
Letter to the Editor
Reply to “D” matters
in recombinant AAV
packaging

We read with great interest the Letter to the
Editor entitled ‘“D”Matters in Recombinant
AAV packaging’ by Zhang et al.,1 which was
recently published in Molecular Therapy.
These authors have made major contribu-
tions to the adeno-associated virus (AAV)
field in the past, and the data presented in
their Letter to the Editor are a fine example
of their thoughtful analysis of the role of
the D-sequence within the AAV inverted ter-
minal repeats (ITRs) in AAV genome pack-
aging. However, in contrast to the critical
role that the D-sequence plays in the rescue,
replication, and packaging of the single-
stranded (ss) wild-type (WT) AAV genomes,
based on their data with self-complementary
(sc) recombinant AAV (rAAV) vectors con-
taining a reporter gene, Zhang et al.1

concluded that the D-sequence does not
matter much in the packaging of scAAV vec-
tors. We wish to further emphasize the
following important distinctions between
the processing of scAAV vector versus the
ss WT-AAV genomes.

(1) Replication of the WT-AAV genome
and production of progeny virions dur-
ing a natural course of infection in the
presence of a helper virus may not pre-
cisely mimic the rescue, replication,
and packaging of the WT-AAV genome
from a recombinant plasmid following
DNA-mediated transfection.

(2) Rescue, replication, and packaging of the
WT-ssAAV genome from a recombinant
plasmid, and those of either a ssAAV or a
scAAV vector genome, are likely to be
different following DNA-mediated trans-
fection in the presence of helper virus
genes or in helper virus-infected cells.

Here, we wish to offer an alternative explana-
tion, which may help explain why the role of
the D-sequence in the processing of the
two genomes is more alike than it would
appear, based on our long-term interest in
AAV biology in general and in the AAV
D-sequence in particular.2–9 For example,
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in contrast to the data with a scAAV vector
genome containing a reporter gene pre-
sented in the letter, we have previously re-
ported that deletions of the D-sequence
dramatically reduce the extent of rescue
and replication of the WT-AAV genomes
from recombinant plasmids (see Figure 4 in
Wang et al.2) and that the rescued/replicated
genomes fail to undergo encapsidation (see
Figure 6 in Wang et al.3) because of failure
to generate ssAAV progeny DNA strands
(see Figure 7A in Wang et al.3). In subse-
quent studies, we generated mutations in
the D-sequence in which the proximal 5,
10, or 15 nucleotides (nts) to the hairpin
structure in the AAV-ITRs were deleted.4

The efficiency of rescue, replication, and
packaging of WT-AAV genomes from re-
combinant plasmids were compared with
that from WT-AAV genomes containing
the full-length D-sequence (D20). These
data documented, once again, that not only
low-level rescue/replication occurred in the
absence of the D-sequence, but also the in-
clusion of the proximal 5 nts (D5) signifi-
cantly restored rescue and replication. It is
also evident that, whereas inclusion of 5 nts
of the D sequence augmented not only the
rescue/replication of the WT-AAV genome
from recombinant plasmid (see Figure 2 in
Wang et al.4), but also the packaging, albeit
at a lower efficiency (see Figure 3 in Wang
et al.4).

Interestingly, there was no observable differ-
ence among the rescue, replication, and pack-
aging of the AAV genomes containing the
proximal 10 nts or the proximal 15 nts
compared with those containing the full-
lengthWT-D-sequence.4 Thus, we concluded
that, whereas the distal 10 nts are dispensable,
the proximal 10 nts of the D-sequence are the
minimal requirement for the optimal rescue,
replication, and packaging of theWT-ssAAV
genomes. Interestingly, the presence of only
one D-sequence in the viral genome is neces-
sary and sufficient to mediate successful
rescue, replication, and packaging of rAAV
vectors.8

Zhang et al. also utilized a clever strategy in
which they used three random nt libraries
(D08,D18, andD24) in their studies of scAAV
vectors and implied that theD-sequence is not
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explicitly needed for packaging into capsids.
The random library experiment was per-
formed with substitutions along three
different truncations of the D-sequence and
the first four nts of the A sequence. Their re-
sults indicated that the WT-D-sequence was
only recovered 25% of the time, indicating a
lax requirement of the specific sequence of
the D-sequence.

