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In this preclinical study, we evaluated the efficacy and feasi-
bility of creating broad human immunodeficiency virus
(HIV) resistance by simultaneously disrupting the human
CCR5 and CXCR4 genes, which encode cellular co-receptors
required for HIV-1 infection. Using a clinically scalable system
for transient ex vivo delivery of Cas9/guide RNA (gRNA) ribo-
nucleoprotein (RNP) complexes, we demonstrated that
CRISPR-mediated disruption of CCR5 and CXCR4 in T
lymphocyte cells significantly reduced surface expression of
the co-receptors, thereby establishing resistance to HIV-1
infection by CCR5 (R5)-tropic, CXCR4 (X4)-tropic, and dual
(R5/X4)-tropic strains. Similarly, disruption of CCR5 alleles
in human CD34+ hematopoietic stem and progenitor cells
(HSPCs) successfully led to the differentiation of HIV-resistant
macrophages. In a humanized mouse model under HIV-1 chal-
lenge, CXCR4-disrupted CD4+ T cells were enriched in the pe-
ripheral blood and spleen, indicating survival advantage
because of resistance to viral infection. However, in human
CD4+ T cells with both CCR5 and CXCR4 disruption, we
observed poor engraftment in bone marrow, although signifi-
cant changes were not observed in the lung, spleen, or periph-
eral blood. This study establishes a clinically scalable strategy
for the dual knockout of HIV-1 co-receptors as a therapeutic
strategy, while also raising caution of disrupting CXCR4, which
may abate engraftment of CD4+ T cells in bone marrow.

INTRODUCTION
Human immunodeficiency virus type 1 (HIV-1), the virus that causes
AIDS, currently afflicts more than 38 million people worldwide.1

Despite the effectiveness of antiretroviral therapy (ART) in control-
ling HIV-1 replication and infection, these drugs are unable to erad-
icate the virus from a patient. Complicating matters, accessibility to
ART and daily compliance are challenging for millions living with
HIV, and HIV-infected individuals disproportionately suffer from
accelerated aging and an increased risk of age-related health compli-
cations.2 Innovative therapeutic strategies are currently being
explored as potential alternatives to ART,3 including gene-editing
strategies that inhibit viral infection.4

The HIV-1 replication cycle begins with the viral particle binding to
the CD4 receptor and then to either the CCR5 or the CXCR4 co-re-
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ceptor on the target cells. Binding then triggers fusion of the viral and
host cell membranes, thereby facilitating entry into the cell, where the
viral genome undergoes reverse transcription and integration into the
host genome. Of the two primary co-receptors, CCR5 is the cellular
co-receptor used by the majority of HIV-1 strains for binding and en-
try5 and is critical for primary infection via mucosal transmission.6 In
some individuals, a natural 32-bp deletion in the CCR5 gene results in
a truncated CCR5 protein that is not expressed on the cell surface.
Approximately 1% of individuals of northern European descent carry
the homozygous CCR5D32 allele, and although these individuals are
healthy despite lacking a functional CCR5 gene, they are also highly
resistant to HIV-1 infection.7,8 The first two documented functional
cures of HIV-1 were with patients who received allogeneic transplan-
tation with hematopoietic stem cells from CCR5D32 homozygous do-
nors for the treatment of acute myeloid leukemia9,10 or refractory
Hodgkin’s lymphoma.11 However, this general strategy has been
met with mixed success, and several other patients have experienced
complications because of allogeneic stem cell transplantation or
relapse of underlying cancer,12,13 while others have been marked by
the emergence of CXCR4 (X4)-tropic HIV-1 strains that do not use
the CCR5 co-receptor.14

Numerous gene-editing tools have been used against CCR5 to inhibit
R5-tropic HIV-1 infection in vitro and in vivo, including ZFN,15–18

transcription activator-like effector nuclease (TALEN),19–21 and
CRISPR-Cas systems.22–24 Due to the possibility of HIV resistance
to CCR5 gene disruption, which occurs through natural tropism shift,
it is likely necessary to disrupt CXCR4 to eradicate HIV-1 infections
in most individuals. Hence ZFN25,26 and CRISPR-Cas27,28 systems
have been designed edit CXCR4 for the inhibition of X4-tropic
HIV-1. Moreover, a few studies have explored the simultaneous
disruption of CCR5 and CXCR4 alleles using two zinc-finger nucle-
ases (ZFNs)29 or two single guide RNAs (sgRNAs) via CRISPR-
Cas9.30 Although many of these approaches are still in the preclinical
stage, clinical trials primarily focused on the use of ZFN31,32 or
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Figure 1. CRISPR-Cas9 gene disruption of CCR5 in

CD4+ T cells

(A) CEM CCR5+CD4+ T cells were transduced with

CCR5-CRISPR vector or control vector, and TagRFP+

cells were analyzed for CCR5 surface expression by flow

cytometry. (B) Detection of indels by Surveyor assay in

TagRFP+ CEM T cells. (C) Deep sequencing analysis of

CCR5 genome disruption in TagRFP+ CEM T cells. (D)

HIV-1BaL replication in CEM CCR5+CD4+ T cells treated

with CCR5-CRISPR, asmeasured byHIV-1 p24 antigen in

supernatant. The assay was performed in triplicate, and

error bars represent standard deviation.
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CRISPR-Cas933 for CCR5 editing have yielded promising results in
clinical safety and efficacy tests, while CXCR4 gene-editing strategies
have not yet been tested clinically.

