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Abstract 

DNA vaccines have garnered considerable attention due to their recent success in 
humans for SARS-CoV-2 and immunotherapy of cancer. However, conventional 
methods for creating and manufacturing DNA vaccines at-scale are slow and rate-
limiting for timely response.  Herein, we introduce a rapid and completely synthetic 
workflow that harnesses enzymes to create bulk DNA from a sequence text file.  This 
synthetic workflow termed Enzymatic DNA Synthesis & Rolling-Circle Amplification 
(EDS-RCA) leverages multiple enzymes to print DNA oligos and assemble them into 
genes prior to cloning into circular constructs for rolling-circle amplification (RCA).  We 
show that the resulting EDS-RCA DNA elicits comparable vaccine immunogenicity as 
standard plasmid formats, despite the DNA being a large concatemeric repeat.  The 
EDS-RCA method generated the hemagglutinin gene of H1N1 at a mean per-base error 
rate as low as ~1 mutation every 10,000 bases and, upon DNA vaccination, elicited 
strong antibody and cellular immune responses.  Skin delivery of EDS-DNA using gene 
gun facilitated striking vaccine dose-sparing capabilities compared to intramuscular 
electroporation methods.  In total, DNA vaccines produced by EDS-RCA are 
immunogenic and amenable to numerous delivery-modalities in preclinical mouse 
models and could offer an alternative for rapid scale-up of DNA vaccines for future 
human use. 

Introduction 

Recent success of synthetic mRNA vaccines has ushered in a new era of nucleic acid 
technology that is revolutionizing vaccine development and offers accelerated design 
and synthetic production to address a wide range of diseases.  Now, further gains in 
overall process efficiency and flexibility are desired to accelerate the pace of innovation 
for DNA- and RNA-based vaccines and therapies.  For example, faster production of 
DNA is required to reduce the turnaround time from months to days.  In addition, agile 
industrial processes are desired to enable both personalized manufacturing (i.e. single-
patient doses for cancer vaccines) and mass production for large populations in short 
time (i.e. rapid response to an emerging pandemic).  New capabilities are also needed 
to remove fermentative dependencies on antibiotic resistance and other prokaryotic 
DNA elements from the humanized sequences encoding nucleic acid vaccines or 
therapies.  To mitigate these needs with greater speed and flexibility, enzymatic DNA 
production is emerging as a solution by de-coupling manufacturing steps from live cells 
in bioreactors (as the current benchmark for DNA preparation using bacteria)1-3. 

Historically, polymerase chain reaction (PCR) is the gold-standard for enzymatic 
production of synthetic linear expression cassettes, and promising vaccine results have 
been obtained from PCR-generated linear DNA after in vivo administration4-6.  However, 
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copies of the same DNA sequence.  To-date, all applications of RCA for DNA vaccines 
have included laborious enzymatic processing of the RCA concatemer into smaller 
linear expression cassettes (e.g. synDNATM)15,16 or closed-end linear DNA (e.g. 
doggyboneDNA® or dbDNA®)17,18 based on the premise that small expression 
cassettes are more easily translocated into host cell nuclei than large-sized DNA (akin 
to genomic DNA and artificial chromosomes).  Consequently, the general expectation is 
that unprocessed RCA DNA concatemers would be too large and too complex for 
effective in vivo use.  

Here we describe a multi-enzymatic approach for obtaining bulk synthetic DNA for 
immunization that requires no chemical synthesis of DNA parts to complete cell-free 
mass production.  Starting from an in silico DNA sequence, multiple enzymes are 
leveraged in discrete steps to (i) synthesize DNA oligos, (ii) assemble DNA fragments 
into full-length genes, (iii) ligate genes into circular vectors, and (iv) scale-up DNA by 
rolling-circle amplification. We report that the resulting EDS-RCA concatemers (which 
are not further processed into DNA monomers) elicit comparable vaccine outcomes as 
conventional plasmid.  We applied this synthetic approach to produce the hemagglutinin 
gene of H1N1 at a mean per-base error rate as low as ~1 mutation every 10,000 bases, 
and upon vaccinating mice, EDS-RCA products achieved strong antibody and cellular 
immune responses (on par with conventional plasmid DNA) using either biolistic- or 
electroporation- based delivery methods. 