Upon re-evaluation of these results, we
noted that, whereas the distal 10 nts of
the D-sequence were indeed reconstituted
�25% of the time, the proximal 10 nts of
the D-sequence were recovered �36% of
the time (Figure 1A). This indicates an
increased propensity for the conservation
of the proximal 10 nts of the D-sequence
over the distal 10 nts, which is consistent
with our published studies.4

Zhang et al.1 also argue that the presence of
the “pseudo-D” elements present in the
plasmid backbone mediate rescue and repli-
cation of the vector backbone, which ac-
counts for the high level of contamination
with plasmid backbone during AAV vector
production. We have reported that, in the
absence of the D-sequence, absolutely no
packaging of the plasmid backbone occurs
in AAV capsids (see Figure 7B in Wang
et al.3). These data further support our
contention that the D-sequence is not a lax
requirement for packaging. Additionally,
the titers of each vector containing these sub-
stitutions were reduced by at least 1 log, as
compared with those containing the WT-
D-sequence, indicating that the presence of
the WT-D-sequence dramatically increases
the packaging efficiency of AAV vectors.
Furthermore, the other constructs were
packaged at the same rate as the backbone
of the WT-D-sequence, indicating that there
is an imperative need for the WT-D-
sequence to yield meaningful titers of
rAAV vectors.

Since it is well-known that during Rep-
mediated resolution the AAV genome, the
Rep-complex generates a secondary hairpin
structure exposing the terminal resolution
site (TRS) for catalysis.10 The stem of this
structure is stabilized by partial base-pairing
between the A sequence and the first half of
nd Cell Therapy.
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Figure 1. Role of proximal half of D-sequence in rescue, replication, and packaging of AAV genomes

(A) Analysis of random sequence library results and recovery of the D-sequence in AAV progeny. Average recovery

of the D-sequence represents the total average in the distal half (n = 20) and the proximal half (n = 22). (B)

Schematic representations of partially recreated secondary structures of wild-type (wt)-TRS in AAV2 (a), BB1 (b),

BB2 (c), and BB3 (d) sequences, containing the full-length A-sequence + wt D-sequence, and the pseudoD-

sequences, respectively. Green outline, Rep-binding element (RBE); black, A-sequence; blue, wt-TRS; red,

D/pseudoD; purple, represents the sequences with homology to the wt-D-sequence. All DNA-folding analyses

were performed using the m-fold software.
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the D-sequence (D10).11 We reasoned,
therefore, that this partial homology be-
tween the A- and the D-sequence, and the
secondary structure thus generated, is the
ultimate implication of the D-sequence in
rescue/replication, which is supported by
the minimal need of the proximal D10
sequence and the partial rescue in the D5
construct described above. Thus, rather
than the specific sequence of the WT-D be-
ing the requirement, it is the consequential
secondary structure that the proximal half
of the D-sequence, the TRS, and the A-
sequence that is the requirement for suc-
cessful rescue and replication.

We next analyzed the three pseudo-D substi-
tution sequences (BB1, BB2, and BB3) using
a DNA-folding software (m-fold) to
compare the secondary structure of each
and compared with that of the WT-D-
sequence. These structures are depicted in
Figure 1B. As can be seen, whereas both
BB1 and BB3 partially recreated the WT-
TRS, BB3 generated a “TRS-like” site in the
close vicinity of the WT-TRS.
These partial reconstitutions of secondary
structure needed for TRS-exposure and
Rep-mediated resolution might be the
primary reason for the observed packaging
of the transgene and backbone giving
these sequences D-like characteristics rather
than being an arbitrary replacement. When
the D-sequence is either replaced with a
sequence that has no partial base-pairing ho-
mology to the A sequence or is ablated alto-
gether, there is no rescue/replication or
encapsulation. Additionally, when the TRS
site is partially reconstituted, as it was in
D5, there is partial rescue/replication. In
this context, it is noteworthy that “TRS-
like” sites also exist in the WT-AAV genome
and can and do mediate successful rescue
and autonomous replication of the WT-
AAV genome.12,13

In summary, we postulate that Rep-mediated
resolution at non-canonical sites is the result
of secondary structural improvisations at the
“TRS-like” sites that have sequence homology
to theWT-TRS site that areflankedbyhomol-
ogous sequences that can base-pair with one
Molecular Th
another, forming the stem-loop needed for
Rep-mediated resolution, and that the
D-sequencehas evolved tobe themost biolog-
ically efficient iteration of this design with
respect to theWT-ITR. Thus, as we have sur-
mised previously, although the precise mech-
anism of AAV genome encapsidation still
remains a puzzle, rather than being a lax
requirement, the D-sequence, in addition to
Rep proteins, plays a critical role in AAV
genome encapsidation.14
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