Translation of gene-editing technology using disrupting co-receptors
for treating HIV/AIDS demands exquisite on-target precision, ample
efficiency, and delivery approaches that are scalable and clinically
feasible. In the present study, we have utilized the CRISPR-Cas9
gene-editing system to disrupt CCR5, CXCR4, or both to create
HIV resistance in human primary T cells in a clinically scalable sys-
tem. Notably, we demonstrated that the gene-modified cells gain pro-
tection from a broad range of HIV-1 strains (R5 tropic, X4 tropic, and
dual tropic) that utilize either the CCR5 or CXCR4 surface receptors,
or both. Next, we evaluated the gene-modified cells in a humanized
mouse model to evaluate the efficacy and feasibility of creating an
HIV-resistant immune system. Although our preclinical study dem-
onstrates that the disruption of both CCR5 and CXCR4 is feasible
in a clinically scalable system and is highly effective in protecting cells
from HIV infection in vivo, we observed a reduction in the bone
marrow engraftment of gene-modified cells, a critical finding that
has not been previously documented in similar studies.25,26,29,30

RESULTS
CRISPR-Cas9-mediated disruption of CCR5 protects cells from

HIV-1 infection

To evaluate the CRISPR-Cas9 system in creating HIV-resistant cells,
we first tested the expression of both the sgRNA and human codon-
optimized Streptococcus pyogenes Cas9 (spCas9) components, as well
as the TagRFP reporter gene from lentiviral vectors.34 Using a sgRNA
design algorithm,35 we selected unique guide sequences to target
CCR5 with the CRISPR-Cas9 system. CEM.NKRCCR5+ cells (i.e., hu-
man CD4+ lymphoblast cells with retroviral vector expression of hu-
man CCR536) were transduced with the lentiviral vectors at a low
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multiplicity of infection (MOI, �0.1). A control
vector was created that carried an irrelevant
sgRNA sequence in addition to the spCas9 and
TagRFP expression cassettes. One week after
transduction, transduced cells were sorted by
fluorescence-activated cell sorting (FACS) for
TagRFP expression and analyzed for CCR5 sur-
face expression by flow cytometry to assess
CRISPR-mediated gene knockout. Surface expression of CCR5 was
significantly reduced in the cells treated with CCR5-CRISPR (81.7%
CCR5+ cells in control versus 4.3% CCR5+ cells in CCR5-CRISPR;
Figure 1A). Genomic DNA was analyzed for gene editing using Sur-
veyor Nuclease Assay, which revealed 61.2% ablation efficiency of
CCR5 after FACS enrichment of TagRFP cells and 37.4% ablation
in unsorted cells (Figure 1B). Gene disruption was further character-
ized by next generation sequencing (NGS) analysis across the CCR5
target site, which revealed significant and frequent insertions and de-
letions (indels) at the sgRNA target site, consistent with the imprecise
DNA repair mechanism of non-homologous end joining (NHEJ)
(Figure S1). Deep sequencing of the CCR5 target site revealed
CRISPR-induced indels in 87.9% of the total reads (Figure 1C),
ranging from single-base-pair insertions or deletions to insertions
or deletions exceeding 100 bp. To investigate whether CRISPR-medi-
ated disruption of the CCR5 gene facilitated HIV resistance, we chal-
lenged the gene-modified CEM cells with R5-tropic HIV-1BaL and
observed HIV replication over a 4-week time course. HIV-1 replica-
tion was suppressed in the CCR5-CRISPR cells, with supernatant p24
antigen levels greater than 100-fold lower than the control group at
14, 17, 21, and 28 days after HIV-1BaL challenge (Figure 1D).

HIV-1 resistance of CCR5 CRISPR-Cas9-modified CD34+

differentiated macrophages

R5-tropic HIV-1 strains (e.g., HIV-1BaL) are historically referred to as
macrophage-tropic (M-tropic), because they are capable of infecting
macrophages by utilizing the CCR5 co-receptor in addition to the
CD4 receptor. Thus, we evaluated the antiviral efficacy of CRISPR-
mediated gene disruption of CCR5 in primary macrophages that
were derived from CD34+ hematopoietic stem and progenitor cells
(HSPCs). Human CD34+ HSPCs were isolated from cord blood,
transduced with the CCR5-CRISPR or control CRISPR lentiviral vec-
tors, and sorted by FACS based on TagRFP expression (Figure 2A).



Figure 2. Hematopoietic differentiation and HIV

resistance of macrophages from CRISPR-Cas9-

CCR5 modified HSPCs

(A) Morphology of macrophages generated from parental

and CRISPR-modified HSPCs in unsorted cells. RFP

indicated cells transduced with the CCR5-CRISPR vec-

tors in differentiated macrophages. (B) Flow cytometric

analysis of macrophage-specificmarkers in macrophages

generated from CRISPR-modified HSPCs after enrich-

ment of TagRFP+ cells by FACS. (C) Resistance of

macrophage from CCR5-CRISPR-modified HSPCs to

HIV-1 infection compared with unmodified cells. The

assay was performed in triplicate, and error bars represent

standard deviation.
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The TagRFP-expressing CD34+ cells were differentiated into macro-
phages, as described in the Materials and methods (Figure 2B). Mac-
rophages were then challenged with HIV-1BaL and evaluated for viral
replication by p24 ELISA measurement of the supernatants over
28 days. HIV-1 replication was suppressed at all time points in mac-
rophages treated with CCR5-CRISPR relative to the control group,
with p24 antigen levels reductions exceeding 10-fold at days 3, 7,
and 21, a �25-fold reduction in viremia at day 14, and a �5-fold
reduction at day 28 (Figure 2C). These results demonstrate that
CRISPR-mediated disruption of CCR5 in CD34+ HSPC-derived mac-
rophages confers resistance to HIV-1 infection and replication.

