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genomic DNA (gDNA) with high sequence specificity, and the single
megaTAL coding sequence can be efficiently delivered by mRNA
transfection, allowing high-level transient expression. When HDR is
the desired outcome, a suitable donor DNA template that satisfies key
criteria must also be optimized. These criteria are that it must be easy to
deliver and nontoxic to primary cells; it should be efficiently recognized
as a candidate repair template by the HDR machinery; and it should not
integrate randomly into the host chromatin. Here, we describe the op-
timization of gene editing at the CCR5 locus of primary human T cells,
using a CCR5-specific megaTAL and recombinant adeno-associated
virus (rAAV) delivered donor template. The resulting protocol allowed
us to efficiently target a range of expression constructs to the CCR5 locus
in primary T cells and adult mobilized CD34+ peripheral blood stem
cells (PBSCs).
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RESULTS

Activity of alternative nucleases editing the human
CCR5 locus
Site-specific insertion of therapeutic coding sequences in primary cells
via HDR requires efficient delivery of both a high-efficiency designer
nuclease and a DNA donor template. In addition, we hypothesized that
overhang architecture at the nuclease cleavage site might differentially
bias DSB repair toward either HDR or NHEJ. We tested this idea for
two alternative nuclease platforms that efficiently target the CCR5 locus:
a megaTAL nuclease (CCR5 megaTAL; fig. S1) that generates 3′ DNA
overhangs or a CCR5–TALEN (TALE nuclease) pair where a dimerized
Fok1 nuclease creates 5′ overhangs. We used reagents that targeted the
same region of CCR5 (Fig. 1A) to optimally compare rates of HDR.

To verify that both nucleases efficiently targeted the CCR5 locus, we
used polyadenylate-tailed mRNA to deliver nuclease or a blue fluores-
cent protein (BFP) mRNA (as transfection control) into prestimulated
purified primary human CD4+ T cells. Samples receiving BFP control
RNA were 98% transfected as measured by FACS 48 hours after trans-
fection. In the absence of a repair template, DNA breaks are resolved
by the error-prone NHEJ pathway, resulting in either seamless religa-
tion or indels. We first estimated indel frequency at the CCR5 locus
using the T7 endonuclease assay [Fig. 1B; (8)] and detected about two
times greater activity with CCR5-TALEN as with megaTAL (82% ver-
sus 44%, respectively). Because the T7 assay may underestimate NHEJ
events in the presence of a uniform spectrum of indels, we also assessed
NHEJ rates using tracking of indels by decomposition (TIDE) sequencing
[Fig. 1B and fig. S2; (9)]. TIDE sequencing allows the quantitation and
characterization of mutations within a capillary sequence analysis relative
to a reference sequence analysis by using a decomposition algorithm.
Using this assay, we observed a rate of 42 and 32%NHEJ (TALEN versus
megaTAL, respectively). Thus, NHEJ rates in primary T cells were equiv-
alent or slightly higher with the CCR5-TALEN versus megaTAL.

To first test whether these nucleases facilitate HDR repair, we used the
TLR assay (10). In this assay, the CCR5-megaTAL and CCR5-TALEN
binding and cleavage sites were inserted within the GFP coding sequence
of the GFP-T2A-mCherry expression cassette, and lentiviral delivery was
used to stably introduce this TLR cassette into the chromatin of HEK
293T cells (HEK-CCR5-TLR). Reporter lines were treated with gene-
editing reagents (including various doses of an AAV.GFP repair template)
followed by flow cytometry at 72 hours to simultaneously detect NHEJ
(read as indels causing frame shift mutations that allow mCherry ex-
www.ScienceTra
pression) and HDR (read as repaired GFP expression; downstream
mCherry is out of frame; Fig. 1C). Transfection of HEK-CCR5-TLR cells
with BFP mRNA alone, or with the AAV.GFP donor alone, did not af-
fect GFP or mCherry expression (Fig. 1D). HEK 293T cells transfected
with TALEN mRNA alone exhibited 3.9 times higher NHEJ rates than
did cells treated with megaTAL alone. Although NHEJ rates dropped
~50% for both enzymes when AAV.GFP donor template was present,
the NHEJ rates of the TALEN remained about threefold higher than
those of the megaTAL at all AAV doses. Notably, although the CCR5-
TALENs exhibited higher NHEJ rates, HDR events were similar at all
AAV dosages in megaTAL- and TALEN-treated cells [or slightly higher
for the megaTAL at 50,000 multiplicity of infection (MOI)]. On the basis
of these data, we calculated a more than threefold higher HDR/NHEJ
ratio (at all AAV MOIs, with the exception of the highest) when cutting
was performed by the megaTAL than by the TALEN enzyme.

