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The HIV-1 coreceptor CCR5 is a validated target for HIV/
AIDS therapy. The apparent elimination of HIV-1 in a patient 
treated with an allogeneic stem cell transplant homozy-
gous for a naturally occurring CCR5 deletion mutation 
(CCR5Δ32/Δ32) supports the concept that a single dose of 
HIV-resistant hematopoietic stem cells can provide disease 
protection. Given the low frequency of naturally occurring 
CCR5Δ32/Δ32 donors, we reasoned that engineered autolo-
gous CD34+ hematopoietic stem/progenitor cells (HSPCs) 
could be used for AIDS therapy. We evaluated disruption 
of CCR5 gene expression in HSPCs isolated from granu-
locyte colony-stimulating factor (CSF)-mobilized adult 
blood using a recombinant adenoviral vector encoding a 
CCR5-specific pair of zinc finger nucleases (CCR5-ZFN). 
Our results demonstrate that CCR5-ZFN RNA and pro-
tein expression from the adenoviral vector is enhanced by 
pretreatment of HSPC with protein kinase C (PKC) acti-
vators resulting in >25% CCR5 gene disruption and that 
activation of the mitogen-activated protein kinase kinase 
(MEK)/extracellular signal-regulated kinase (ERK) signaling 
pathway is responsible for this activity. Importantly, using 
an optimized dose of PKC activator and adenoviral vector 
we could generate CCR5-modified HSPCs which engraft 
in a humanized mouse model (albeit at a reduced level) 
and support multilineage differentiation in vitro and in 
vivo. Together, these data establish the basis for improved 
approaches exploiting adenoviral vector delivery in the 
modification of HSPCs.
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INTRODUCTION
HIV-1 continues to be a world-wide health problem with ≈50,000 
new cases each year in the United States alone.1 The treatment of 

HIV-1 has improved through the use of combination antiretrovi-
ral therapy but antiviral treatment alone cannot eradicate  HIV-1. 
Hütter et al. described a patient with acute myeloid leukemia, who 
was cured of AIDS following a bone marrow (BM) transplant 
from a donor who was homozygous for a 32-base pair deletion 
in the CCR5 gene (CCR5Δ32/Δ32).2 The engrafted donor phenotype 
appears to have conferred long-term control of HIV-1 replication 
as the patient has been off combination antiretroviral therapy for 
several years without HIV-1 being detected.3 However, the identi-
fication of human leukocyte antigen-matched, CCR5Δ32/Δ32 homo-
zygous donors for transplantation presents a significant logistical 
barrier to the general application of this approach. An alternative 
approach to HIV-1 therapy is to use autologous hematopoietic 
stem and progenitor cells (HSPCs) to genetically engineer an 
HIV-1–resistant immune system that would prevent ongoing viral 
infection and/or replication.4

Several groups have performed clinical trials in which autolo-
gous peripheral blood T-cells or HSPCs were genetically modi-
fied to introduce anti-HIV moieties that are RNA or protein in 
nature.5 These trials have proven the safety and potential effi-
cacy of a cell-based approach to immunotherapy for HIV-1 with 
observations of selective T-cell survival and reduced viral loads 
following infusion of gene-modified T-cells.6–8 Based on these 
results and our prior work in stem cell transplantation for HIV/
AIDS-related lymphomas,9 we rationalized that transplantation of 
autologous HSPC that were genetically altered to prevent expres-
sion of CCR5 would result in an HIV-resistant immune system 
for patients without an allogeneic donor. We therefore sought to 
develop methods for engineering HSPC to eliminate expression 
of CCR5 at the genomic level so that the progeny of the HSPC 
inherit the resistance.

Zinc finger (ZF) proteins are sequence-specific DNA-binding 
proteins that when coupled to a DNA endonuclease for ZF nucle-
ases (ZFNs) which can be engineered to cut DNA at a specific site.10 
Moreover, the ZFN need to be expressed only for a short time to 

Genomic Editing of the HIV-1 Coreceptor CCR5 in 
Adult Hematopoietic Stem and Progenitor Cells 
Using Zinc Finger Nucleases
Lijing Li1, Ludmila Krymskaya1, Jianbin Wang2, Jill Henley3, Anitha Rao1, Lan-Feng Cao1, Chy-Anh Tran1, 
Monica Torres-Coronado1, Agnes Gardner1, Nancy Gonzalez1, Kenneth Kim2, Pei-Qi Liu2, Ursula Hofer3, 
Evan Lopez3, Philip D Gregory2, Qing Liu4, Michael C Holmes2, Paula M Cannon3, John A Zaia4  
and David L DiGiusto1,4

1Laboratory for Cellular Medicine, Beckman Research Institute of City of Hope, Duarte, California, USA; 2Sangamo BioSciences, Inc., Richmond, 
 California, USA; 3Keck School of Medicine of the University of Southern California, Los Angeles, California, USA; 4Department of Virology, Beckman 
Research Institute of City of Hope, Duarte, California, USA

1259

1269

Genome Editing of CCR5 in Adult HSPCs Using ZFNs

Molecular Therapy

10.1038/mt.2013.65

original article

16April2013

21

6

5October2012

14March2013

The first two authors contributed equally to this work.
Correspondence: David L DiGiusto, Laboratory for Cellular Medicine, Department of Virology, City of Hope, 1500 E. Duarte Rd., Duarte, California 
91010, USA. E-mail: DDiGiusto@coh.org

© The American Society of Gene & Cell Therapy

MTOpen

Molecular Therapy vol. 21 no. 6, 1259–1269 june 2013 1259

http://www.nature.com/doifinder/10.1038/mt.2013.65
mailto:DDiGiusto@coh.org


© The American Society of Gene & Cell Therapy
Genome Editing of CCR5 in Adult HSPCs Using ZFNs

achieve permanent disruption of the target genomic sequence and 
thus are less likely to lead to antigen presentation and immune 
elimination as do other stably expressed transgenic proteins. Perez 
et al. have demonstrated inhibition of HIV-1 infection in T-cells 
modified to eliminate the CCR5 coreceptor expression using an 
adenoviral vector-encoded ZFN.11 Similarly, Holt et al. demon-
strated that ZFN-mediated disruption of CCR5 gene sequences 
in fetal liver HSPC permitted engraftment of the modified cells 
in NOD/SCID/IL2rγnull (NSG) mice and conferred resistance to 
R5-tropic HIV-1 infection.12 Based on this result and our prior 
experience with stem cell gene therapy for HIV-1,13 we sought to 
create current good manufacturing practice compliant procedures 
for ZFN-mediated CCR5 disruption in HSPCs isolated from gran-
ulocyte colony-stimulating factor (CSF)-mobilized adults. We 
describe here optimized conditions for HSPC modification using 
cells derived from healthy donors and a clinical grade adenovi-
ral vector encoding the previously described CCR5-specific ZFN. 
The goal of these studies is to develop reproducible cell-processing 
procedures that achieve maximal CCR5 disruption with minimal 
impact on the hematopoietic potential of autologous HSPC.