CRISPR-Cas9 gene disruption of CXCR4 confers resistance to

X4-tropic HIV-1 in cell lines and primary T cells

Although CRISPR-mediated disruption of the CCR5 gene may
confer resistance to R5-tropic HIV-1, it may not inhibit strains
that infect T cells by utilizing the CXCR4 (X4-tropic or T-tropic)
or both CXCR4 and CCR5 co-receptors (dual-tropic). Thus, we de-
signed guide CRISPR RNA (crRNA) sequences targeting CXCR4 as
an approach for inhibiting X4-tropic HIV-1. We first compared the
efficacy of different sgRNAs for each target, delivered using lentivi-
ral vectors to disrupt surface CXCR4 expression on Jurkat CD4+

T cells. Flow cytometry analysis revealed a significant decrease in
surface CXCR4 expression, with 15.4% CXCR4+ cells transduced
with CXCR4-CRISPR compared with 99.3% CXCR4+ cells in con-
trol-CRISPR cells (Figure 3A). These observations were corrobo-
rated with analysis of editing of genome DNA by Surveyor nuclease
assay (Figure 3B) or Sanger sequencing followed by analysis using
inference of CRISPR edits (ICEs) (Figure 3C), yielding 41.0% and
49.2% allelic disruption, respectively, after CXCR4-CRISPR trans-
duction. Next, we assessed the biological effects of CXCR4 disrup-
tion on preventing replication of X4-tropic HIV-1 in human
PBMCs (hu-PBMCs). Over a 16-day time course following HIV-
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1NL4-3 challenge, we observed a reduction of
HIV replication in the CXCR4-CRISPR cells
relative to the untreated control, as measured
by ELISA of supernatant at the indicated
time points (Figure 3D). Collectively, these ex-
periments demonstrate the feasibility of using
CRISPR-Cas9 to engineer HIV-resistant cells by targeting the
CCR5 and CXCR4 host receptor genes.

CXCR4CRISPR-edited primaryCD4+ T cells are protected in Hu-

PBMC mice after infection with HIV-1 virus

Although lentiviral delivery of the CRISPR-Cas9 system can achieve
on-target efficacy, constitutive expression of the Cas9 and sgRNA
components is also associated with high frequencies of off-target ed-
iting and is thus not suitable for clinical applications.37 As an alterna-
tive delivery system, recombinant Cas9 protein may be complexed
with the guide RNA (gRNA) for ex vivo delivery into cells by transient
transfection or electroporation. The Cas9/gRNA ribonucleoprotein
(RNP) provides burst-like kinetics that maximize the on-target effi-
ciency, while minimizing less kinetically favorable off-target events.38

Thus, we elected to deliver the Cas9 RNP to human primary CD4+

T cells using MaxCyte STX electroporation (MaxCyte, Inc.), because
a similar approach has been previously demonstrated for the prepa-
ration of ZFN-mediated gene-edited T cells at a clinical scale.39 Spe-
cifically, we utilized the Alt-R CRISPR-Cas9 system (Integrated DNA
Technologies, Inc.), which consists of spCas9 recombinant protein
complexed with a trans-activating crRNA (tracrRNA) and a chemi-
cally modified crRNA that is specific for CXCR4. We utilized the
hu-PBMCNOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG) mouse model
to evaluate whether knockout of CXCR4 in CD4+ T cells could protect
cells in vivo from infection with X4-tropic HIV-1NL4-3 (Figure 4A).
Two days after electroporation in human primary CD4+ T cells,
flow cytometry analysis revealed that the subpopulation of CXCR4-
negative T cells had increased from 2.3% to 20.2% in the CXCR4-
CRISPR group (Figure 4B). Editing of the CXCR4 alleles was also
confirmed by Surveyor assay, which revealed 46% gene disruption
(Figure 4C). Mice were analyzed for engraftment at 2 weeks after
transplantation and were challenged with HIV-1NL4-3 at 4 weeks after
transplantation. At 2 weeks after infection (i.e., 6 weeks after
Clinical Development Vol. 24 March 2022 323
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Figure 3. CRISPR-Cas9 gene disruption of CXCR4 in

Jurkat T cells

(A) Jurkat cells were transduced with CXCR4 CRISPR or

control vector and analyzed for CXCR4 surface expres-

sion by flow cytometry. (B) Surveyor nuclease assay de-

tects indels in CXCR4 CRISPR-modified Jurkat cells. (C)

Sanger sequencing and ICE analysis of CRISPR-Cas9-

induced genome disruption by CXCR4. (D) HIV-1NL4-3
replication in PBMCs treated with CXCR4 CRISPR, as

measured by p24 in supernatant.
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transplantation), we observed an increase in CXCR4 gene disruption
in T cells collected from the CXCR4-CRISPR mice, suggesting an
enrichment of CXCR4-negative cells by the selective pressure of
X4-tropic HIV-1 infection (Figure S2D). Notably, at the same time
point, the mice engrafted with CXCR4 knockout cells exhibited
�30-fold lower levels of plasma viremia than in the mock-treated
mice (Figure 4F). Moreover, we observed significantly higher levels
of total CD3+ T cells and CXCR4�CD4+ T cells in the CXCR4-
CRISPR-treated mice than in controls (Figures 4D–4F), indicating
that selective pressure of the virus may lead to expansion of CXCR4
knockout cells.

At 12 weeks after transplantation (i.e., 8 weeks after HIV-1NL4-3 chal-
lenge), the experiment was terminated, and the CXCR4-CRISPR
modified cells were collected from the spleens of humanized mice
(Figure S2A). We analyzed the gene modification level of CXCR4-
CRISPR in the mice spleens by ICE analysis, which revealed 37.0%
of CXCR4 alleles were disrupted (Figures S2B and S2E). Moreover,
the mice engrafted with CXCR4 knockout cells exhibited significantly
higher levels of CD4+ T cells in the spleen (22.5% CXCR4-CRISPR or
0.2% mock-treated) than the mice that received mock-treated cells
(Figure S2C). These results indicate that CRISPR-mediated gene
disruption of CXCR4 protects CD4+ T cells in vivo from infection
of X4-tropic HIV-1 and virus-induced cell death.