High-efficiency HDR at the CCR5 locus in primary T cells
Having established the efficiency of our nucleases, we next tested meth-
ods for transient delivery of a DNA donor template into primary human
T cells using recombinant AAV. To identify an optimal AAV sero-
type, we transduced enriched primary human CD4 T cells using self-
complementary (sc) AAV.MND.GFP [scAAV expressing GFP downstream
of the modified retroviral promoter/enhancer (MND)] packaged using
seven different AAV serotypes: 1, 2, 2.5, 5, 6, 8, and DJ. AAV transduc-
tion was read out as transient GFP expression at 48 hours (fig. S3), and
maximal expression was achieved with virus packaged with serotype 6
at all AAV doses.

To assess HDR at the CCR5 locus in primary human T cells, we gen-
erated AAV6-serotyped vectors containing an MND-GFP expression
cassette inserted between 1.3 kb (kilobase) CCR5 homology arms (ad-
jacent to the region containing both the megaTAL and TALEN cleavage
sites; AAV.CCR5.GFP; Fig. 2A). A control AAV containing anMND-BFP
expression cassette without homology arms (AAV.BFP) was also generated
to track rates of non–homology-driven AAV insertion at gDNA breaks.
We tested multiple parameters for combining CCR5-megaTAL mRNA
transfection with AAV transduction to optimize both cell viability and
HDR (stable GFP expression over time) including the following: timing
and sequence of cell stimulation, transfection and transduction, and in-
cubation temperature after transfection. We found robust HDR using
the sequence of procedures shown in Fig. 2A (see also Materials and
Methods); we refer to the nuclease mRNA transfection (preceding the
AAV donor template transduction) as time 0 of gene editing. Using op-
timized conditions, the percentage of cells transfected with BFP mRNA
was 98% at day 2 and decreased to <1% by day 16. Expression of the
fluorochrome, in AAV.BFP- or AAV.CCR5.GFP-only–transduced cells,
averaged 80 and 64%, respectively, after 2 days (Fig. 2, B and C). This
expression was unstable over time (presumably because of the pres-
ence of episomal AAV), decreasing to <1 and 2% for AAV.BFP or
AAV.CCR5, respectively, by day 16. In contrast, in cells treated with both
megaTAL mRNA and AAV.CCR5.GFP donor, high-level GFP expres-
sion was present at early time points (81% at day 2) and decreased some-
what over time. Consistent with stable integration of the donor template
into host chromatin, most cells maintained robust GFP expression (63%
at day 16). To determine whether stable GFP expression resulted from
HDR or from direct insertion of the AAV DNA into the CCR5 cleavage
site, we tested whether CCR5 homology arms were required. Cells were
transduced with an AAV.BFP construct lacking homology arms. Al-
though a large fraction of cells were positive for BFP at day 2 (86%), this
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proportion decreased to ~7% by day 16. Although more BFP+ cells at
day 16 were observed in the presence of the megaTAL (7% versus
<1%), indicative of on-target insertion events, together these data in-
dicated that most of the cells with sustained GFP expression after
www.ScienceTra
megaTAL and AAV.CCR5.GFP co-delivery likely underwent HDR
(Fig. 2C).

To confirm the occurrence of HDR, we amplified gDNA from un-
treated cells or from cells treated with megaTAL mRNA (with or without
A
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Fig. 1. CCR5-TALEN and CCR5-megaTAL activity in T cells and com-
parison of NHEJ and HDR events in a TLR reporter line. (A) Location