RESULTS
Identification of optimal conditions for genomic 
modification of CCR5 in HSPC
We initially evaluated ZFN activity in adult CD34+ HSPCs using 
culture conditions that were previously used to support ex vivo 
genetic modification of HSPC for clinical use.13 HSPCs were iso-
lated from granulocyte-CSF–mobilized peripheral blood using a 
CliniMACS cell selection device (Miltenyi Biotec, Auburn, CA) and 
routinely exceeded 95% purity. We employed an adenoviral vector 
expressing a CCR5-specific ZFN pair (CCR5-ZFN) that has been 
previously shown to effectively disrupt CCR5 genomic sequences 
in primary human T-cells.11 This vector uses the Ad5/F35 chimeric 
fiber protein to broaden the tropism to include hematopoietic stem 
cells.14,15 Freshly isolated HSPCs were prestimulated (12–24 hours) 
in 100 ng/ml each of stem cell factor (SCF) and fms-like tyrosine 
kinase 3 ligand (Flt-3L) and 10 ng/ml thrombopoietin (TPO) 
(referred collectively as SFT) and then transduced with CCR5-
ZFN at multiplicity of infection (MOI) of 250–5,000. After over-
night incubation (12–24 hours), HSPCs were washed and placed 
into liquid bulk culture with cytokines that promote hematopoietic 
cell growth and differentiation (SCF, Flt-3L, TPO, interleukin-3 
(IL-3), IL-6, granulocyte macrophage-CSF, and erythropoietin) for 
7–28 days. Cells were harvested on day 7 and analyzed for CCR5 
gene disruption using the surveyor nuclease assay as previously 
described.16 Our results indicated that CCR5 gene disruption in 
adult HSPCs did not exceed 5% when ZFNs were delivered to adult 
HSPC via the CCR5-ZFN adenoviral vector under the described 
conditions (Supplementary Figure S1a). This was substantially 
lower than the 17% disruption we previously observed when 
ZFNs were introduced into cord blood HSPC through nucleofec-
tion of plasmid DNA.12 Extending the prestimulation time to 48 
or 72 hours did not increase CCR5-ZFN activity (Supplementary 
Figure S1b). As a control for CCR5-ZFN function, we transduced 
K562 erythroleukemia cells (MOI 250) or activated primary human 
T-cells (MOI 500) and observed CCR5 genetic modification of 21 
and 30.7%, respectively (Supplementary Figure S1c). We also used 

flow cytometric analysis to confirm the expression of the Ad5/F35 
fiber receptor (CD46) on HSPC (Supplementary Figure S2a–c) 
and demonstrated transduction of HSPC using a similar adeno-
viral vector encoding green fluorescence protein (Ad5/F35-GFP) 
under the same conditions (Supplementary Figure S2d,e). CD34+ 
HSPC cells are readily transducible under standard culture condi-
tions with cytokines (>65% of cells were GFP-positive). Together, 
these data indicated that the Ad5/F35 vector was functional and 
that adult HSPCs could be readily transduced with an Ad5/F35-
pseudotyped adenoviral vector.

We postulated that the low CCR5 disruption obtained with 
the CCR5-ZFN vector in HSPCs may reflect a problem with viral 
entry, ZFN expression, stability and/or activation state of the 
HSPCs. Compounds known to mediate intracellular signaling, 
protein trafficking, histone acetylation, cycling and expansion of 
HSPC were tested in an attempt to identify conditions that sup-
ported increased ZFN activity (Table 1). Samples of CD34+ HSPC 
were prestimulated with SFT for 16–20 hours either with test com-
pounds present during the entire prestimulation (pleoitrophin, 
interferon-α, IL-6, trichostatin A, valproic acid, bortezomib) or 
for 30 minutes before transduction (phorbol 12-myristate 13-ace-
tate (PMA), bryostatin, chloroquine, MG132, and okadeic Acid). 
All pre-treated cells were washed, transduced with CCR5-ZFN 
at an MOI of 50 and allowed to incubate for 12–24 hours. Cells 
were then washed and placed in bulk liquid culture for 7 days as 
described above. Samples from each condition were harvested 
and analyzed for CCR5 disruption by surveyor nuclease assay. 
We observed little to no change over background in the level of 
CCR5 genetic modification in cells treated with most compounds 
tested. However, when we combined high MOI (150) with protein 
kinase C (PKC) activators (PMA or bryostatin), we observed poor 

Table 1 Effect of cytokines, chemokines, chemical compounds, and 
modulators on ZFN activity in HSPC CD34+ cells

Compound Biological functions
Effect on 
ZFN activity

Cytokines  
(SCF, TPO, Flt-3L)32

HSPC growth No

Pleoitrophin (PTN)33,34 HSPC expansion No

Interferon-α (IFN-α)35,36 HSPC activation No

Interleukin-6 (IL-6)37 HSPC viability/maintenance No

Bryostatin 1 (Bryo)38,39 Protein kinase C activator Yes

Phorbol 12-myristate 
13-acetate (PMA)9,40

Protein kinase C activator and 
endosomal acidification

Yes

Trichostatin A (TSA)41 HDAC inhibitor No

Valproic acid (VA)42 HDAC inhibitor No

Bortezomib (Velcade)43,44 Proteasome inhibitor No

Chloroquine (CQ)45,46 Lysosomal and endosomal 
acidification inhibitor

No

Okadeic acid (OA)47,48 Endosomal acidification No

MG13244,49,50 Proteasome inhibitor No

Abbreviations: Flt-3L, recombinant human fms-like tyrosine kinase 3 ligand; 
HDAC, histone deacetylase; HSPC, hematopoietic stem and progenitor cell; SCF, 
stem cell factor; TPO, recombinant human thrombopoietin; ZFN, zinc finger 
nuclease.
Effect on ZFN activity is indicated as “yes” if percent of CCR5 disruption is ≥5%.
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cell viability but a significant increase in transduction efficiency 
(>99% GFP+ cells with greater than tenfold increase in mean 
fluorescent intensity when using Ad5/F35-GFP) (Supplementary 
Figure S2f). A similar increase in CCR5 disruption (26–31%) was 
observed in CCR5-ZFN–transduced HSPC when PKC activa-
tors (PMA or bryostatin) were included at the time of transduc-
tion (Figure 1). We subsequently performed titrations of PMA 
and bryostatin concentrations as well as vector MOI to identify 
optimal conditions for transduction of HSPCs (Supplementary 
Figure S3a,b). CCR5 disruption of >20% was observed using as 
little as 1 ng/ml PMA and CCR5-ZFN MOI of 150 or 10 nmol/l 
bryostatin and a vector MOI of 50. However, conditions that led 
to high levels of ZFN activity were also associated with low cell 
viability as determined by flow cytometric analysis using Annexin 
V/7-AAD staining. CCR5 disruption of ≈10% was observed when 
using vector MOI’s of 5 and 10 following overnight prestimula-
tion with SFT followed by a 30-minute incubation with 1 ng/ml 
PMA or 5 nmol/l bryostatin immediately preceding transduction 
(Supplementary Figure S3c,d). Cell viability under these latter 
conditions was >80%. Cells transduced with a control adenovi-
ral vector (containing no ZFN sequences, Ad5/35 hIL2Rg10) in 
parallel with CCR5-ZFN at MOIs of 0, 10, and 50 showed similar 
vector dose-dependent toxicity (Supplementary Figure S4) sug-
gesting that the loss of cell viability at high vector MOI was medi-
ated by the adenoviral vector itself and not the ZFN.

Evaluation of the effect of PKC activation and 
vector transduction on in vitro HSPC growth and 
differentiation
Having identified optimized conditions for CCR5 disruption, we 
wished to evaluate the hematopoietic potential of prestimulated, 
PKC-activated, CCR5-ZFN–transduced HSPC. HSPCs were pre-
stimulated overnight in SFT and then activated with 1 ng/ml of 

PMA or 5 nmol/l bryostatin for 30 minutes. Cells were cultured 
in the absence of vector to serve as a control or transduced with 
CCR5-ZFN vector at MOIs of 5 or 10 for 16–24 hours. Cells were 
then washed, plated in methylcellulose media, and cultured for 
2 weeks to determine colony-forming potential of each sample. 
No significant differences were seen in the number or types of 
colonies formed by the control and treatment group with MOI 
of 5 (Figure 2a). A modest but significant (P < 0.05) reduction in 
colony-forming potential was observed when using a vector MOI 
of 10.