 

Results 

Enzymatic DNA production starting from a text file 

Fig. 1 illustrates our Enzymatic DNA Synthesis & Rolling-Circle Amplification (EDS-
RCA) workflow, which is completely mediated by enzymes.  The HA gene from H1N1 
swine flu was selected as a model antigen to demonstrate DNA creation and scale-up 
by EDS-RCA.  Starting from the HA amino acid sequence deposited as GenBank 
ACP41935.1 (representing May and June serotypes of 2009 California influenza), the 
DNA coding sequence was in silico optimized (using proprietary DNA Script algorithms 
for TdT-based Enzymatic DNA Synthesis) to create an EDS-optimized text file.  Before 
printing this sequence and launching full EDS-RCA production, we investigated if 
different HA codon usages might influence immunogenicity.  To test this hypothesis, we 
chemically-synthesized both the native HA gene sequence and the EDS-optimized text 
file sequence and cloned these into expression vector (pCAGG-MCS-WPRE) under 
CAGG promoter control.  These HA plasmids were then compared in a pilot mouse 
study using biolistic gene gun (GG) delivery to administer each DNA vaccine into the 
epidermis.  Antibody responses induced by these plasmids were compared to a control 
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plasmid chassis inducing higher antibody titers than EDS-RCA DNA at all doses.  The 
difference in outcome between these two vaccine delivery modalities is likely due to the 
ability of gene gun to achieve more efficient DNA microinjection directly into cells, 
coupled to the fact that skin, unlike muscle, is rich in immune cells including 
professional antigen presenting cells.  Our findings are consistent with published studies 
comparing the immunogenicity of plasmid DNA vaccines by gene gun delivery versus 
electroporation24-26.  Interestingly, EDS-RCA DNA and plasmid vaccines induced more 
comparable immune responses when administered via an adaptive electroporation 
device (CELLECTRA-3P) that, unlike the pulse-waveform device (BTX AgilePulse), 
does not require anesthesia during vaccine administration.  Further work is warranted to 
dissect the comparative impacts of device electric field and delivery routes (e.g. tissue 
resistance) on vaccine immunogenicity.  Irrespective of the device or delivery route, 
vaccine generated by EDS-RCA was capable of robust neutralizing antibody responses 
and HAI titers greater than 1/40, a threshold that is generally associated with protective 
responses in vivo37.  In addition, EDS-RCA vaccine induced strong cellular responses 
on par with plasmid DNA vaccine. Taken together, we conclude EDS-RCA and plasmid 
vaccine chassis are functionally equivalent depending on the administration route and 
delivery device. 
 
Recently, a DNA vaccine encoding neoantigens for hepatocellular carcinoma and 
delivered using CELLECTRA-3P has achieved potent immunogenicity in the clinic, 
inducing robust de novo neoantigen-specific CD8+ T cell responses38.  Notably, in the 
present study, we found that EDS-RCA vaccine delivered using the same CELLECTRA 
device was able to induce significant CD8+ T cell responses. Since robust CD8+ T cell 
responses (in addition to CD4+ T cells) are desired for cancer vaccines39, it is possible 
the EDS-RCA method could provide a more rapid, cost-effective approach to develop 
and produce personalized cancer antigens. In this regard, EDS-RCA represents an 
important new methodology that warrants further study for neoantigen vaccine contexts. 