marker expression based on repair pathway. Translational reading frame
is indicated in parenthesis for each coding sequence. Fluorescence-activated
of the CCR5-TALEN (red line) and CCR5-megaTAL nuclease (blue highlight)
binding sites within the human CCR5 gene. Nuclease architecture at the
target site is schematically diagrammed beneath. CCR5 sequence used
as homology arms in donor templates in subsequent figures is indicated
at top. (B) Percentage of NHEJ events in primary human T cells detected
using the T7 and TIDE sequencing 18 to 21 days after transfection with
megaTAL, TALEN, or BFP control mRNA (1 mg of each mRNA and 1 mg
of RNA per TALEN monomer) (n = 5). (C) Schematic diagram of traffic light
reporter (TLR) cassette and representative data showing fluorescent
cell sorting (FACS) plots beneath show green fluorescent protein (GFP) and
mCherry expression in representative CCR5 TLR assay. GibberishFP, open read-
ing frame (ORF) encoded by out-of-frame translation of GFP; eGFP,
enhanced GFP. (D) HDR versus NHEJ events at CCR5 TLR locus in human
embryonic kidney (HEK) 293T cells after treatment with CCR5-megaTAL or
CCR5-TALEN mRNA and increasing MOI of AAV.GFP repair template. Bars
show the means ± SEM; significance was calculated using the unpaired
two-tailed t test; P values <0.05 are in red. CDS, coding sequences; FOK1,
Flavobacterium okeanokoites nuclease.
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the AAV.CCR5.GFP donor template) using oligonucleotides targeted
to sequence outside of the CCR5 homology arms (Fig. 2D). Whereas
gDNA from all cells produced bands that matched the size of the wild-
type allele (or alleles with small indels), we also detected a band that
matched the size predicted for HDR-modified loci in cells treated with
both the donor template and CCR5-megaTAL. The products of PCRs
were cloned into plasmids and colonies sequenced to confirm the pres-
www.ScienceTra
ence of HDR-modified alleles (fig. S4). Colony sequencing of PCR
products also confirmed the presence of viral insertions within the
CCR5 locus when AAV.BFP was used in place of AAV.CCR5.GFP as
a donor template after megaTAL treatment (fig. S4). This amplification
strategy was also used in single-cell PCR studies to estimate the frequen-
cy of biallelic and monoallelic HDR achieved with our gene-editing
protocol. We identified amplicons consistent with biallelic HDR events
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Fig. 2. Efficient HDR in primary T cells leading to introduction of a
GFP expression cassette within the CCR5 locus. (A) (Top) Diagram of

after HDR with the AAV.CCR5.GFP donor template. Primers binding outside
homology arms were used to amplify gDNA from treated cells visualized
AAV constructs used as donor templates. (Bottom) Timeline of gene-editing
procedure beginning with bead stimulation of CD4+ T cells. pA, SV40 poly-
adenylation signal; HA, homology arm. (B) Representative flow cytometry
plots showing BFP versus GFP expression at days 2 and 16 after gene edit-
ing. The percentage of live single lymphocytes within the relevant quad-
rant is indicated. (C) Cell viability and BFP and GFP expression over time
after gene editing (n = 5). Significance was calculated using the unpaired t
test with the Holm-Sidak correction for multiple comparisons; significant P
values (<0.05) are in red. (D) Diagram of human CCR5 locus before and
on agarose gel; expected sizes of bands for unedited and edited alleles are
indicated; right chart shows indel % (determined by TIDE sequencing)
within the lower–molecular weight (MW) bands (n = 3). P value was
calculated using the unpaired two-tailed t test. (E) Nested polymerase
chain reaction (PCR) of single cells (31 to 100 cells per condition) edited
using megaTAL and AAV.CCR5.GFP donor at indicted MOIs. Graph shows
percentages of amplicons with a single higher–molecular weight band
(biallelic HDR) and a single lower–molecular weight band (no HDR de-
tected) or both bands (monoallelic HDR).
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in 42% of GFP+-engineered T cells at the lowest MOI of the AAV donor,
and the frequency of biallelic events increased to 82% at our maximum
MOI (Fig. 2E). Although CD4 T cells are the primary targets for ther-
apeutic disruption of CCR5, the ability to target genes to the CCR5
locus has applications in both CD4 and CD8 T cells. For example,
CD4-specific applications include introduction of gene products that
limit HIV entry, processing, or integration; applications in CD8 cells
include targeted introduction of chimeric antigen receptors (CARs).
We thus tested the efficacy of this CCR5 gene–editing protocol in total
CD3- and in CD8-enriched human peripheral blood cells. We ob-
served similar high rates of HDR and similar viability in CD3-, CD4-,
or CD8-enriched T cells that underwent our CCR5-editing protocol
(fig. S5).

Integration-deficient lentivirus (IDLV) delivery has previously been
used to facilitate HDR in hematopoietic cells (11, 12). We therefore also
tested HDR rates using IDLV designed to deliver a GFP donor tem-
plate. Initial studies in the HEK-CCR5-TLR reporter cell line showed
that IDLV delivery of the GPF repair template resulted in lower HDR
rates in comparison with AAV delivery (fig. S6A). Consistent with this
finding, IDLV containing the CCR5.GFP reporter cassette also led
to only a low level (0.5%) of stable GFP expression in primary T cells
(fig. S6, B and C).

