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AAV6 Is Superior to
Clade F AAVs in
Stimulating
Homologous
Recombination-Based
Genome Editing in
Human HSPCs
Rogers et al.1 provide a detailed study of a
novel class of clade F adeno-associated virus
(AAV) capsids (AAV hematopoietic stem
cells [AAVHSCs])2 to facilitate homologous
recombination in the presence or absence of
site-specific DNA cleavage in human CD34+
hematopoietic stem and progenitor cells
(HSPCs). The recent publication that clade F
AAVs can facilitate high-efficiency homolo-
gous recombination in the absence of a tar-
geted DNA break3 was surprising due to the
high sequence homology of AAVHSC vari-
ants to the relatively inefficient AAV9 and
the long-standing knowledge in the field that
AAV-based viral vectors do not undergo
high frequency-targeted integration (1% or
less).4–6 Rogers et al.1 provide a direct compar-
isonwithAAV6, the serotypemost commonly
utilized for this method and cell type and
demonstrate that long-lived (>14 days)
expression of a GFP-reporter encoding donor
template is only observed after specific induc-
tion of a DNA break using zinc-finger nucle-
ases (ZFNs). They additionally report that
the highest efficiency of editing is observed
using AAV6. Here we provide additional
independently generated confirmation of the
findings thatAAV6 is a superior vector for ho-
mologous recombination-based genome edit-
ing and discuss potential technical differences
in the presented studies thatmay influence the
data interpretation and conflicting interpreta-
tion of these studies. As gene therapy and gene
editingbecomemorewidely applied therapeu-
tics, transparency and reproducibility is
critical for the successful development and im-
plementation as these therapies transition into
the clinic.

Genome editing-based gene therapies are be-
ing developed as a class of molecular thera-
peutics that have the potential to cure
previously untreatable diseases through per-
manent correction of a disease-causing ge-
netic mutation.7 The development of
ZFNs,8,9 transcription activator-like effector
nuclease (TALENs),10–12 and Cas913,14-
based gene editing methodologies have al-
lowed specific manipulation of a DNA
sequence of interest by targeted insertion,
deletion, or single base editing with high ef-
ficiency. Recombinant AAV is an ideal deliv-
ery vehicle to provide DNA templates for
gene correction through homology-directed
repair after induction of a specific DNA
break because it is a non-integrating virus
and thus has the key property for a “hit
and run” process in dividing cells. The com-
bination of a nuclease-induced break with
transduction of AAV6 to deliver the donor
has been efficient in a wide variety of primary
cell types, including HSPCs and T cells, and
genetic loci.15–20

Smith et al.3 claimed that a novel set of AAV
capsid variants, which they called AAVHSC,
were able to mediate high frequencies of tar-
geted integration into CD34+ human HSPCs
without the need for a double-strand break
(DSB). These clade F AAVHSC variants are
a highly related subgroup of AAV capsids
that are most closely related to AAV9, most
of which differ by only one or two single
amino acid substitutions in the capsid. Since
1998, when Russell and Hirata4 published
their seminal paper showing that AAV could
integrate in a targeted fashion at much
higher frequencies than naked plasmid
DNA, AAV has been used in this manner
for research purposes. The frequency
without selection, however, has been 1% or
lower.21–23 We demonstrated that AAV6
mediates targeted integration without a
break in HSCs, for example, at a frequency
of �0.5%.24 The frequency of targeted inte-
gration without a break by AAV is dose
dependent.23,25

Rogers et al.1 directly compared one variant,
AAV9-G505R (AAVHSC13), to AAV9 and
AAV6 in transducing and serving as a tem-
plate for HDR genome editing. They demon-
strate that, although AAV6, AAV9, and
AAV9-G505R can all transduce HSPCs as
shown by GFP expression from an exoge-
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nous promoter (phosphoglycerate kinase
promoter [PGK]), high efficiency targeted
integration at multiple loci (CCR5 and
AAVS1) can only occur in the presence of
a site-specific ZFN-induced DNA break.
This was demonstrated using flow cytometry
to demonstrate sustained high-level expres-
sion of GFP after 14 days as well as by
molecular characterization of genomic inte-
gration by digital droplet PCR (ddPCR)
primers spanning the targeted integration
site. Importantly, GFP expression observed
from HSPC transduction by any of the three
tested serotypes encapsidating the CCR5-
PGK-GFP construct at day 2 was lost by
day 14 in the absence of a site-specific break.
These data suggest that AAVs, including the
novel class of clade F AAVHSCs, are unable
to facilitate long-lasting genomic integration
in HSPCs without a DNA DSB.