Our EDS-RCA workflow addresses several shortcomings of conventional DNA 
production by bacterial fermentation.  First, being completely synthetic, EDS-RCA can 
generate DNA in faster timelines than cell-based bioprocessing.  We estimate that oligo 
printing, gene assembly, and RCA scale-up to gram-output of DNA can be achieved in 
as short as 3 days for subunit vaccines like HA (Supplemental Fig. S5).  These time-
savings are achieved by co-locating DNA printing and scale-up in the same location, 
versus the current state-of-art of shipping oligos and dsDNA fragments by air and 
ground transportation (Supplemental Fig. S5).  Second, by virtue of being completely 
synthetic, EDS-RCA simplifies downstream purification and associated quality 
specifications.  For example, no host cell protein or RNA contaminants are generated in 
EDS-RCA (unlike plasmid fermentation), which shifts the burden of endotoxin 
monitoring onto pre-qualified reagent inputs (versus laborious in-process removal of 
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endotoxin during plasmid manufacturing).  A key limitation of existing plasmid DNA 
vaccines (as currently delivered by electroporation or PharmaJet®) is that high DNA 
doses (1-5 mg) are required for sufficient immunogenicity in humans38,40-42. This 
increases both the cost per dose and the amount of time to produce sufficient doses for 
widespread vaccination campaigns. By eliminating requirements for cell-based 
manufacturing, synthetic EDS-RCA DNA vaccines could be manufactured at greater 
speed, purity and scale than plasmid DNA, thereby enabling a more rapid response to 
emerging infectious diseases (at the population level) and accelerated personalized 
treatments for cancer and other chronic disease (at the individual level). 

Our current study is not without certain limitations.  All in vivo studies were conducted in 
mice, so verifying these results in larger animals (such as swine) is a future goal.  
Portions of the EDS-RCA workflow presented here were carried out manually, so 
increased workflow automation is a key goal, along with eliminating cold-chain 
maintenance of raw materials through reagent/enzyme lyophilization.  Because it is 
unclear how many expression-competent copies of the full-length double-stranded gene 
are generated by the RCA concatemer (versus single-stranded DNA and branched 
replication forks), a molar comparison to plasmid cannot be determined and we have 
used DNA mass as a dose comparator.  This means there is comparative uncertainty in 
how many expression-competent copies were actually delivered using EDS-RCA 
vaccines relative to plasmid DNA copies. Finally, while we have achieved DNA 
sequence fidelities that meet a threshold shared with mRNA vaccines, further work is 
needed to reach EDS-RCA fidelities lower than ~0.01% - 0.02% average error per base 
to rival the best of what mRNA synthesis is expected to achieve. 

Methods 

Plasmid DNA preparation 

Unless otherwise stated, enzymatically-synthesized HA (GenBank PV750927) was 
cloned into pCAGG-MCS-WPRE, which was prepared as follows:  starting from 
pCAGG-MCS (PVT19755, Life Science Market), a custom gBlock fragment (IDT) 
corresponding to a strong WPRE enhancer43 was cloned into the XhoI and BglII 
positions of the multiple cloning site, resulting in a CAGG promoter and WRPE 
combination that has been shown to enhance the efficacy of DNA vaccines44.  
Enzymatically-synthesized HA assemblies were subsequently cloned into the AflII and 
XhoI sites of pCAGG-MCS-WPRE.  Purified pCAGG-HA-WPRE plasmids were 
prepared from E. coli clone pools or from a single clonally-isolated (Sanger-perfect) 
colony using endotoxin-free plasmid DNA purification kits (Qiagen #12362 and #12381).  
A minicircle vectorette version of pCAGG-MCS-WPRE was prepared by restriction 
digest to excise the ampicillin resistance gene and bacterial origin of replication, and 
enzymatically-synthesized HA (GenBank PX367232) was cloned into the vectorette.  
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Mice were anesthetized with a ketamine/xylazine drug mixture, bled to collect pre-immune 
sera, and abdominal fur was clipped.  Using the XR1 gene delivery device (legacy 
PowderJect Vaccines equipment, formerly known as Accell® gene gun)50, each animal 
was immunized with the indicated DNA doses and returned to housing. At four weeks 
post-prime, the animals were again anesthetized, bled, and boosted with the same dose. 
At two weeks post-boost, the animals were euthanized and blood, spleens, and lungs 
were collected for analysis.  All animals on study are reported and were not blinded during 
the study. The study duration (i.e. 6 weeks, comprising prime and boost vaccine delivery) 
facilitated comparisons of peak immunogenicity. 