In order to more completely characterize the effect of trans-
duction on lineage potential, transduced HSPC were also 
expanded in vitro in bulk liquid culture with weekly monitoring 
of cell proliferation and phenotypic analysis of myeloerythroid 
differentiation at 4 weeks. Cells from all cultures expanded over 
200-fold, and there were no significant differences in total cell 
expansion between PMA- or bryostatin-treated and control cul-
tures (Figure 2b). Flow cytometric analysis of bulk cultures was 
performed to assess lineage potential of the samples. Similar to the 
results from the colony-forming assays, no significant differences 
in the percentage of differentiated CD33+ progenitor cells, CD14+ 
monocytes, CD15+ granulocytes or glycophorin A+ erythrocytes 
were observed under these conditions as compared with control 
(Figure 2c).

CCR5-ZFN–induced CCR5 disruption is sustained and 
present in multiple lineages
To evaluate the stability of CCR5 disruption introduced by CCR5-
ZFN in CD34+ HSPCs, 4-week liquid cultures of HSPC were 
analyzed weekly for CCR5 disruption by surveyor nuclease assay. 
These data demonstrate that CCR5-ZFN treatment results in per-
sistent CCR5 gene disruption in the range of 12–24% on day 7 
followed by a gradual decline to a range of 7–18% at day 28 for 
all conditions tested (Supplementary Figure S5a). In addition, 
we isolated differentiated CD14+ (monocytes), CD15+ (granu-
locytes), CD14−/CD15− (nonmyeloid), CD14+/CD15+ multi-
potent progenitors by flow cytometric cell sorting and analyzed 
for CCR5 disruption by surveyor nuclease assay. Although there 
were different levels of CCR5 genomic editing among the lineages 
analyzed, CCR5 disruption was detected in all the populations 
(Supplementary Figure S5b). In particular, there was a consider-
able level of CCR5 disruption (>10%) in the CD14+ monocyte 
population, a critical HIV-1 target cell type. We observed no 
difference in the number of granulocyte colonies derived from 
transduced cells when compared with untransduced cells in the 
colony-forming unit assays (data not shown). Thus, it is unlikely 
that the lower level of CCR5 disruption in the granulocyte popula-
tion in this donor was due to an inefficient differentiation in this 
lineage after high expression levels of ZFN expression or high lev-
els of adenovirus vector transduction.

Clonogenic analysis of CCR5 disruption
In order to establish the frequency of monoallelic and biallelic 
disruption of CCR5 gene, sequence analysis was performed on 
DNA from individual colony-forming units derived from PMA-
treated CCR5-ZFN–transduced HSPCs. HSPCs from two differ-
ent donors were transduced with vector MOIs of 5, 10, and 50 

Figure 1 Protein kinase C (PKC) activators (PMA and bryostatin) 
significantly enhanced CCR5-ZFN activity in CD34+ hematopoietic 
stem/progenitor cells (HSPC). Adult HSPCs were stimulated with SFT 
in SCGM medium overnight followed by PMA or bryostatin treatment 
for 30 minutes before CCR5-ZFN transduction (multiplicity of infection 
(MOI) 150). The percent CCR5 disruption was obtained by surveyor 
nuclease assay from transduced cells (MOI 150) without PKC activator 
treatment (left), with 20 ng/ml PMA treatment (middle), and 10 nmol/l 
bryostatin treatment (right). Percent of CCR5 disruption is indicated 
under each lane. PMA, phorbol 12-myristate 13-acetate; ZFN, zinc  finger 
nuclease.

SFT SFT + PMA SFT + bryo

1.2%1.2% 31.3% 26.4%
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(donor 1) or MOI of 10 (donor 2) after treatment with 1 ng/ml 
of PMA for 30 minutes and cultured in methylcellulose medium 
for 2 weeks. Rapid hybridization-based screening was used to 
identify those clones with at least one disrupted CCR5 allele for 
further analysis. A total of 445 clones were analyzed from donor 
1 and 52 clones from donor 2 (Table 2). An average of 27.8 ± 2% 
of the clones contained a detectable disruption of CCR5 with 
16.8 ± 2.7% monoallelic and 11.1 ± 2.8% biallelic disruptions over-
all. Thus, ~40% of all CCR5-disrupted colonies contained biallelic 
disruptions and were thus “engineered” to be CCR5 homozygous 
deleted. In addition, the frequency of CCR5 disruption in the 
clones (% total clones modified) was similar to overall %CCR5 
disruption in the bulk culture indicating that CCR5-disrupted 
cells had equal colony-forming potential as mock-treated cells. 
Our results reveal an overall biallelic disruption frequency of 10% 
of all clonogenic progenitors.

Off-target analysis
In order to understand the specificity of the CCR5-ZFN’s activi-
ties, deep-sequencing analysis of the top 23 off-target sites (pre-
dicted by in silico modeling, ref. 11 and integration site analysis, 
ref. 17) was performed on PMA/CCR5-ZFN–treated cells 
(Supplementary Table S1). A low but detectable level of off-target 
modification was detected at CCR2, about 1 log lower than at the 
intended (CCR5) site. In addition, very low levels of modification 
were also observed at three additional sites. Importantly, the three 

additional sites where low levels of modification was detected 
occurred in noncoding (either at intergenic or intronic) sequences 
in the genome. The remaining 19 sites analyzed by deep sequenc-
ing showed no modification above background levels (0.01%). A 
list of top eight genes in which off-target cleavage is predicted to 
occur is presented in Supplementary Table S2.

Engraftment of ZFN-modified CD34+ HSPCs in NSG 
mice
The use of immunodeficient mice as a model for hematopoietic 
potential of candidate HSPC has been extensively documented.18,19 
We used the NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG) mouse model 
to evaluate the hematopoietic potential of ZFN-modified HSPC 
cells. NSG mice were transplanted with prestimulated HSPC, 
prestimulated HSPC treated with PMA or bryostatin alone, or 
prestimulated HSPC treated with PMA or bryostatin plus CCR5-
ZFN at MOI’s of 5 or 10. When non-transduced HSPC, or cells 
pre-treated with 1 ng/ml of PMA were tested, 100% of the ani-
mals engrafted with at least 1% human (CD45+) cells in the spleen 
and BM at 26–28 weeks. The combination of PMA (1 ng/ml) plus 
CCR5-ZFN transduction reduced the frequency of engraftment to 
between 80 and 91% (as measured in spleen and BM, respectively) 
at MOI of 5, to 50–68% at MOI of 10 (Table 3).

