, HIT2), CD45RA (APC/Cy7, HI100), and CD90
(APC, 5E10) and mouse CD45 (FITC, 30-F11).
HIV-1 Challenge

Eleven weeks after transplantation with either CCR5-disrupted or
unmodified CD34+ HSPCs, mice were housed in an animal biosafety
level 3 (ABSL-3) laboratory for 1 week before intraperitoneal injec-
tion with Bal-1 virus (provided from the Chinese Center for Disease
Control and Prevention [China CDC]). Mouse peripheral blood
samples were collected biweekly. Human cell engraftment was de-
tected using flow cytometry as previously described, and the viral
load was determined based on the HIV-1 RNA level in mouse pe-
ripheral blood plasma performed by the China CDC. Eight weeks
post-virus infection, all mice were euthanized, and the CCR5 disrup-
tion was analyzed. Statistical analyses were performed by unpaired
t test or unpaired Student’s t test for pairwise comparison using
GraphPad Prism 7.
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