The coding sequence of CCR5 shares high sequence identity (74%) to
that of CCR2, particularly within the region encoding the seven trans-
membrane domains (84%), where the megaTAL and TALEN target sites
are located. Sequences within CCR2 and KIAA1257 (an uncharacterized
gene) were identified as potential megaTAL off-targets on the basis of
homology to the CCR5 target site combined with the CCR5-megaTAL
one-off specificity profile (13). We thus tested whether CCR5 gene edit-
ing resulted in off-target cleavage or HDR at the CCR2 locus. Quantifi-
cation of indels at the potential target site in CCR2 by TIDE sequencing
showed that NHEJ rates for the megaTAL and TALEN here were 21.8
and 1.8%, respectively, compared with 42% at the CCR5 locus for both
(fig. S7A). Indels were not detected at KIAA1257 by TIDE analysis (fig.
S7A). Similar to these findings, an early iteration of the ZFN now in
clinical trials for CCR5 disruption also exhibited off-target activity within
CCR2 (14). Despite off-target activity at CCR2, neither HDR nor capture
of the AAV.CCR5.GFP donor events was detected at the CCR2 locus by
PCR analysis (fig. S7B).

Comparison of HDR rates using the CCR5-megaTAL
or CCR5-TALENs
Using our optimized procedures, we compared the HDR efficacy with
CCR5-megaTAL to that with TALENs in primary T cells. We trans-
fected primary CD4 T cells with mRNA to express either the CCR5-
megaTAL (1 mg of RNA) or both TALEN half-sites (1 mg of RNA for
each half-site), followed by AAV.CCR5.GFP at a range of dosages or by
an AAV.BFP control (Fig. 3, A and B). Cell viability throughout the ex-
periment was not significantly different between cells treated with the
megaTAL or TALEN (Fig. 3B). Expression of the AAV.BFP control was
also equivalent in megaTAL- and TALEN-treated cells, indicating that
AAV transduction, expression, and insertion rates were independent of
the nuclease used (Fig. 3B). We found higher GFP expression at all dos-
ages of AAV and at each time point analyzed with the CCR5-megaTAL.
Direct comparison of the proportion of cells with sustained GFP expres-
sion (day 16) revealed a 1.3- to 4.5-fold increase (across all AAV doses)
using megaTAL versus the TALEN mRNA (Fig. 3, C and D). Because
the CCR5-megaTAL nuclease uses a single coding sequence (a poten-
www.ScienceTra
tially important cost consideration in clinical application) and gener-
ates higher rates of HDR with less donor template in these studies, we
pursued further characterization of gene targeting to the CCR5 locus
using this platform.

Maintenance of TCR diversity and sustained engraftment
of gene-edited T cells
To determine whether our gene-editing protocol targets T cells repre-
senting a broad T cell receptor (TCR) repertoire, we analyzed the TCR
spectratype of cells that had undergone gene editing using the CCR5-
megaTAL and AAV.CCR5.GFP repair template. Edited cells were col-
lected 8 to 16 days after gene editing for this analysis. We found that
treatment with either CCR5-megaTAL alone or CCR5-megaTAL with
AAV.CCR5.GFP had no substantial impact on the total TCR complexity
of the sample. The complexity scores for each Vb subfamily were also
unchanged (Fig. 4A and fig. S8).

We next tested the ability of gene-edited T cells to engraft immune-
deficient, nonobese diabetic–severe combined immunodeficient–
interleukin-2 receptor (IL-2R)gnull (NSG) mice. T cells treated with the
CCR5-megaTAL alone, or in combination with AAV.CCR5 GFP, were
injected into NSG mice 8 days after gene editing. One month after in-
jection, lymphocytes were collected from the spleen and bone marrow
for analysis. Mice remained healthy throughout this period with no
overt signs of graft-versus-host disease by coat appearance or weight loss.
An average of 18% of splenocytes recovered from all treatment groups
were CD4+ CD45+ human lymphocytes, with no statistically significant
differences in percentage or absolute number between recipients of gene-
edited versus those of mock-treated cells. TheMOI of the AAV.CCR5.GFP
donor used in these experiments was 59,000; therefore, the input cells trans-
planted were about 30% GFP+. This proportion of GFP+ cells was only
slightly reduced after 1 month in vivo, indicating that edited cells main-
tained long-term viability (Fig. 4B). There was no correlation between %
GFP-modified cells in vivo and the number of human CD45+ spleno-
cytes (Fig. 4C). HDR was confirmed with PCR and colony sequencing
(Fig. 4D). There was a 39% reduction in CCR5+ CD4+ splenic lymphocytes
in recipients of CCR5-megaTAL only when compared to mock-treated
cells, suggesting that altered CCR5 expression did not affect in vivo viabil-
ity. An even greater reduction in CCR5 expressing CD4+ cells was observed
in mice receiving cells treated with both megaTAL and AAV donor, with
52 and 70% reduction in CCR5 surface expression in GFP− and GFP+