We have independently confirmed that
AAV6 is a superior vector for homology-
directed genome editing in HSPCs as
compared to AAV9-G505R as well as a panel
of other AAVHSC viral vectors by using an
additional method for generating DNA
DSBs (CRISPR/Cas9 nuclease) and an addi-
tional therapeutically relevant genomic locus
(HBB). Using site-directed mutagenesis, we
generated a small panel of AAVHSC variants
(Figure 1A) that were previously character-
ized to have high-level AAV production as
single-stranded AAV (ssAAV) and high
transduction in HSPCs.2 We characterized
the ability of these capsids to facilitate
homology-directed repair (HDR) in the
presence and absence of a site-specific
Cas9/ribonucleoprotein (RNP) complex in
comparison to their parental capsid AAV9
as a control as well as the commonly used
AAV6 and highly related AAV1. This panel
of capsids was used to encapsidate a homol-
ogy donor construct containing GFP driven
from ubiquitin C (UBC) promoter with ho-
mology arms compatible with the HBB
gene (Figure 1B).26 Episomal expression of
this construct demonstrates low intensity
fluorescence, which is lost over time as the
AAV genome is diluted through cell division,
or high intensity fluorescence after site-spe-
cific genomic integration following HDR.27

The reported capsid sequence of each of
these variants was reported to differ by
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only one (AAVHSC7, HSC13) or two
(AAVHSC7) amino acids relative to AAV9
(Figure 1A). The location of AAV9-A68
cannot be visualized in the AAV9 crystal
structure28 due to its location in the VP1
unique region, which is unresolved in AAV
structures: the physical locations of G505
(Figure 1C, top) and T346 (Figure 1C, bot-
tom) are highlighted in magenta mapped
on the AAV9 crystal structure, with individ-
ual VP3 monomers highlighted in white,
gray, and black. G505 is a surface-exposed
residue located at the interface of two adja-
cent monomers, while T346 is located on
the inner surface of the capsid on individual
monomers. The highly distinct locations of
these two different point mutations does
not suggest an obvious underlying mecha-
nism by which the two amino acid variants
may be specifically influencing the homolo-
gous recombination (HR) activity of these
capsids.

Quantification of the total number of GFP-
positive or highly GFP expressing cells was
used as a surrogate readout for HDR, with
no virus and no RNP conditions as the gating
controls (Figure 1D). Transgene expression
levels and the amount of targeted integration
using this donor has been previously charac-
terized with AAV6 and is consistent with our
observations.15 While some low intensity
GFP expression can be seen after transduc-
tion with each vector, an appreciable number
of cells demonstrating high intensity GFP
expression after HDR is only observed in
the AAV6+RNP condition (Figure 1D).
These data are consistent with previous
reports that AAV6 is more efficient at
transducing HSPCs than other AAV sero-
types.29,30 Long-term GFP expression was
quantified at 12 to 14 days post-transduction
in three independent experiments using cord
blood-derived CD34+ HSPCs from three
Figure 1. AAV6 Is Superior to AAVHSCs in Facilitatin
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The percentage of cells with episomal or
HDR GFP expression is presented on a log
scale to highlight the large differences in effi-
cacy of these vectors. Our data are in agree-
ment with Rogers et al.,1 which highlights
AAV6 as the superior vector for delivery of
HDR donors and the requirement of a site-
specific nuclease for this reaction to occur
at high efficiency and maintain long-term
expression.