Although evaluation of human cell engraftment (%CD45+ 
cells) in the spleen and BM showed no statistically significant 
reduction at 26–28 weeks in the PMA alone group, or for PMA 

Figure 2 Effect of PMA and bryostatin treatment and vector transduction on hematopoietic stem/progenitor cell (HSPC) CD34+ cell growth 
and hematopoietic potential. (a) Colony-forming unit (CFU) assay. A total of 500 cells were plated in methylcellulose medium in triplicates for each 
condition and the average ± SD of CFU are shown. One way analysis of variance (ANOVA) with Dunnett’s multiple comparison test was used for 
statistical analysis as compared with the untransduced control. *P < 0.05. (b) Growth of untransduced, PMA-, and bryostatin-treated, CCR5-ZFN–
transduced cells cultured in bulk culture medium for 28 days. Average ± SD fold growth over starting cell number is shown, N = 3. (c) Phenotypic 
analysis of 2-week bulk culture and an one-way ANOVA performed with Bonferroni post-test. Error bars indicate average ± SEM of percent of total 
cells with each phenotype is shown, N = 3. ns, not significant; PMA, phorbol 12-myristate 13-acetate; Untd, untransduced; ZFN, zinc finger nuclease.
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plus CCR5-ZFN at MOI 5 when compared with untransduced 
cells (P > 0.05), a reduction of about twofold was evident for the 
PMA plus CCR5-ZFN at MOI 10 treated group (P < 0.001 in 
spleen and P < 0.01 in BM). A significant reduction in the level 
of engraftment in spleen and BM was also observed when cells 
were treated with bryostatin plus CCR5-ZFN at either MOI of 5 
or 10 (P < 0.001 in all cases). Despite any effects on absolute lev-
els of engraftment, no significant differences were observed in the 
percentage of specific hematopoietic lineages (CD4+ and CD8+ 
T-cells, CD19+ B-cells, monocytes) for any treatment group at 
this 26–28 weeks necropsy in either spleen (Supplementary 
Figure S6a) or BM (Supplementary Figure S6b).

Multiple lineage CCR5 disruption in transplanted, 
HIV-1–challenged NSG mice
At 28 weeks of age, five animals in a transplant cohort of 10 were 
necropsied and human cell (CD45+) engraftment in the BM and 
spleen was determined. The remaining five mice were challenged 
with HIV-1BaL and monitored for an additional 11 weeks. Of these 
five mice, the mock- (2) or PMA alone-treated (1) animals dis-
played sustained HIV-1 infections throughout the period exam-
ined, with viral kinetics likely reflecting differences in human 
CD4+ T cell levels in the mice (data not shown). Of the mice 
engrafted with PMA/CCR5-ZFN (MOI 10)-treated HSPC, one 
animal became infected with HIV-1 with the same kinetics as 
the mock- and PMA-treated mice, but then underwent a marked 
reduction in HIV-1 levels between 8 and 10 weeks post-infection 
and at necropsy. This animal had the highest levels of human 
CD45+ cells, and CD4+ T cells, which is consistent with protective 

effects of CCR5-ZFN modification in the face of a HIV-1 infection 
(data not shown). Surveyor nuclease analysis was performed on 
organs (BM and spleen) from all animals at necropsy to determine 
the extent of CCR5 disruption of human cells (Supplementary 
Figure S7). In the cohort of animals analyzed before HIV-1 infec-
tion, the CCR5 disruption rates were ~3% in the BM of the PMA/
CCR5-ZFN animals. Following 11 weeks of HIV-1 infection, the 
frequency of CCR5 disruption in the two remaining PMA/CCR5-
ZFN–treated mice showed a modest increase to ~5% in the BM 
and 7% in the spleen (Supplementary Figure S7a). However, 
upon sorting of splenocytes in the HIV-infected mouse into 
CD4+, CD8+, and CD19+ (B-cell) population (Supplementary 
Figure S7b), evidence for selective advantage was observed in 
both CD4+ and CD8+ populations exhibiting an increase of 20% 
in CCR5 disruption, (Supplementary Figure S7c). Previously, 
Holt et al. noted that infections with HIV-1BaL in humanized NSG 
mice ultimately selects for CCR5-negative CD8+ cells as well as 
CD4+ cells due to selection occurring at the double-positive stage 
within the thymus following CCR5 upregulation in this organ,12 
and likely accounts for the increase observed in CCR5 disruption 
in both T-cell subsets.

Mechanism of PKC activation in enhancing ZFN 
activity
We observed significant enhancement of adenovirally delivered 
ZFN activity upon treatment with PMA and bryostatin. PKC 
is a serine/threonine kinase and is known to activate multiple 
intracellular signaling pathways in cells of the hematopoietic 
 lineage.20 In order to investigate the mechanism of PKC-mediated 

Table 2 CCR5-ZFN generated both monoallelic and biallelic disruptions in HSPC CD34+ cells

 

Donor no. 1 Donor no. 2

MOI 5 MOI 10 MOI 50 MOI 10 Average ± SD

Overall % CCR5 disruption 23.3 34.6 30.4 18.3 26.7 ± 7.26

% Monoallelic clones 15.7 20.2 13.8 17.3 16.8 ± 2.71

% Biallelic clones 9.2 8.7 14.9 11.5 11.1 ± 2.83

% Total clones modified 24.9 28.9 28.7 28.8 27.8 ± 1.95

% Biallelic clones in modified cells 37.0 30.0 52.0 40.0 39.8 ± 9.18

Total colonies analyzed 185 173 87 52 124.3 ± 65.0

Abbreviations: HSPC, hematopoietic stem and progenitor cell; MOI, multiplicity of infection; ZFN, zinc finger nuclease.
Overall % CCR5 disruption, is the % of CCR5 disruption from day 7 bulk-cultured cells; percent of monoallelic clones and biallelic clones is the number of monoallelic 
or biallelic colonies divided by the total number of colonies analyzed; percent of total clones modified is the percentage of both monoallelic clones and biallelic clones; 
percent of biallelic clones is the number of the biallelic clones divided by the number of total clones modified.

Table 3 Engraftment of NSG mice after transplantation of PMA-, bryostatin-treated, and CCR5-ZFN–transduced HSPC

26–28 Weeks necropsy

  Untd
1 ng/ml  

PMA
1 ng/ml PMA, 

MOI 5
1 ng/ml PMA,  

MOI 10

5 nmol/l  
Bryostatin,  

MOI 5

5 nmol/l  
Bryostatin,  

MOI 10

Spleen % Animal engrafted 
CD45+, mean ± SD

100% (28), 
33.5 ± 22.4%

100% (3),  
58.4 ± 15.2%

91% (35),  
26.1 ± 24.3%

100% (12),  
6.8 ± 7.63%

68% (38),  
5.6 ± 9.67%

90% (20),  
5.5 ± 8.82%

BM % Animal engrafted 
CD45+, mean ± SD

96% (28),  
20.4 ± 17.2%

100% (3),  
30.3 ± 22.6%

80% (35),  
12.6 ± 14.1%

58% (12),  
3.0 ± 4.89%

50% (38),  
5.2 ± 7.58%

70% (20),  
4.6 ± 5.51%

Abbreviations: BM, bone marrow; HSPC, hematopoietic stem and progenitor cell; MOI, multiplicity of infection; PMA, phorbol 12-myristate 13-acetate; Untd, 
untransduced; ZFN, zinc finger nuclease.
Percent of animals engrafted in spleen or bone marrow at 26–28 weeks. The number of animals in each cohort is given within the parenthesis. The average level of 
engraftment is shown as the percentage of human CD45+ cells ± SD. Animal engraftment is defined as ≥1% of human CD45+ cells detected in the samples analyzed.
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enhancement of CCR5 gene disruption in HSPC, we analyzed the 
downstream activation of several intracellular signaling pathways 
known to be regulated by serine or threonine phosphorylation 
status. HSPCs from four donors were prestimulated overnight 
with cytokines (SFT) and treated the next day with (or without) 
1 ng/ml PMA. Both treated and untreated cells were fixed, perme-
abilized, and labeled with antibodies to pSTAT3, pSTAT5, pp38 
mitogen-activated protein kinase, pAkt, p-β-Catenin, pERK1/2, 
and p-NFκBp65. Samples were washed and analyzed by flow 
cytometry for the phosphorylation levels of each signaling epitope 
(Figure 3a). Among the phospho-signaling molecules evaluated, 
we only detected statistically significant (P < 0.001) induction 
of extracellular signal-regulated kinase (ERK)1/2 phosphoryla-
tion which peaked between 15 and 20 minutes following PMA 
addition. In a separate experiment, we confirmed that 5 nmol/l 
bryostatin also induced ERK1/2 phosphorylation to similar levels 
(Figure 3b). Although NFκBp65 signaling is known to be respon-
sive to PMA activation, we did not observe phosphorylation of 
NFκBp65 or its cognate inhibitor IκB (data not shown).

