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Recombinant adeno-associated virus (AAV) represents one of the most 
promising delivery vehicles for genetic medicines. However, the manufacture 
of plasmid DNA for the production of AAV presents a number of significant 
challenges, including scalability, fidelity, mis-incorporation of plasmid-de-
rived DNA sequences, high costs and long lead times for GMP production. 
Touchlight has developed a novel, rapid, in vitro, enzymatic technology for 
multi-gram scale GMP manufacture of DNA that addresses all of the issues 
of DNA manufacture for AAV production. The process combines the use of 
two enzymes; Phi29 DNA polymerase and a protelomerase to generate co-
valently closed, linear DNA constructs known as doggybone™ DNA or dbD-
NA™. The process is rapid, cost effective, of high fidelity and eliminates anti-
biotic resistance genes. Here we present a case study, with data generated 
by Cobra Biologics as part of an on-going Innovate UK-funded collaboration, 
demonstrating that AAV particles can be produced using dbDNA™ with to-
tal and genomic titres equivalent to AAV particles made with plasmid DNA. 
In parallel experiments, with an academic collaborator, we have seen in vivo 
expression of reporter genes after administration of AAV vectors manufac-
tured using dbDNA™ (unpublished data). As such, we believe that dbDNA™ 
has the potential to resolve a number of significant challenges in the produc-
tion of AAV vectors at both clinical and commercial scale.
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STRATEGIES FOR SCALE-UP &  
SCALE-OUT

Recombinant adeno-associated vi-
rus (AAV) is broadly considered 
to be the most promising delivery 
vehicle for genetic medicines, and 

such treatments have the potential 
to address a wide range of previ-
ously intractable genetic conditions 
[1]. At present, hundreds of AAV 

products are being assessed in ear-
ly- and late-stage clinical trials [2], 
with the first Biologics Licensing 
Application to the FDA made by 
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Spark Therapeutics in May 2017. 
Multiple systems for the manufac-
ture of AAV have been developed 
but currently the co-transfection of 
HEK293 cells, typically using three 
bacterial plasmids, is the most wide-
ly used. In this method, plasmids 
encoding non-structural, structural 
and helper elements are provided in 
trans. Rep and cap elements encode 
viral replication and capsid proteins, 
respectively, and a helper plasmid en-
codes a number of adenovirus gene 
products required for efficient AAV 
replication. A third viral transgene 

ff FIGURE 1
Touchlight’s patented DNA amplification process. 
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The process begins with a circular double-stranded DNA molecule (e.g., a plasmid) 
containing a sequence of interest flanked on each side by 56 bp palindromic 
protelomerase recognition sequences (A). The DNA starting material is then denatured 
(B) and Phi29 DNA polymerase is primed (C). Phi29 initiates rolling circle amplification 
(RCA) of this template (D & E), creating double stranded concatameric repeats of the 
original construct (F). Protelomerase is added, binding to the recognition sites flanking 
the sequence of interest and performing a cleavage-joining reaction that results in 
monomeric double-stranded, linear, covalently closed DNA constructs. One of a panel 
of common restriction enzymes are added to cut undesired backbone DNA sequences, 
exposing open ended DNA that can be removed through digestion with exonuclease. 
dbDNA™ is purified from small fragments and reaction components with size separation 
to leave only the dbDNA™ sequence of interest (G). The resulting dbDNA™ construct (G) 
can be used as a starting material for further amplification reactions.

plasmid contains a genetic payload 
flanked by cis-acting inverted ter-
minal repeats (ITRs) necessary for 
transgene rescue and packaging [1,3]. 