CCR5 and CXCR4 genome disruption confers primary T cells

resistant to broad HIV-1 infection

Because CRISPR-mediated disruption of CCR5 confers resistance to
R5-tropic HIV-1 and disruption of CXCR4 confers resistance to
X4-tropic HIV-1, it may be necessary to edit both surface receptors
to create resistance to all HIV-1 infection. To test this hypothesis,
we delivered Cas9 RNP complexes with CCR5 and CXCR4 gRNAs
(referred hereafter as R5X4-CRISPR). After transfection of the
R5X4-CRISPR system into primary CD4+ T cells, we first analyzed
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the knockout efficacy of CCR5 and CXCR4 re-
ceptors on the cell surface. Analysis by flow cy-
tometry revealed that the gene-modified cells
exhibited a decrease in CCR5 surface expression
from 88.7% in control cells to 54.9% (Figure 5A)
and from 77.1% to 26.3% in CXCR4 express-
ion (Figure 5B). In total, the proportion of
dual-positive CCR5+CXCR4+ cells decreased
from 85.2% to 36.8%, while levels of dual-negative CCR5�CXCR4�

cells increased from 10.6% to 49.8% (Figure S3). This demonstrates
that transient delivery of CRISPR-Cas9 is effective in knocking out
both of the co-receptors that are required for HIV infection in human
primary CD4+ T cells.

We next sought to determine whether CD4+ T cells with disrupted
CCR5 and CXCR4 alleles would become resistant to HIV-1 infec-
tion. We challenged the R5X4-CRISPR-modified primary CD4+

T cells with HIV-1 virus that utilized the CCR5 co-receptor
(HIV-1BaL), the CXCR4 co-receptor (HIV-1NL4-3), or either the
CCR5 or CXCR4 co-receptors (HIV-189.6). As expected, cells that
had surfaced expression of CCR5, but not of CXCR4 (CCR5+

CXCR4�), were enriched 5 weeks after challenge with HIV-1NL4-3

(19.5%), but not after challenge with the other two strains that can
utilize the CCR5 co-receptor (1.1% for HIV-1BaL and 2.3% for
HIV-189.6) (Figure 5C). Likewise, cells with surface expression of
CXCR4, but notCCR5 (CCR5�CXCR4+), were largely protected after
challenge with the R5-tropic HIV-1BaL (8.8%) but disappeared after
challenge with X4-tropic or dual-tropic HIV-1 strains (1.9% for
HIV-1NL4-3 and 3.2% for HIV-189.6, respectively). Most notably,
the CCR5�CXCR4� dual-negative subpopulation increased from
72.8% in the R5X4-CRISPR cells before HIV-1 challenge to 85.1%
in the cells challenged with HIV-189.6, demonstrating an enrichment
of cells that lack both CCR5 and CXCR4 co-receptors after incuba-
tion with this dual-tropic HIV-1 strain (Figure 5C). Moreover, we
analyzed intracellular p24 in CD4+ T cells treated with CCR5 and
CXCR4 CRISPR and then infected by using each HIV-1 virus strain
after CD3/CD28 co-activation. Notably, 5 weeks after challenge with
any of the three HIV-1 strains, we observed greater levels of live
cells in the R5X4-treated groups (20.5% for HIV-1BaL, 23.1% for
HIV-1NL4-3, and 12.3% forHIV-189.6) comparedwith their respective
control groups (15.6% for HIV-1BaL, 3.1% for HIV-1NL4-3, and 2.9%
HIV-189.6) (Figure S4).Moreover, the levels of intracellular p24 in the



Figure 4. Positive selection for CXCR4 knockout

cells by HIV-1NL4-3 infection in hu-PBMCs

(A) Schematic of the timeline of building hu-PBMC mouse

model and HIV infection by using mixed human primary

PBMCswithCXCR4CRISPR-modifiedCD4+ T cells. (B)Cell

surface CXCR4 co-receptor knockout in CD4+ T cells after

MaxCyte electroporation of CXCR4 guide RNAs and Cas9

RNPs. Cells were fixed in 2% formaldehyde and analyzed by

flow cytometry 48 h after transfection. (C) Surveyor assay

detection of the allelic disruption of CXCR4 gene in the

CXCR4 CRISPR-modified cells. (D–F) Flow cytometry anal-

ysis of human CD3+ T cells in mice whole blood after trans-

plantation by usingCXCR4CRISPR-modified or unmodified

cells (control). (G) qRT-PCR was performed using plasma

from hu-PBMC mice. Mice whole blood was collected by

retro-orbital bleeding 2 weeks after HIV-1NL4-3 infection

(6 weeks after transplantation). Data were presented by

comparing two groups of mice that were transplanted by

using the control and CXCR4 CRISPR-modified cells.
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R5X4-CRISPR-treated cells were significantly decreased (p < 0.05)
relative to each respective control group (Figure 5D).

To analyze possible off-target gene disruption after R5X4-CRISPR
treatment, we examined three possible off-target sites for the CCR5
sgRNA target sequence (Table S1) and three more for the CXCR4
target sequence (Table S2), as predicted by Cas-OFFinder. Each site
was analyzed using Surveyor assay, but no increases in gene disrup-
tion were observed for any of the six predicted off-target sites, whereas
clear gene disruption was observed for each of the two on-target sites
(Figure S5).