While the results presented here and in
Rogers et al.1 are in conflict with the previous
reports of high efficiency HSPC gene editing
by clade F AAVs, Rogers et al.1 point out that
there are potential technical differences that
exist between the studies that may have
influenced the conflicting results or interpre-
tation of data. Here we discuss the technical
differences between the studies in hopes that
further clarification of the methodology will
reconcile these conflicting results. The se-
quences between flanking inverted terminal
repeats (ITRs) are the same in Rogers
et al.1 and Smith et al.:3 the backbone con-
taining the ITR sequences is from different
plasmid constructs (pAAV-MCS or pSaiLuc
AAV2, respectively) and the potential for
sequence differences in the ITR may alter
transgene expression. Sequences down-
stream of the right homology arm may influ-
ence episomal GFP expression, as a minimal
enhancer-promoter element has been
described in this region,31 although it is un-
clear whether this sequence would be func-
tional in HSPCs. Conversely, other studies
suggest that ITR sequences may have a nega-
tive impact on transgene expression.32 AAV
production protocols differ between the
studies, as we and Rogers et al.1 used a helper
virus-free system in which helper functions
are provided by co-transfection of a helper
plasmid,33 whereas vector used by Smith
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et al.3 produced AAV using replication-
competent herpes simplex virus type 1
(HSV1) as a helper.34 Although the described
purification method cites either heat inacti-
vation or cesium chloride purification for
inactivation of HSV1, there is still the poten-
tial for contamination of live helper virus or
incomplete heat inactivation, which may
boost the signal observed from AAV
transduction experiments. Interestingly,
inactivated HSV has been shown to cause in-
duction of expression of endogenous retrovi-
ruses (ERVs),35 which are observed at the
AAVS1 locus (USC Genome Browser), and
could therefore lead to stalled replication
forks, inducing double-stranded breaks,
and subsequent integration being detected
at this locus. Of note, the target loci used in
Smith et al.3 have been shown to undergo
nuclease-free recombination,36 which may
occur at higher frequency in the presence
of heat inactivated HSV1. Additionally,
BRCA2�/� cells have been shown to have
aberrant immune activation,37 which may
lead to nuclease-free recombination or
altered cellular responses to AAV, especially
in the context of an HSV1 helper. When
considered in aggregate, it is clear that
more mechanistic characterization of the
recombination induced by this novel class
of AAVs will lead to a better understanding
of their utility as vectors for gene editing.

An additional important consideration when
comparing different capsids is the method of
titration and dilution buffer used for titra-
tion. Both groups used TaqMan qPCR for
AAV genome titration, either using GFP-,
AAVS1-, or Luc-specific primer-probes
(Smith et al.)3 or ITR-specific primer-probe
with AAV2 reference standard material
from American Type Culture Collection
(ATCC).1 Neither group mentions whether
surfactant is used in vector dilutions for
Break

onor template packaged into the tested AAV capsids,

al expression from the AAV genome facilitates low-in-
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qPCR titration, which is an important
consideration when comparing different
capsids, as the lack of surfactant can increase
capsid adherence to plastic and cause under-
titration by up to 10-fold for some capsids.38

The reported genome dose used by Rogers
et al.1 is 104 vector genomes (vg)/cell, while
Smith et al.3 report using up to 4 � 105 vg/
cell. We and others have observed a cytotoxic
effect from high vg/cell transduction of
extremely efficient AAV capsids and, as
such, the high dose of AAV may be causing
apoptosis in this sensitive cell population.
This would be consistent with previous re-
ports that high levels of AAV cause p53-
induced apoptosis in other stem cells such
as human embryonic stem cells (hESCs)39

and relates back to the method of genome
titration for the different capsids. For a
more in-depth discussion of AAV-mediated
toxicity in stem cells, we refer readers to a re-
view by Brown et al.40

The recent publication of high efficiency
genome editing induced by AAVHSC vari-
ants in the absence of a DNA break and the
conflicting report presented by Rogers
et al.1 highlight the importance of a better
mechanistic understanding of how HDR oc-
curs in the context of these gene editing and
gene delivery technologies. A thorough ex-
amination of HDR induced by AAV9-
G505R suggests that the previously reported
DSB independent mechanism of site-specific
recombination facilitated by capsid may
need revision or at least further exploration
of technical differences leading to such dras-
tically conflicted studies. We have discussed
potential technical differences that may
influence experimental outcomes presented
by these studies with the goal of aiding in
the transparency and reproducibility of
novel gene therapy methodologies as an
effort to consolidate our understanding
of how to develop gene editing-based
therapeutics.
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