In order to determine whether the activation of mitogen- 
activated protein kinase kinase (MEK)/ERK pathway was required for 
increased ZFN activity, a specific inhibitor of MEK1/2 GSK1120212 
was used to prevent phosphorylation of ERK and the effect on CCR5 

disruption in PMA or bryostatin-activated HSPC was measured. 
HSPCs from three independent donors were prestimulated with 
three cytokines (SFT) as described above and then exposed to 5 or 
50 nmol/l GSK1120212 for 1 hour before PKC activation with bryo-
statin and CCR5-ZFN transduction. Our data demonstrate a dose-
dependent reduction of ERK phosphorylation in the HSPC using 
this inhibitor  (Figure 3c). In the same experiment, we performed 
analysis of CCR5 disruption on the aforementioned samples using 
the surveyor nuclease assay. The bryostatin-induced ZFN-mediated 
CCR5 disruption was also reduced in a dose-dependent manner by 
the MEK inhibitor (Figure 3d). Similar results were obtained when 
PMA was used as the PKC activator (data not shown).

We then investigated how mitogen-activated protein kinase 
activation leads to increased ZFN activity. First, ZFN RNA 
expression was analyzed by reverse transcription-PCR analysis 
using primers specific for Fok1 endonuclease domain sequences 
of the ZFN. We compared untreated, CCR5-ZFN–transduced, 
and PMA-activated/ZFN-transduced CD34+ HSPCs from five 
healthy donors for Fok-1 RNA expression. Our data demonstrated 
a 50-fold increase in the Fok1 RNA expression upon PMA stimu-
lation relative to cells transduced with vector alone (Figure 4a). In 
addition, western blot analysis was performed on samples treated 
with PMA or bryostatin and demonstrated that low levels of 

Figure 3 Protein kinase C activators induce phosphorylation of ERK1/2 in hematopoietic stem/progenitor cell (HSPC) CD34+ cells and result 
in enhancement of CCR5-ZFN activity. (a) CD34+ HSPCs from four healthy donors were stimulated with 1 ng/ml PMA and stained with anti-
phospho-signal protein antibodies as indicated. Mean fluorescence intensity (MFI) of each phospho-signal protein was displayed. Two-way analysis of 
variance with Bonferroni post-test was used for statistical analysis, ***P < 0.001. (b) CD34+ HSPC from four donors were either untreated or treated 
in parallel with 1 ng/ml PMA or 5 nmol/l bryostatin. (c,d) CD34+ HSPCs from three donors were either mock-treated or treated with bryostatin (Bryo) 
and MEK1/2 inhibitor GSK1120212 (Bryo + 5 or 50 nmol/l GSK) at the concentration indicated 1 hour before bryostatin stimulation, followed by 
CCR5-ZFN vector transduction at multiplicity of infection 10 (all samples). (c) MFI of pERK and (d) % CCR5 disruption of the same samples as in c 
were measured. The relative fold change of the parameters listed was normalized to samples treated with bryostatin and vector only. Average ± SEM is 
shown for (c) pERK MFI and (d) CCR5 disruption. ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; NF-κB, nuclear 
factor-κB; PMA, phorbol 12-myristate 13-acetate; ZFN, zinc finger nuclease.

0

0
0.0

M
oc

k t
re

at
ed

Bry
o

Bry
o 

+ 5
 n

m
ol/

l G
SK

Bry
o 

+ 5
0 

nm
ol/

l G
SK

0.5

1.0

M
F

I p
E

R
K

1.5

5

10

15

%
 C

C
R

5 
di

sr
up

tio
n 20

25

0

20

40

60

M
F

I

80

100 ***

Mock treated

PMA treated

Unt
re

at
ed

Unt
re

at
ed

Bry
o

Bry
o 

+ 5
 n

m
ol/

l G
SK

Bry
o 

+ 5
0 

nm
ol/

l G
SK

pS
ta

t3

pE
RK1/

2

pS
ta

t5
pA

kt

p-
p3

8 
M

APK

p-
NF-κB

 p
65

p-
β-C

at
en

in

1 
ng

/m
l P

M
A

5 
nm

ol/
l B

ry
o

10

20

M
F

I p
E

R
K

30
a b

c d

1264 www.moleculartherapy.org vol. 21 no. 6 june 2013



© The American Society of Gene & Cell Therapy
Genome Editing of CCR5 in Adult HSPCs Using ZFNs

CCR5-ZFN protein was expressed when the cells were prestimu-
lated with SFT and transduced with vector alone. However, a sub-
stantial dose-dependent increase in the expression of ZFN protein 
was observed upon treatement of HSPC with either PMA or 
bryostatin (Figure 4b). Pretreatment of HSPC with MEK inhibi-
tor before transduction resulted in dose-dependent reduction of 
CCR5-ZFN protein expression (Figure 4c). Thus, in this adeno-
viral delivery system, the activation of the MEK/ERK pathway is 
critical for enhancing ZFN activity primarily through increased 
viral entry and cytomegalovirus (CMV) promoter-driven tran-
scription of ZFN RNA leading to enhanced protein expression.

DISCUSSION
Allogeneic BM transplantation with HIV-resistant (CCR5Δ32/Δ32) 
hematopoietic stem cells has been shown to provide long-term 
control of HIV-1 viremia and a sterilizing cure of the infection. 
However, the identification of a suitable human leukocyte antigen-
matched BM donor with a CCR5Δ32/Δ32 (or equivalent) genotype is 
exceedingly difficult and not practical for widespread application of 
this approach. Our previous studies (and those of others) have dem-
onstrated that transplantation of gene-modified autologous HSPCs 
is a feasible approach to HIV-1 gene therapy. Several groups have 
demonstrated the utility of ZFN technology in disruption of the 
CCR5 gene-reading frame resulting in effective inhibition of CCR5 
expression, and this technology is currently under clinical investi-
gation in T-cells.11 In our prior animal studies, we used electropora-
tion to deliver ZFN-encoding sequences to cord blood HSPC and 
were able to observe CCR5 disruption of ≈17% without the use of 
any additional stimulation agents.12 In our current report, we evalu-
ated an adenoviral vector-based CCR5/ZFN construct to determine 
whether we could generate similar levels of CCR5 disruption in adult 
HPSC. Among the advantages of using adenoviral vectors are the 
availability of good manufacturing practice methods for production 
of safe, high-titer stocks and the ability to transduce both dividing 
and nondividing cells without integration into genome, minimiz-
ing the potential risk of vector-mediated oncogenesis. Surprisingly, 
we were unable to achieve similar levels of CCR5  disruption using 
adult HSPC with this vector. We demonstrate that this is at least 

partially due to suboptimal transduction and low level of transcrip-
tion of the ZFN protein from the CMV promoter in HSPC, but may 
also involve other mechanisms related to DNA repair in the nonho-
mologous end joining (NHEJ) pathway.