BTX AgilePulse intramuscular delivery of DNA 

Animal studies were conducted under protocols approved by the University of 
Washington Institutional Animal Care and Use Committee (IACUC). Six-to-eight-week-
old female BALB/cHsD (Envigo RMS, Indianapolis, IN) were used in these studies.  
Animals were acclimated to the vivarium for between 3 and 7 days prior to vaccination.  
Mice were anesthetized with a ketamine/xylazine drug mixture, bled to collect pre-
immune sera, and the area over both tibialis anterior muscles was shaved with a 
surgical prep clipper.  Using the AgilePulse ID Electroporation System delivery device 
(BTX, Holliston, MA) each mouse was immunized bilaterally in each tibialis anterior 
muscle with the indicated doses of DNA vaccine (diluted in saline) evenly between the 
two muscles and returned to housing.  The electroporation cycles (which were 
developed for plasmid DNA delivery) were as follows:  

G1: 1X 450 volts, 50 µS duration, 200 µS pause; then G2: 1X 450 volts, 50 µS duration, 
50 mS pause; then G3: 8X 110 volts, 10 mS, 20 mS pause between repeats. 

At four weeks post-prime, the mice were again anesthetized, bled, and boosted with the 
same dose. At two weeks post-boost, the mice were euthanized and blood, spleens, and 
lungs were collected for analysis.  All animals on study are reported and were not blinded 
during the study. The study duration (i.e. 6 weeks, comprising prime and boost vaccine 
delivery) facilitated comparisons of peak immunogenicity. 

CELLECTRA-3P intramuscular delivery of DNA  

Animal studies involving adaptive electroporation were conducted under protocols 
approved by the Wistar Institute Institutional Animal Care and Use Committee (IACUC). 
Six-to-eight-week-old female BALB/cJ (Jackson Laboratory) were housed in the Wistar 
Institute Animal Facility. Animals were randomized by the Animal Facility upon arrival. 
Mice were immunized twice with the indicated plasmid DNA or EDS-RCA constructs at 2 
µg or 0.2 µg (formulated in water) into the tibialis anterior muscle followed by in vivo 
adaptive electroporation using the CELLECTRA-3P device (Inovio Pharmaceuticals) and 
manufacturer-recommended protocols for plasmid DNA delivery. Mice were bled by 
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FIGURE LEGENDS 

Fig. 1. Schematic overview of Enzymatic DNA Synthesis & Rolling-Circle 
Amplification (EDS-RCA).  The top-to-bottom flow shows discrete sub-steps of the 
integrated EDS-RCA workflow, including enzymatic DNA synthesis, enzymatic DNA 
assembly, and enzymatic DNA amplification. 

Fig. 2. Summary of NGS findings over the course of enzymatic gene assembly.  A. 
Average error rate per synthesized base, as determined by Illumina short-read and 
PacBio long-read analyses.  B. Average error rate per position of the synthesized HA 
genes (PacBio sequencing) relative to the threshold reported for general mRNA 
vaccines (< 0.02%). Data from two independent HA assembly rounds are summarized 
per bar. C. In silico translation of PacBio reads for quantification of intact (full-length) 
protein from the synthesized HA genes. 

Fig. 3. Immunogenicity of plasmid and EDS-RCA DNA influenza HA DNA vaccine 
formulations delivered by gene gun and electroporation.  Balb/c mice (N = 5 per 
group) were immunized with a Sanger-perfect assembly of HA or EDS-pooled HA 
assemblies (without error reduction steps) at Week 0 and Week 4 and sacrificed at 
Week 6 for quantification of CA09 HA-specific total IgG in serum by ELISA. The 
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(bioart.niaid.nih.gov/bioart/283, bioart.niaid.nih.gov/bioart/506, 
bioart.niaid.nih.gov/bioart/580). 
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