Whilst transient transfection is 
currently considered the gold stan-
dard for clinical and commercial 
manufacture of AAV, the produc-
tion and use of plasmid DNA pres-
ents a number of challenges and 
introduces a significant bottleneck 
for agile discovery and commer-
cial-scale manufacture. First, the 
cruciform secondary structures of 
the cis-acting ITR sequences can be 
difficult to propagate in Escherichia 
coli, and plasmid preparations fre-
quently contain deletions in the ITR 
regions [4]. Second, plasmid DNA 
production typically requires antibi-
otic selection, resulting in transfect-
ed plasmids containing backbone 
sequences encoding antibiotic re-
sistance genes. Plasmid-derived se-
quences are known to be packaged 
into AAV capsids at a frequency es-
timated at 1–5% [5] but packaging 
has been reported to be as high as 
26.1% [6]. Finally, the majority of 
production cost of plasmid DNA 
in E. coli comprises time in GMP 
suite, capital and labor costs, which 
represents a challenge for capacity 
expansion of the existing market. 
With current timelines for CMO 
production of gram scale GMP 
DNA production at several months 
[7], the rapidly advancing gene ther-
apy pipeline is experiencing a signif-
icant bottleneck in DNA supply.

Here we describe a novel, rapid, 
in vitro, enzymatic technology for 
multi-gram scale GMP manufac-
ture of DNA for AAV production. 
The process combines the use of two 
enzymes – Phi29 DNA polymerase 
and a protelomerase, and gener-
ates high fidelity, covalently closed, 
linear DNA constructs known as 
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doggybone™ DNA or dbDNA™. 
dbDNA™ constructs contain no 
antibiotic resistance markers, and 
therefore eliminate the packaging of 
these sequences. Our results demon-
strate that the process can amplify 
AAV constructs in a 2-week process 
at commercial scale and maintain 
the ITR sequences required for vi-
rus production. As demonstrated in 
the case study described here, when 
evaluated by Cobra Biologics using 
their AAV production approach, 
dbDNA™ can be used to produce 
functional AAV particles, and can 
serve as a complete replacement for 
plasmid DNA. Additional studies 
[Unpublished Data] have established 
a robust, efficient platform for AAV 
production using dbDNA™. We an-
ticipate that this technology will re-
solve a number of significant issues 
in the production of AAV vectors at 
both clinical and commercial scale.

The use of minimal constructs 
that remove antibiotic resistance 
genes, such as minicircle DNA, in 

addition to the use of linear, cova-
lently-closed DNA structures, such 
as ‘no-end’ DNA have been report-
ed for the small scale production 
of AAV [6,8,9]. However, pDNA 
has remained the gold standard – 
most likely due to the inability to 
scale these previous technologies for 
commercial use. A technology for 
the manufacture of a minimal con-
struct, such as dbDNA™, at com-
mercial scale and quality could offer 
a viable alternative system for AAV 
production.

RESULTS
Overview of dbDNA™ 
technology

We have developed a purely in vi-
tro DNA amplification and purifi-
cation technology for the produc-
tion of DNA at large scale (Figure 

1). The core of the method uti-
lizes the activity of two enzymes; 
Phi29 DNA polymerase to amplify 

ff FIGURE 2
(A) Schematic of an example doggybone™ or dbDNA™ construct encoding the elements required for AAV 
transgene packaging. (B) 28 base pair protelomerase sequences after cleavage/joining.
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double-stranded DNA by rolling 
circle amplification, and a protelo-
merase to generate covalently closed 
linear DNA, which coupled with 
a streamlined purification process, 
results in a pure DNA product con-
taining just the sequence of interest. 

Phi29 DNA polymerase was se-
lected for this process because of 
its high fidelity (1/106–1/107) and 
high processivity (approximately 70 
kbp) [10]. These features made this 
polymerase particularly suitable for 
the large-scale production of GMP 
DNA. Protelomerases (also known 
as telomere resolvases) catalyze the 
formation of covalently closed hair-
pin ends on linear DNA and have 
been identified in some phages, 
bacterial plasmids and bacterial 
chromosomes [11–13]. A pair of 
protelomerases recognizes inverted 
palindromic DNA recognition se-
quences and catalyzes strand break-
age, strand exchange and DNA 
ligation to generate closed linear 

hairpin ends [14]. The formation of 
these closed ended structures makes 
the DNA resistant to exonuclease 
activity, allowing for simple puri-
fication and can improve stability 
and duration of expression [15].