We explored ways to increase the activity of ZFNs in HSPC 
by assessing treatments that could improve adenoviral vector 
transduction through alteration of HSPC activation (cytokines, 
pleoitrophin, interferon-α, PMA, bryostatin), chromatin con-
densation (trichostatin A, valproic Acid), intracellular trafficking 
(okadeic Acid, chloroquin) or ZFN expression and stability (PMA, 
bryostatin, bortezomib, MG132). We found that only short-term 
exposure to low concentrations of the PKC activators, PMA or 
bryostatin resulted in increased CCR5-ZFN activity (CCR5 dis-
ruption). Our results using Ad/GFP vector demonstrated that pre-
treatment of HSPC with PKC activators demonstrated an increase 
in the percentage of GFP+ cells from 66 to >99% and greater than 
tenfold increase in GFP expression levels. This data supports 
a mechanism that includes both higher levels of viral entry (% 
transduced cells) and CMV-driven gene expression (GFP). We 
confirmed that PKC activation results in activation of the MEK/
ERK pathway and verified the role of this pathway using MEK 
inhibitors and measuring ZFN RNA and protein expression and 
CCR5 disruption. This mechanism is consistent with previous 
reports that enhancement of CMV promoter-driven gene expres-
sion results in the recruitment of c-fos and c-jun (AP-1) transcrip-
tional complexes to AP-1–binding sites on the CMV promoter and 
enhances its transcriptional activity.21,22 It is also possible that PKC 
activation results in changes to the alternate NHEJ DNA repair 
pathway making it more prone to errors and leading to a higher 
rate of CCR5 disruption. However, reports by several other groups 
have shown that PKC activation actually inhibits poly(adenosine 
diphosphate-ribose) polymerase-1 (PARP-1) activity which is 
required for alternative NHEJ activity leading to inaccurate DNA 
repair.23,24 Thus, based on our Ad5/GFP and ZFN RNA and pro-
tein expression analysis, we believe the most likely explanation for 
increased activity is a combination of enhanced viral transduction 
and increased ZFN gene expression, although we cannot formally 
rule out additional mechanisms.

Figure 4 Protein kinase C (PKC) activation increases CCR5-ZFN RNA expression leading to enhanced protein production. (a) Reverse transcrip-
tion-PCR analysis of CCR5-ZFN mRNA using CCR5-ZFN-Fok1 endonuclease-specific primers. Untreated, CCR5-ZFN transduced (multiplicity of infec-
tion (MOI) 50) without PMA treatment (0PMA-50), and 1 ng/ml PMA-treated and CCR5-ZFN–transduced (1PMA-50) CD34+ cells from five donors 
were analyzed. (b) Western blot analysis of Fok1 endonuclease protein expression in hematopoietic stem/progenitor cells treated with PKC activators 
at the concentrations indicated and transduced with CCR5-ZFN vector (MOI 50). (c) Dose-dependent inhibition of the Fok1 endonuclease protein by 
MEK inhibitor GSK1120212 at indicated concentrations before bryostatin treatment (5 nmol/l) and CCR5-ZFN transduction (MOI 50). PMA, phorbol 
12-myristate 13-acetate; ZFN, zinc finger nuclease.
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It is well established that prolonged activation of PKC can 
lead to terminal differentiation of hematopoietic cells along the 
erythromyeloid lineages or even promote cellular transforma-
tion.20,21,25,26 In order to assess the effect of brief exposure to PKC 
activation on the hematopoietic potential of HSPCs, we used a 
series of in vitro and in vivo assays to evaluate cell proliferation, 
colony formation, and lineage-specific differentiation of treated 
versus untreated HSPC. Using brief activation of PKC and an 
Ad5/F35 ZFN MOI of 5, HSPCs maintain high viability and show 
no evidence of disruption of normal hematopoietic differentia-
tion in vitro. When PKC-activated HSPC were used to transplant 
immunodeficient NSG mice, no reduction of engraftment was 
observed. However, when we combined PKC activation and ade-
noviral transduction, we noted a reduction in the level of human 
cell engraftment that correlated with the MOI of the adenoviral 
vector used but observed no changes in the distribution of B, T, 
and myeloid cells in the spleen and BMs of engrafted mice. Thus, 
inhibition of engraftment was associated with viral transduc-
tion and not PKC activation alone. HIV-1 challenge of mice suc-
cessfully reconstituted with CCR5-ZFN–treated HSPC resulted 
in enrichment in the level of CCR5 disruption in both CD4+ 
T-cells and CD8+ T-cells. We postulate that the increase in gene-
modified CD8 cells (not normally a target of HIV-1 infection) 
is either due to viral (HIV-1) depletion of CD4+/CD8+ imma-
ture T-cells during T-lymphopoiesis or is an indirect outcome of 
HIV-1 bystander effect.27,28 Irrespective of the mechanism, there is 
a resultant enrichment in both mature subsets consistent with our 
previous findings using neonatal HSPC.12 Thus, the data presented 
here support the concept that gene-modified HSPC will produce 
modified progeny in vivo that are resistant to HIV-1 infection.

The methods developed here are intended to support even-
tual clinical trials on CCR5-ZFN–modified stem cell gene therapy 
for HIV-1 and may have important implications for other appli-
cations of ZFN or stem cell technology. It is unknown whether 
the reduction observed in the NSG mice transplanted with PMA 
CCR5-ZFN–treated cells is a quantitative predictor of what 
would happen in the context of an autologous human transplant. 
Although we have found that the reduction in human cell engraft-
ment is correctable by the use of an increase in cell dosage, we are 
also currently exploring alternative approaches to delivering ZFN 
including DNA or RNA electroporation and non-integrating len-
tiviral vectors. These studies will permit the selection of the ideal 
delivery mode and CCR5 disruption level for clinical translation.

MATERIALS AND METHODS
CD34+ cells. CD34+ HSPC were isolated from granulocyte-CSF– 
mobilized peripheral blood from healthy donors and purchased from 
vendors using previously described methods.13 Briefly, the washed and 
concentrated mobilized peripheral blood were labeled with CliniMACS 
CD34 microbeads (Miltenyi Biotec) and enriched with the CliniMACS 
Cell Separation System (Miltenyi Biotec). The purity of cells was usually 
>98%. Enriched CD34+ cells were either used freshly for transduction or 
cryopreserved using a controlled rate freezer and stored in the vapor phase 
of a liquid nitrogen dewar for later use.

Adenoviral vector. The Ad5/F35-pseudotyped CCR5-ZFN (CCR5-ZFN) 
and Ad5/F35-pseudotyped GFP (Ad-GFP) used in this study were pro-
vided by Sangamo BioSciences (Richmond, CA) and described previously 
(Perez et al.11 and Nilsson, M. et al.29). Briefly, CCR5-ZFN and Ad-GFP 

adenoviral vectors were generated on an E1/E3-deleted backbone. The pair 
of CCR5 ZFNs were linked via a 2A-peptide sequence and cloned into the 
pAdEasy-1/F35 vector under control of the CMV TetO promoter (24). The 
Ad5/F35 virus for each construct was generated using TREx 293T cells as 
described.29 The vector was tested negative for the presence of replication-
competent adenovirus before use in the study.