Poor engraftment of R5X4-CRISPR knockout CD4+ T cells in

bone marrow in Hu-PBMC mice

As shown in Figure 5, knockout of bothCCR5andCXCR4 co-receptors
is necessary to block infection from R5 and X4-tropic HIV-1 strains.
Thus, we next evaluated the efficacy and feasibility of this approach
in a preclinical in vivo model for HIV infection (Figure 6A). First, we
transfected the R5X4-CRISPR RNP complex into primary CD4+
Molecular Therapy: Methods &
T cells by using theMaxCyte electroporation sys-
tem and analyzed the knockout efficacy of CCR5
and CXCR4 receptors on the cell surface. The
proportion of dual-negative CCR5�CXCR4�

cells increased from 32% to 85% (Figure 6B) by
flow cytometry analysis. Editing of the CCR5
and CXCR4 alleles was also confirmed by Sur-
veyor assay, which revealed 22% and 32% gene
disruption, respectively (Figure 6C).

At 56 days after transplantation of the gene-
modified cells in NSG mice, the animals were
euthanized and analyzed for engraftment in pe-
ripheral blood and tissues. From analysis of pe-
ripheral blood in the hu-PBMCmice, there were
similar levels of human CD45+ lymphocytes or
other surface markers, including CD3, CD4, CD8, CXCR4, and
CCR5, between the dual CRISPR and control mouse groups (Fig-
ure 6D). We also evaluated engraftment in primary lymphoid tissues
and lung to assess the homing and persistence of the CRISPR-modi-
fied cells. Levels of human immune (CD45+) cells, total T (CD3+)
cells, CD4+ T cells, and CXCR4+ CD4+ T cells in the spleens of
R5X4-CRISPR-treated mice were statistically indistinguishable from
the control group (Figure 6D). Similar trends were also observed in
the lung. However, in the bone marrow, the R5X4 mice had statisti-
cally significant (p < 0.05) lower levels of human CD45+ cells and
CD45+CD3+ T cells, as well as similar trends of slightly lower levels
of CD4+, CCR5+, and CXCR4+ T cells (Figure 6D). These results sug-
gest that CRISPR-mediated knockout of CCR5 and CXCR4may alter
the homing, persistence, and expansion of these cells into the bone
marrow and potentially other lymphoid tissues after transplantation.

DISCUSSION
Owing to their essential roles as co-receptors for HIV entry and infec-
tion, the human CCR5 and CXCR4 chemokine receptors are major
Clinical Development Vol. 24 March 2022 325
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Figure 5. Gene disruption of CCR5 and CXCR4

inducesHIV resistance in primary CD4+ T cells using

MaxCyte electroporation

(A and B) Human primary CD4+ T cells were transfected

with CCR5 and CXCR4 guide RNAs with Cas9 RNP by

MaxCyte electroporation using the “P4” setting. Surface

expression of (A) CCR5 and (B) CXCR4 co-receptors was

measured by flow cytometry. Control cells were trans-

fected with Cas9 RNP, but no guide RNA. (C) Flow cy-

tometry analysis of CCR5 and CXCR4 expression on the

surface of CD4+ T cells treated with CCR5 and CXCR4

CRISPR and then infected by using each HIV-1 virus strain

(BaL, NL4-3, or 89.6) after CD3/CD28 activation. Cells

were collected 5 weeks after infection, stained for surface

receptors, and prepared for fixation and permeabilization

for intracellular p24 staining. The bar graph represents

that in the CCR5 and CXCR4 CRISPR-treated cells, per-

centages of CCR5�CXCR4�, CCR5+CXCR4�, CCR5�

CXCR4+, and CCR5+/CXCR4+ cells were compared after

different strain infection. The table graph represents that in

the CCR5 and CXCR4 CRISPR-treated cells, percent-

ages of CCR5�CXCR4�, CXCR4+CCR5�, CXCR4�

CCR5+, and CXCR4+CCR5+ cells were compared

after different strain infection. (D) Flow cytometer

analysis of intracellular p24 in CD4+ T cells in (C). The

percentages of p24 cells were compared between control

group (black bars) and CCR5 and CXCR4 CRISPR-

treated group (gray bars).
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targets for gene disruption in strategies to create HIV resistance. In
this study, we investigated the versatility of the CRISPR-Cas9 in
simultaneously editing both CCR5 and CXCR4 receptors in human
cells. We successfully disrupted CCR5 in CD4+ T cell lines (Figure 1),
primary CD4+ T cells (Figure 5), and CD4+ macrophages differenti-
ated from CD34+ HSPCs (Figure 2), which all led to R5-tropic HIV-1
resistance. Likewise, by disrupting CXCR4 in a CD4+ T cell line (Fig-
ure 3), in primary CD4+ T cells (Figure 5), and in transplanted CD4+

T cells in a humanized mouse model (Figure 4), we achieved X4-
tropic HIV-1 resistance.

To generate CRISPR-modified CD4+CCR5�CXCR4� T cells, we uti-
lized a scalable system that has been used for clinical manufacturing
of gene-modified cells.39 Upon treatment with the Cas9 RNP com-
plexes with CCR5 and CXCR4 gRNAs, we observed efficient gene ed-
iting for both receptors in primary CD4+ T cells, resulting in approx-
imately 50% CCR5�CXCR4� double-negative cells (Figure S3,
bottom right panel). The gene-modified cells were resistant to broad
HIV-1 infection and were selectively enriched by the selective pres-
326 Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022
sure of the virus, with protection against R5-
tropic, X4-tropic, and dual-tropic strains of
HIV-1 (Figures 5C and 5D). In the hu-PBMC
NSG mouse model, the CRISPR-modified cells
were well tolerated, because the percentages of
gene-modified cells were maintained over time
in mice (Figures 4D and 6D). Moreover, in
CXCR4-CRISPR humanized mice, X4-tropic HIV-1 resistance re-
sulted in the selective enrichment of CD4+ T cells in spleen tissue
compared with non-CRISPR mice (Figure S2C). Although CRISPR-
mediated disruption of CXCR4 was successful in reducing viremia
and protecting CD4+ T cells in vivo (Figure 4E), we observed that
levels of R5X4-CRISPR-modified CD4+ T cells were significantly
lower than unmodified controls in the bone marrow (Figure 6D).