cells, respectively.

Ex vivo CCR5 gene editing in adult mobilized CD34+ cells
The ability to target genes to the CCR5 locus in CD34+ cells is an im-
portant goal for therapies aimed at hematopoietic diseases including
HIV. We optimized the use of our CCR5 gene–editing reagents for mo-
bilized CD34+ cells apheresed from adult human volunteers. As seen in
T cells, AAV serotype 6 enabled the highest delivery of scAAV.GFP
expression (fig. S3). Optimal HDR and cell viability were observed when
the timing of mRNA transfection and AAV transduction was reversed
compared to our T cell protocol, a result of the slower cell cycling of the
CD34+ cell population. Additionally, although it increased our transfec-
tion efficiency, incubating the cells at 30°C greatly reduced CD34+ cell
viability. Using conditions optimized for the CD34+ cells (Fig. 5A), 89%
of cells expressed the BFPmRNA control 1 day after transfection (Fig. 5B).
However, cells receiving the CCR5-megaTAL mRNA had NHEJ rates of
only ~16% by TIDE sequencing, suggesting that CCR5-megaTAL activity
is reduced in CD34+ cells in comparison to primary T cells and/or that
nslationalMedicine.org 30 September 2015 Vol 7 Issue 307 307ra156 5
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this population promoted more efficient DSB seamless repair. Transduc-
tion with AAV.CCR5.GFP alone resulted in 16% of cells expressing GFP
at day 4, but GFP was undetectable by day 10. Co-delivery of megaTAL
mRNA and CCR5 AAV donor resulted in 35% GFP expression at day 4
and 14% sustained GFP expression at day 10. Higher AAV.CCR5.GFP
expression with nuclease co-delivery at day 4 likely results from dis-
ruption of cell cycling due to electroporation and/or nuclease-mediated
DNA breaks, thus delaying dilution of episomal AAV. Notably, the via-
bility of CD34+ cells was more affected by the combination of AAV
transduction and megaTAL transfection than that of T cells (Fig. 5, C
www.ScienceTra
and D). The presence of HDR events was verified by colony sequencing
of PCR-amplified gDNA from cells receiving the gene-editing reagents
(Fig. 5E).

Delivery of genetic therapies to the CCR5 locus
in primary human T cells
Clinical trials disrupting CCR5 expression in HIV patient autologous T
cells are currently underway. We tested the capacity to simultaneously
disrupt the CCR5 locus and insert an expression cassette for candidate
HIV therapeutics into the CCR5 locus, an approach anticipated to
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Fig. 3. Comparison of HDR rates in human primary T cells with CCR5-
megaTAL versus those with CCR5-TALENs. (A) Representative FACS

site) mRNA with and without various MOI of the AAV.CCR5.GFP donor (or
negative control AAV.BFP lacking CCR5 homology arms). (C) Comparison of
plots showing HDR events observed 16 days after treatment with CCR5-
megaTAL versus those with CCR5-TALEN at varying MOI of the AAV.CCR5.
GFP donor. The percentage of live single lymphocytes within a relevant
quadrant is indicated. (B) Time course of cell viability (top), % BFP+ cells
(middle), and % GFP+ cells (bottom) after treatment with control BFP (1 mg),
CCR5-megaTAL (MT; 1 mg), or CCR5-TALEN (TAL; 1 mg of each TALEN half-
% GFP 16 days after gene editing with CCR5-megaTAL versus that with
TALEN at various MOI of AAV.CCR5.GFP donor template. (D) Ratio of %
GFP+ cells after megaTAL- versus that of TALEN-mediated HDR over time
and at various MOI of the AAV donor. All bars show means ± SEM of n = 5;
significance was calculated using unpaired t test with the Holm-Sidak cor-
rection for multiple comparisons; P values (<0.05) are in red.
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