Adenoviral transduction of HSPCs and in vitro culture. Freshly isolated 
or frozen CD34+ HSPC cells (1 × 106 cells/ml) were prestimulated in 
CellGro SCGM (CellGenix, Freiburg, Germany) supplemented with three 
cytokines (SFT): 100 ng/ml recombinant human SCF, 100 ng/ml recombi-
nant human Flt-3L (Invitroge, Carlsbad, CA), and 10 ng/ml recombinant 
human TPO (CellGenix) 12–24 hours before transduction. After over-
night prestimulation, cells were treated with PMA (Sigma-Aldrich, St 
Louis, MO) or bryostatin 1 (bryostatin) (Sigma-Aldrich) at indicated con-
centrations for 30 minutes and washed before transduction. Treated cells 
were suspended to a density of 1 × 106 cells/ml. Vectors were added to the 
cells at MOI of 0–5,000 for 12–24 hours and incubated at 37 °C in 5% CO2. 
For myeloid hematopoietic potential, cells were incubated in a bulk culture 
medium (Iscove’s modified Dulbecco’s medium, 20% fetal bovine serum, 
1% l-glutamine, 100 ng/ml of SCF, 100 ng/ml Flt-3L, 10 ng/ml of TPO, 
40 ng/ml of IL-6, 20 ng/ml of IL-3, 3 IU/ml erythropoietin, and 100 ng/ml 
granulocyte macrophage-CSF) for up to 4 weeks.13 Samples were collected 
at the time points indicated for cell counts using Guava PCA-96 (EMD 
Millipore, Danvers, MA) and performance of other assays as listed below.

Colony-forming unit assay. Mock-transduced and PMA-treated, CCR5-
ZFN–transduced CD34+ HSPCs were harvested 16–24 hours after 
transduction. A total of 500 cells were plated in triplicate in MethoCult 
H4435-enriched methylcellulose medium according to the manufactur-
er’s instruction (Stem Cell Technologies, Vancouver, British Columbia, 
Canada); 12–14 days after incubation, total colonies were enumerated 
under inverted microscope.

Cell viability-apoptosis analysis by annexin V/7-AAD staining. Aliquots 
of  control and transduced cells were stained with Annexin V FITC 
Apoptosis Detection Kit (BD Pharmingen, San Jose, CA) in Annexin-
binding buffer (BD Pharmingen) as instructed by the manufacturer and 
phenotypic data was collected on an Cytomics FC500 flow cytometer 
(Beckman Coulter, Brea, CA) and analyzed with the FCS Express Version 
3 software (DeNovo Software, Los Angeles, CA). Viable cells are the pop-
ulation that is negative for both annexin V and 7-AAD staining and are 
compared with the unstained control.

Surveyor nuclease assay. The percentage of CCR5 alleles disrupted 
by ZFN treatment was measured by surveyor nuclease assay. Briefly, 
genomic DNA was extracted using the MasterPure Complete Purification 
kit (Epicentre, Madison, WI) according to the manufacturer’s instruc-
tions. The purified genomic DNA was used as a template to amplify 
a fragment of the CCR5 gene using the primers C5_Cel_160_F1: 
AAGATGGATTATCAAGTGTCAAGTCC; and C5_Cel_160_R1: CAAA 
GTCCCACTGGGCG in the presence of a 32P-dATP and dCTP. The PCR 
products were then heated, allowed to re-anneal followed by treatment with 
the mismatch-sensitive surveyor nuclease (Transgenomic, Omaha, NE) as 
described in order to detect insertions and deletions caused by NHEJ. The 
resulting radiolabeled products digested with the surveyor nuclease were 
resolved by polyacrylamide gel electrophoresis, and the ratio of cleaved to 
uncleaved products was calculated to give a measure of the frequency of gene 
disruption. The assay is sensitive enough to detect single-nucleotide changes.

Flow cytometric analysis. Aliquots of cells from in vitro culture were 
taken weekly for phenotypic analysis using antibodies to lineage-specific 
cell surface antigens. Antibodies CD33-PE, CD15-FITC, GlyA-PC5, 
(BD Biosciences, San Jose, CA), and CD14-APC-Alexa750 (Invitrogen, 
Carlsbad, CA) were used to identify for progenitors, granulocyte, 
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erythyrocyte, and monocyte subpopulations, respectively. Phenotypic data 
were collected on a Gallios flow cytometer (Beckman Coulter) and analyzed 
with FCS Express Version 3 software (DeNovo Software). Lineage-specific 
subpopulations, CD14+, CD15+, CD14+/CD15+, and CD14−/CD15− cells 
from PMA-treated and CCR5-ZFN–transduced cells were sorted by flu-
orescence-activated cell sorting after 4 weeks culture in the bulk culture 
media that promotes myeloid-erythroid lineage differentiation.

Genotyping for single and biallele CCR5 knockout. Mock-transduced and 
CCR5-ZFN–transduced CD34+ HSPC cells were harvested 16–24 hours 
after transduction and plated in triplicate in MethoCult H4435-enriched 
methylcellulose medium as described above in colony-forming unit assay. 
Individual colonies were isolated and analyzed for single and biallele CCR5 
knockout by first screening for unmodified colonies using either the sur-
veyor nuclease assay or a second PCR-based assay capable of detecting 
mutations at the CCR5-ZFN cleavage site using primers designed to spe-
cifically amplify unmodified wild-type sequences but not sequences with 
deletions, as previously described.30 These assays identified 160 methylcel-
lulose colonies for further evaluation. The CCR5 locus was PCR-amplified 
from these cells, cloned into a bacterial plasmid, and then genotyped by 
directly sequencing the plasmid inserts.

Off-target site analysis. CD34+ cells were prestimulated in SCGM medium 
with SCF, Flt-3L, and TPO at 37 °C in 5% CO2 overnight. On the next day, 
cells were treated with 1 ng/ml PMA for 30 minutes. Cells were washed and 
transduced with Ad5/35 CCR5-ZFN at MOI of 10, and then cultured for 
7 days before harvesting and isolating genomic DNA for initial PCR for 
the target loci followed by illumina deep sequencing. Briefly, initial PCR 
products were purified, treated with Klenow fragment (3′-5′ exo-; New 
England BioLabs, Ipswich, MA), ligated to adaptors, gel-purified, and then 
PCR-amplified (14 cycles) with illumina primers. Deep sequencing was 
performed on the top 23 off-target sites. The original top 15 potential off-
target sites identified by a Systematic Evolution of Ligands by Exponential 
Enrichment (SELEX) protocol-guided analysis of the human genome; and 
eight additional sites obtained by an unbiased approach to off-target sites 
identification via mapping the locations of integrase-defective lentiviral inte-
gration in CCR5-ZFN–treated cells by linear amplification-mediated PCR.17

Phosphoprotein analysis. The CD34+ cells were stained with phospho-
protein-specific monoclonal antibody as previously described.31 Briefly, 
1 × 106 CD34+ cells cultured in SCGM medium with three cytokines at 
37 °C in 5% CO2 were harvested after 15 minutes of treatment with either 
PMA or bryostatin or mock-treated in a suitable amount of dimethyl sulf-
oxide containing medium. Cells were fixed with an equal volume of BD 
PhosFlow Fix Buffer I (BD Biosciences) for 10 minutes at 37 °C to arrest 
signaling activity and washed with staining buffer (phosphate-buffered 
saline supplemented with 0.5% bovine serum albumin) followed by per-
meabilization in 90% cold methanol at 4 °C for 30 minutes, washed twice 
with staining buffer and split evenly for parallel staining with anti-STAT3 
(pY705)-PE, anti-ERK1/2 (pT202/pY204)-PE, anti-STAT5 (pY694)-PE, 
anti-β-catenin (pS45)-PE, anti-Akt (pS473)–Alexa Fluor 647, anti-p38 
(pT180/pY182)-PE, anti-NF-κBp65(pS529)-PE, and isotype controls (BD 
Biosciences) for 30 minutes at room temperature. After incubation with 
antibody, cells were washed with staining buffer, pelleted, and resuspended 
in phosphate-buffered saline buffer containing 0.1% bovine serum albu-
min for flow cytometric analysis. At least 50,000 events from each sample 
were collected using Cytomics FC500 flow cytometer (Beckman Coulter). 
Cells were gated on live population (clearly demarcated in forward/side 
scatter plots) for analysis of geometric mean of fluorescence intensity using 
FCS Express 3.0 software (Denovo Software).