Although gene disruption of CCR5 continues to be evaluated clini-
cally with promising results,32 gene-editing strategies for CXCR4
have not advanced to the clinic. Moreover, unlike the naturally occur-
ring CCR5-D32 homozygous mutation, homozygous CXCR4 knock-
outs are embryonic lethal in a murine model.40 CXCR4 is known to
function as a surface receptor for cell homing, such as for the homing
of HSPCs in the bone marrow,41 while the CXCR4 antagonist
AMD3100 (plerixafor) is used clinically to mobilize CD34+ HSPCs
from the bone marrow into the peripheral blood.42 However, it is un-
known whether gene disruption of CXCR4 would abate engraftment
of CD4+ T cells in bone marrow or other lymphoid organs. Previous



Figure 6. Bio-distribution of CCR5- and CXCR4-

CRISPR knockout CD4+ T cells in Hu-PBMC mouse

tissues

(A) Schematic of the timeline of building hu-PBMC mouse

model by using mixed human primary PBMCs with

CXCR4 CRISPR-modified CD4+ T cells. (B) Cell surface

CCR5 and CXCR4 co-receptor knockout in CD4+ T cells

after MaxCyte electroporation of CCR5 and CXCR4 guide

RNAs and Cas9 RNPs. Cells were fixed in 4% formalde-

hyde and analyzed by flow cytometry 48 h after trans-

fection. (C) Surveyor assay detection of CCR5 andCXCR4

allelic disruption in CD4+ T cells after MaxCyte electro-

poration of CCR5 and CXCR4 guide RNAs and Cas9

RNPs. (D) Eight million CRISPR-modified or unmodified

CD4+ T cells with 2 million human PBMCs were trans-

planted into NSG mice. At the final time point, whole

PBMCs, spleens, lungs, and bone marrow of all the mice

from each group were harvested, and cells were analyzed

by flow cytometer (n = 6, *p < 0.05).
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studies have engineered ZFNs to disrupt CXCR425,26 or both CCR5
and CXCR429 in CD4+ T cells to create X4-tropic HIV-1 resistance
in tissue culture and in vivo. Similar to our observations, these studies
Molecular Therapy: Methods &
also showed decreases in HIV-1 plasma viremia
and protection of the modified CD4+ T cells in
hu-PBMC mouse models. However, these
studies evaluated levels of CD4+ T cells and
viremia only in the peripheral blood and spleen,
with no analyses of the engraftment in other po-
tential T cell niches, such as the bone marrow or
lung.

In this study, we aimed to evaluate the feasibility
and efficacy of targeting both co-receptors using
a transient and ex vivo CRISPR-based system.
Although we used SpCas9 in this study, smaller
Cas9 orthologs, such as SaCas9 or Cas12a, might
be more advantageous than SpCas9 for in vivo
delivery in an AAV vector.43,44 Other CRISPR-
Cas gene-editing systems have been developed
to improve on-target precision or to edit the tar-
geted DNA site(s) without inducing DNA dou-
ble-strand breaks (DSBs).45,46 Editing without
the induction of a DSB would likely lower the
risk of genomic rearrangements, particularly
when multiple sites are simultaneously targeted.
Nevertheless, the major conclusions from this
study—editing of both co-receptors creates
HIV-resistant cells but may disrupt the homing
and persistence of the modified cells in the bone
marrow—would seem to apply to any CRISPR-
based approach, as well as other gene-editing
systems, including ZFNs and TALENS.
This study demonstrates the feasibility of simultaneously disrupting
the CCR5 and CXCR4 co-receptors in a clinically scalable system
and lays the groundwork for clinical translation. Notably, this is the
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first report of reduced engraftment of T cells in bone marrow
following CRISPR-mediated disruption of CCR5 and CXCR4. Poor
engraftment in the bone marrow may limit the duration of an adop-
tive T cell therapy, because the bone marrow sustains lifelong persis-
tence of memory T cells.47 Thus, due to this potential limitation in the
long-term persistence of the gene-modified cells, it is not clear that
this strategy would be viable in humans. Future studies might explore
the expression of other chemokine receptors that could supplant the
requirement for CXCR4 or whether engraftment in human bone
marrow is even necessary for the long-term persistence of the gene-
modified CD4+ T cells.
MATERIALS AND METHODS
Cell lines and viruses

CEM.NKR CCR5+ cells (abbreviated as CEM-CCR5) and Jurkat cells
are CD4+ T lymphoblastic cell lines obtained from NIH HIV Re-
agent Program (catalog #4376), which is cultured in RPMI 1640
media supplemented with 10% fetal bovine serum and 2 mM L-
glutamine. Human embryonic kidney (HEK) 293T cells were from
ATCC (catalog #CRL-3216). HIV-1 infectious virus (HIV-1BaL, cat-
alog #510; HIV-189.6, catalog #1966) and molecular clone plasmid
(HIV-1NL4-3, catalog #114) were obtained from the NIH HIV Re-
agent Program. These HIV-1 strains are commonly used in labora-
tory and animal research.
PBMCs and primary CD4+ T cells

hu-PBMCs were isolated from leukocyte reduction system chambers
(i.e., buffy cones), which were obtained from four different healthy
human donors at the City of Hope Amini Apheresis Center (Duarte,
CA, USA). PBMCs were separated by centrifugation with Ficoll-Pa-
que Premium (BD). Primary human CD4+ T cells were further puri-
fied and enriched by the CD4+ T cell isolation kit (Miltenyi Biotech)
according to the manufacturer’s instructions and then maintained in
complete RPMI medium supplemented with 10% FBS. Experiments
presented in Figures 4, 5, and 6 were each performed with PBMCs
from different anonymous healthy donors.
gRNA design and CRISPR-Cas9 lentiviral vector constructs

gRNA sequences for the ccr5 and cxcr4 target sites were designed us-
ing the computational tool originally described byHsu et al.35 The pL-
CRISPR-SFFV-tRFP plasmid was obtained from Addgene (Plasmid
#57826) and originally deposited by the Ebert lab.34
Lentiviral vector production