The production of dbDNA™ 
depends upon the introduction of 
protelomerase recognition sequences 
that flank the gene of interest. These 
sites are 56 bp palindromic sequenc-
es that are highly specific to particu-
lar protelomerase enzymes (Figure 2). 
The protelomerase proteins bind to 
these sites to perform a cleavage-join-
ing reaction that results in monomer-
ic double-stranded, linear, covalently 
closed DNA constructs. The DNA 
outside the gene of interest (e.g., the 
original vector backbone) will also 
be similarly processed by this en-
zyme but these regions are removed 
by the sequential action of restriction 
enzymes cutting at restriction sites 
unique to the vector backbone and 
exonuclease digestion of the released 

ff FIGURE 3
Evidence of linear scalability of process using two model constructs. 
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Fully processed dbDNA™ manufacturing run up to 500 ml scale, using fully scalable upstream system and a downstream purification 
including tangential flow filtration and 0.2 µm inline capsule filters.
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fragments, leaving only the covalent-
ly closed linear DNA containing the 
target sequence intact. 

These constructs are termed 
doggybone™ DNA, or dbDNA™, 
as a reference to the shape of the 
construct when the closed ends 
are schematically exaggerated in 
cartoon form (Figure 2). dbDNA™ 
molecules are minimal constructs, 
containing only a sequence of in-
terest flanked by half-protelomerase 
binding sequences resulting from 
concatamer resolution. When de-
natured, dbDNA™ constructs com-
prise circular DNA molecules that 
can be used as a starting material for 
further amplification reactions. 

Development of a scalable, 
GMP, benchtop process for 
dbDNA™ production

We have developed a manufac-
turing process in accordance with 
EU GMP ICH Q7. dbDNA™ can 

currently be produced as a criti-
cal starting material for the GMP 
manufacture of viral vectors. Addi-
tionally, the production process is 
compatible with the production of 
dbDNA™ as an active pharmaceu-
tical ingredient (API). The process 
takes 2 weeks, including QC, and 
is performed by a single operator in 
a 10m2 production pod. dbDNA™ 
production is performed entirely 
with disposable contact materials 
and with low capital cost laborato-
ry equipment, including benchtop 
centrifuges and static incubators. 

The process has been demon-
strated to be linearly scalable to this 
point (Figure 3), and is currently ca-
pable of multi-gram scale dbDNA™ 
production. Additionally, upstream 
process (USP) improvements have 
demonstrated increases in final pro-
cess yields in excess of 1g/L [Unpub-

lished Data]. Reaction yield is proven 
to be robust across a broad range of 

ff FIGURE 4
(A) Map of dbDNA™ AAV Payload construct eGFP including sites for differential restriction digest. (B) 
Differential restriction digest of the dbDNA™ Payload construct eGFP. A series of digests were per-
formed to confirm the presence of the ITR regions using 1 μg of purified dbDNA™ AAV Payload eGFP. 
The digested fragments were separated by electrophoresis in 0.8% agarose in TAE, stained with Gel Red. 
Banding pattern in each digest confirmed the maintenance of ITR sequences. 
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DNA constructs and is independent 
of DNA sequence and construct 
length. The process has been success-
fully prosecuted with hundreds of 
constructs including AAV and lenti-
viral constructs containing inverted 
terminal repeats (ITR) and long ter-
minal repeats (LTR), respectively, in 
addition to template constructs for 
mRNA production containing long 
homopolymeric tracts (polyA tails). 

The cost composition of this 
completely abiological process con-
trasts significantly with that for the 
manufacture of plasmid DNA. The 
process has minimal operator time, 
a short duration (1 week in the 
manufacturing facility), low-cost 
equipment and a benchtop foot-
print, leading to low fixed costs that 
are largely independent of batch 
size, providing significant econo-
mies of scale. Because the process 
is abiological, the requirement for 
large, dedicated facilities with high 
capital requirements is removed. As 
a result, in excess of 90% of the cost 
of a batch of dbDNA™ comprises 
of the cost of reagents and variable 
material costs. 

AAV sequence production 
using dbDNA™ 

As part of an Innovate UK-funded 
collaboration between Touchlight 
and Cobra Biologics, we performed 
a case study to evaluate the perfor-
mance of dbDNA™ for the pro-
duction of AAV by transient trans-
fection. Key questions included: 
1) whether the technology is able 
to amplify the relevant sequences 
without rearrangements or loss of 
yield; 2) whether the fidelity of the 
ITR sequences is maintained in 
the resulting transgene construct; 
and 3) whether triple transfection 
using only dbDNA™ produces 
functional AAV. 