RNA preparation and quantitative reverse transcription-PCR. The 
effect of PMA on the expression of ZFN (Fok1) mRNA was examined 
using reverse transcription-PCR. CD34+ cells were seeded in six-well 
plates and supplemented with SCGM containing SCF, TPO, and Flt-3L 

as described above. One day after seeding, cells were stimulated with or 
without PMA (1 ng/ml) for 30 minutes. Then cells were washed, trans-
duced with CCR5-ZFN (MOI 50), and cultured in SCGM with three 
cytokines for an additional 3 hours. Total RNA was extracted from 
untreated control; CCR5-ZFN–transduced; and PMA-treated, CCR5-
ZFN–transduced CD34+ cells, with RNeasy Mini kit (Qiagen, Valencia, 
CA) according to the manufacturer’s manual. Approximately 1 μg RNA 
was used for cDNA synthesis using the RT2 First strand kit (Qiagen) fol-
lowing the manufacturer’s instruction. The following primers were used 
for amplification; Fok1 forward 5′-CCTGACGGCGCCATCTAT-3′ and 
reverse 5′-CGATCACGCCGTAATCGAT-3′, GAPDH forward 5′-GAA 
GGTGAAGGTCGGAGTC-3′ and reverse 5′-GAAGATGGTGATGGG 
ATTTC-3′. Quantitative PCR measurements were performed on five bio-
logical replicates, PCR-amplified as three technical replicates and plotted as 
fold increase of ZFN-Fok1 RNA expression. Changes in the cycle threshold 
(∆CT) values for Fok1 gene expression were obtained by subtracting the 
mean threshold cycle (CT) of the housekeeping gene (GAPDH) from the 
threshold cycle value of the Fok1 gene. Changes in the ∆CT values for Fok1 
gene were obtained by subtracting the mean CT of the housekeeping gene 
(GAPDH) from the CT value of the Fok1 gene. The ∆∆CT value for five 
experiments was calculated using formula ∆∆CT = ∆CT (treatment) − ∆CT 
(untransduced control). The fold upregulation of Fok1 transcription was 
calculated as follows: 2(−∆∆CT).

Western blot analysis. CD34+ cells (1 × 106 cells/ml) were treated with 
bryostatin or PMA in presence or absence of GSK1120212 inhibitor 
(Selleck Chemicals, Houston, TX) for 30 minutes followed by transduction 
of CCR5-ZFN at MOI of 50 overnight (12–24 hours). Total cell lysates were 
prepared in a RIPA Lysis Buffer system (Santa Cruz Biotechnology, Santa 
Cruz, CA). The protein content of the samples was measured using the BCA 
protein assay reagent (Thermo Scientific, Pierce Protein Research Products, 
Rockford, IL). A total of 20 or 50 μg protein samples were then subjected 
to sodium dodecyl sulfate polyacrylamide gel electrophoresis using 10% 
Tris-HCl gels and blot transferred onto a polyvinylidene difluotide mem-
brane, immunoblotted with anti-Fok1 antibody (Sangamo BioSciences) 
anti-ERK1/2, phospho-ERK1/2, IkBa, phospho-IkBa (Cell Signaling 
Technology, Danvers, MA) or β-actin (Sigma-Aldrich) antibodies. The 
bands were detected using the SuperSignal West Pico chemiluminescent 
detection system (Thermo Scientific, Pierce Protein Research Products).

NSG mouse transplantation and engraftment analysis. NOD.Cg-Prkdc 
scid Il2rg tm1Wj/SzJ (NSG) mice were originally obtained from Jackson 
Laboratories (Bar Harbor, ME). Adult mice within 7–10 weeks of age 
received 250 cGy radiation, then either immediately or 2–4 hours later 
mice were retro-orbitally injected with 1 × 106 or 2 × 106 CCR-ZFN–modi-
fied or mock-treated human CD34+ HSPCs in 50 μl phosphate-buffered 
saline containing 1% heparin. Peripheral blood samples were collected 
every month starting at 4 weeks postengraftment using retro-orbital 
sampling. Whole blood was blocked in fetal bovine serum (Mediatech, 
Manassas, VA) for 30 minutes. The RBCs were lysed using Pharmlyse solu-
tion (BD Biosciences), and cells were washed with phosphate-buffered 
saline. Mice were necropsied between 8 and 28 weeks post-transplantation 
and tissues (spleen, BM) were collected and processed either immediately 
for cell isolation and fluorescence-activated cell sorting analysis as previ-
ously described by Holt and colleagues12 or spun down and frozen for later 
DNA extraction and surveyor nuclease analysis.

Fluorescence-activated cell sorting analysis of human cells was 
performed using a FACS Cyan instrument (BD Biosciences) with FlowJo 
software version 7.6.5 for PC (TreeStar). The initial gating strategy 
performed was based on forward scatter versus side scatter gate to 
exclude debris, followed by a human CD45 gate. Specific lineages (B 
cell, CD4+ T cell, CD8+ T cell, and monocytes) were determined using 
specific antibodies, with monocytes defined as CD4dim. All antibodies (BD 
Biosciences) were fluorochrome-conjugated and human-specific. The 

Molecular Therapy vol. 21 no. 6 june 2013 1267



© The American Society of Gene & Cell Therapy
Genome Editing of CCR5 in Adult HSPCs Using ZFNs

clones used in the studies are: CD45PerCP Cy5.5, clone 2D1; CD19APC, 
clone HIB19; CD4FITC, clone SK3; CD8PE, clone HIT8a.

HIV-1 challenge and CCR5 disruption analysis of NSG mice. NSG mice 
were transplanted/engrafted with either untreated or PMA/CCR5-ZFN–
modified HSPCs as described in the text. At 26 weeks of transplant, half 
of the cohort was necropsied and analyzed for % CD45 and CCR5 dis-
ruption in the BM and spleen. Of the remaining animals, five mice were 
infected with a cell-free virus stock of HIV-1BaL that was propagated and 
administered as previously described.12 Eleven weeks post-infection, tis-
sue samples were collected at necropsy and processed immediately for cell 
isolation and fluorescence-activated cell sorting analysis, or kept in freez-
ing media for later analysis and DNA extraction. CCR5 disruption were 
analyzed using the Surveyor nuclease assay on bulk unsorted spleen cells 
and CD4+, CD8+, and CD19+ cells.

SUPPLEMENTARy MATERIAL
Figure S1. CCR5-ZFN transduction resulted in low level CCR5 dis-
ruption in HSPC CD34+ cells under standard conditions.
Figure S2. CD46 is expressed on HSPCs permitting transduction 
with an Ad5/F35-based adenovirus vector expressing GFP.
Figure S3. PMA, bryostatin dose response, and adenoviral vector 
MOI on CCR5 disruption and viability of HSPC CD34+ cells.
Figure S4. Viability of PMA-treated HSPC following Ad5/F35 CCR5-
ZFN or Ad5/F35 hIL2Rg10 transduction.
Figure S5. CCR5-ZFN–induced CCR5 disruption is sustained and 
present in multiple lineages.
Figure S6. Multiple lineage engraftment of PKC activator-treated 
and CCR5-ZFN–transduced HSPCs in the spleen and bone marrow of 
transplanted NSG mice.
Figure S7. CCR5 disruption was present and enhanced in multiple 
lineages in long-term transplanted, HIV-1–challenged NSG mice.
Table S1. Off-site target analysis of PMA-treated and Ad/35ZFN-
transduced cells.
Table S2. List of genes in which off-target cleavage may occur.
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