Lentiviral vectors were packaged in HEK 293T cells by calcium
phosphate precipitation. In brief, 15 mg of transfer plasmid was
co-transfected with helper plasmids (15 mg of pCMV-Pol/Gag,
5 mg of pCMV-Rev, and 5 mg of pCMV-VSVG) into HEK 293T cells
with 90–95% confluency per 10-cm dish. Viral supernatant was har-
vested 48 h post-transfection, concentrated by ultracentrifugation,
and stored at �80�C until use. Viral titers were determined by
transduction of HT1080 cells and analyzed for EGFP expression
with FACS analysis.
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Flow cytometry analysis

To analyze cell surface expression of CCR5 and CXCR4, we incubated
cells with an allophycocyanin (APC)- or PE-CF594-conjugated
mouse anti-human CCR5 (Becton Dickinson), PerCP-Cy5-conju-
gated mouse anti-human CXCR4 (Becton Dickinson) for 30 min at
4�C. Cells then were washed twice with FACS buffer (PBS containing
1% BSA and 0.02% NaN3) and then fixed with 2% formaldehyde.
FACS analysis was performed on Fortessa (BD Biosciences, Mountain
View, CA, USA). Data were analyzed by using FlowJo software. Live
cells were gated prior to co-receptor expression analysis based on for-
ward and side scatter profiles. Gating for CCR5 and CXCR4 expres-
sion was established with unstained and single-stained controls.

To isolate Tag-RFP cell populations from total CEM-CCR5 cells
transduced with lentiviral vectors expressing Cas9 nuclear localiza-
tion sequence (NLS) and single-guide RNAs (sgRNAs), we sorted
cells using an Aria SORP cell sorter (BD Biosciences).

For analysis of lymphocyte populations in mouse peripheral blood,
splenocytes, lung, and bone marrow, fluorochrome-conjugated anti-
bodies were obtained from BD Biosciences: BUV395-conjugated anti-
CD45 (clone HI30), peridinin-chlorophyll protein/Cy7-conjugated
anti-CD3 (clone SK7), Pacific Blue-conjugated anti-CD4 (clone
RPA-T4 RUO), and fluorescein isothiocyanate-conjugated anti-
CD8 (clone RPA-T8 RUO).

Intracellular HIV p24 antigen staining

To analyze cells actively infected with HIV, we stained for intracel-
lular p24 antigen (KC57-FITC; Beckman Coulter) and permeabilized
using the BD Fixation/Permeabilization Kit (catalog #554714) ac-
cording to the manufacturer’s instructions. Cells were fixed using
4% paraformaldehyde at 4�C for 20 min and washed twice with
staining buffer (Dulbecco’s PBS without Mg2+ or Ca2+, 1% heat-inac-
tivated FCS, 0.09% (w/v) sodium azide, pH adjusted to 7.4). For per-
meabilization, cells were incubated in BD Perm/Wash buffer (BD
Biosciences) for 15 min and stained with KC57-FITC antibody (Beck-
man Coulter). Because we performed intracellular p24 staining in
combination with cell surface antigen staining (as in Figures 5C
and 5D), we first stained with the fluorochrome-conjugated mono-
clonal antibodies against CCR5 and CXCR4 before proceeding to
the fixation and permeabilization steps.

Analysis of insertion/deletions (indels)

To detect indels generated by CRISPR, we extracted genomic DNA
from the CRISPR-modified or unmodified cells using QiAmp DNA
mini Kit (Qiaqen) and assayed by Surveyor nuclease assay (Transge-
nomic). Six hundred base pairs of the genomic region flanking the
gRNA target site was PCR amplified using primers listed in Tables
S1 and S2. The PCR product was annealed to form heteroduplexes,
and then the heteroduplexes were digested with 1 mL CEL1 endonu-
clease at 42�C for 1 h. The digested DNA was analyzed on an electro-
phoresis system using a 2% TBE agarose gel. The mutation frequency
was quantified (ImageJ software, NIH Image-BioLab). The homodu-
plexes are left intact. Cas9-mediated cleavage efficiency (% indel) is
2022



www.moleculartherapy.org
calculated based on the fraction of cleaved DNA.48 Alternatively,
whenever noted, Sanger sequencing of PCR-amplified genomic
DNA was analyzed using ICEs (Synthego Corporation, Menlo Park,
CA, USA).

HIV-1 in vitro challenge assay

To test whether CCR5 and CXCR4 gene-disrupted cells were resistant
to HIV-1 infection, we infected cells with CXCR4-tropic HIV-1NL-4.3,
CCR5-tropic HIV-1BaL, or dual-tropic HIV-189.6 at the MOI between
0.01 and 0.1 at 37�C, 5% CO2 for overnight. Cells were then washed
twice with PBS and re-suspended in fresh complete medium. After
the challenge, cells and culture supernatants were collected every
3 days and replenished with fresh medium for a total of 28 days.
Levels of HIV-1 gag p24 in culture supernatants were measured by
ELISA as instructed by the manufacturer (PerkinElmer).