To evaluate dbDNA™ for pro-
duction of viable AAV particles, we 
designed three dbDNA™ sequenc-
es; Helper, RepCap and a Payload 
encoding an eGFP reporter. Target 
dbDNA™ constructs were identical 
to their plasmid DNA counterparts 
in terms of the components required 
to produce functional AAV but ex-
cluded the extraneous backbone se-
quences required for plasmid DNA 
propagation in E. coli.

We successfully amplified all three 
dbDNA™ constructs at high yield 
and each was purified using our stan-
dard method. Figure 4 (lane 2) de-
picts the result of the amplification 
and purification of a dbDNA™ Pay-
load construct, showing the product 
as a single species on agarose gel elec-
trophoresis. Additionally, restriction 
enzyme digests targeting cut sites 
within the ITRs confirmed that both 
ITR sequences were maintained 
during amplification of the payload 
construct (Figure 4). ITR sequence fi-
delity has been confirmed via Sanger 
sequencing on multiple distinct AAV 
payload constructs by fragmenting 
the dbDNA and performing the se-
quencing reactions in the presence of 
PCR additives to relax the secondary 
structure. 

Production of virus from 
dbDNA

To assess the ability of dbDNA™ 
to generate AAV particles, lin-
ear PEI:DNA complexes (1:1 
PEI:DNA) were transfected into 
HEK293T suspension adapted 
cells bound to CellBIND plates at 
a molar ratio previously optimized 
by Cobra Biologics, and in paral-
lel to plasmid DNA transfections. 
A transient transfection protocol, 
previously developed by Cobra Bi-
ologics, was performed on HEK293 
cells with the Helper, RepCap and 

ff FIGURE 5
The ratio of VP1, VP2 and 
VP3 proteins was analyzed 
by Western blot using an 
AAV-capsid specific antibody. 
dbDNA™ – triple transfection 
manufactured AAV, constructs 
copy matched to pDNA. Con-
trol – purified AAV2 reference 
(ATCC).
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Payload. AAV particles were released 
from the cells by detergent lysis. 
Genomic particle titres were deter-
mined using ITR q-PCR and total 
particle titres using an AAV2 capsid 
ELISA (Figure 5). Comparable total 
and genomic titers were achieved 
for pDNA and dbDNA™- produced 
AAV confirming the substitutability 
of using dbDNA™ in AAV manufac-
ture. Viral capsid protein ratios that 
closely matched an AAV reference 
sample were evidenced by Western 
blot (Figure 6), indicating production 
of effective viral particles. 

DISCUSSION
With the anticipated success of AAV 
gene therapy, the ability to manufac-
ture large quantities of DNA at GMP 
quality is critical to scaling these 
products to meet demand. Tradition-
al methods of pDNA production are 
time consuming and costly due to 
the need for large-scale fermentation 
and downstream processing to make 
gram quantities of GMP DNA. AAV 

production delays due to a bottleneck 
in pDNA supply could be highly del-
eterious to discovery and clinical de-
velopment efforts. 

The technology to produce dbD-
NA™ is able to meet these needs. 
The enzymatic dbDNA™ technology 
has been shown to be scalable, rapid, 
amenable to GMP production and is 
low cost. The case study shown here 
demonstrates that the technology can 
amplify and maintain ITR-contain-
ing AAV payload sequences, and that 
when combined and optimized with-
in existing platforms, triple-dbDNA™ 
transfection produces functional AAV 
at titers at least comparable to those 
produced with an equivalent plasmid 
DNA system. Additional studies have 
been performed at larger scale and 
with further purification that further 
confirm the utility and benefits of 
dbDNA™ in the AAV system [Manu-

script in Preparation].
In conclusion, the novel tech-

nology developed for dbDNA™ 
production represents an important 
advance that can enable the success 
of AAV gene therapy.

ff FIGURE 6
Total and genomic particle AAV2 titres were determined using AAV2 specific ELISA 
and ITR-targeted qPCR, respectively. 
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