Generation of adult HSPC-derived macrophages

Human cord blood was purchased from StemCyte (Baldwin Park,
CA, USA) with approval from the City of Hope Institutional Review
Board (IRB 17155). Sorted CD34+ HSPCs were cultured in Iscove’s
modified Dulbecco’s media with 20% FBS supplemented with
2 mmol/L glutamine, 25 ng/mL stem cell factor (STEMCELL Tech-
nologies, Vancouver, BC, Canada), 30 ng/mL Flt3-L (PeproTech,
Rocky Hill, NJ, USA), 30 ng/mL interleukin-3 (IL-3; Gibco), and
30 ng/mL macrophage colony-stimulating factor (PeproTech) for
10 days for guided differentiation to monocytes and were then
switched to DMEM with 10% FBS supplemented with 2 mmol/L
glutamine, 10 ng/mL granulocyte macrophage colony-stimulating
factor (PeproTech), and 10 ng/mL macrophage colony-stimulating
factor (PeproTech) for 5 days for activation into macrophages.
Adherent macrophage cells were collected for HIV challenge experi-
ments. The purity of cells was typically greater than 90%CD14+ based
on FACS analysis.

Primary CD4+ T cell electroporation

The transfection of primary CD4+ T cells was performed onMaxCyte
STX. A total of 2�107 primary CD4+ T cells were centrifuged and
washed twice with 1� PBS, and the cells were re-suspended with
100 mL of prepared EP buffer and Cas9 NLS and chemically modified
gRNA with tracrRNA complex ordered from IDT. The mixture was
then transferred to the OC-100 cuvette and electro-transfected with
MaxCyte STX programs. After transfection, the cells were transferred
to a CD3/CD28-coated six-well plate and cultured with RPMI 1640
supplemented with 10% FBS and IL-2 (100 IU/mL).

hu-PBMC NSG mouse model

NSG mice were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA) and bred at the City of Hope Animal Resources Center ac-
cording to the protocols approved by the Institutional Animal Care
and Use Committee of the City of Hope (IACUC 16095). Adult
NSG mice at age 8–10 weeks were transplanted with hu-PBMCs via
intraperitoneal injection. Specifically, each mouse received 2.0 �
106 hu-PBMCs mixed with 8.0 � 106 CRISPR-modified or un-modi-
fied human CD4+ T cells. Cryopreserved PBMCs and human CD4+
Molecular
T cells were from the same donor and were thawed and recovered
before each use.

HIV-1 qRT-PCR

HIV-1 viral RNA was extracted from 20–50 mL of plasma using
QIAamp Viral RNA mini kit (Qiagen). qRT-PCR was performed
using a TaqMan Fast Virus 1-Step Master Mix, according to the man-
ufacturer’s instructions (Applied Biosystems, Foster City, CA, USA).
The primers used were LTR-F (50-GCCTCAATAAAGCTTGCCTT
GA-30) and LTR-R (50-GGCGCCACTGCTAGAGATTTT-30), along
with a probe (50-FAM/AAGTAGTGTGTGCCCGTCTGTTGTGTG
ACT-BHQ1-30). Assay was performed using automated CFX96
Touch Real-Time PCR Detection System (Bio-Rad).

HIV-1 p24 ELISA

The HIV-1 p24 ELISA assay was performed according to Perki-
nElmer manufacturer’s instructions. We prepared the p24 standard
curve using the positive control with diluted standard concentrations
at 12.5, 25, 50, 100, 200, and 4,000 pg/mL. We diluted each sample to
three dilutions: 100�, 500�, and 2,500� dilution. Next, we labeled
the plate and added 20 mL Triton X-100 to all wells except substrate
blank. We then added 200 mL of standards, the negative control (sam-
ple media), and all diluted samples to appropriate wells. We sealed the
plate and incubated for 2 h at 37�C. Next, we washed the plate in cell
washer and added 100 mL of detector antibody to all wells, except the
blank. Again, we sealed the plate and incubated for another hour at
37�C and washed. We then mixed the Streptavidin A-HRP 1:100
working dilution and added 100 mL of SA-HRP Working Dilution
to all wells, except blank. We sealed the plate, incubated for 30 min
at room temperature, and washed. Finally, we added 100 mL OPD
Substrate Solution to all wells including blank, sealed the plate, incu-
bated for 30 min at room temperature, and stopped the reaction by
adding 100 mL of Stop Solution to all wells. Absorbance was measured
at 490 nm.

Off-target analysis

Cas-OFFinder was employed to find potential OTSs with limitation of
three-base mismatched sequences. From the resulting off-targets,
OTSs only in gene-coding regions were selected and Surveyor
nuclease assayed (Surveyor Mutation Detection Kit; Transgenomics).

For analysis of translocations between CCR5 and CXCR4 loci at the
sites of DSBs, we performed PCR for 40 cycles using primers for a for-
ward CCR5 primer and a reverse CXCR4 primer, or a reverse CCR5
primer and a forward CXCR4 primer, or a forward CCR5 primer
and a forward CXCR4 primer, or a reverse CCR5 primer and a reverse
CXCR4 primer. No PCR amplicons were detected (data not shown).
Primer sequences are the same as used for Surveyor assay (Tables S1
and S2).

Deep sequencing and analysis

Target loci were amplified by the specific primers. Before sequencing
on an IlluminaHiSeq 2500 platform, the amplicons were purified, end
repaired, and connected with sequencing primer. For the sequences
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gained by sequencing, low-quality and joint pollution data were
removed to obtain reliable target sequences (clean reads) for subse-
quent analysis. The corresponding Read1 and Read2 (sequences
gained from the 50 and 30 ends, respectively) were spliced. Analysis
of indels was performed using the CRISPResso tool.49

Statistics and illustrations

All in vitro experiments were performed in biological triplicate, and
in vivo experiments were performed with the number of animals indi-
cated in the figure captions. Statistical significance was determined
with the Student’s t test. Statistical analysis was performed on Graph-
Pad Prism software. Pre-drawn icons in illustrations were used from
BioRender.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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