
Novel synthetic plasmid and DoggyboneTM DNA
vaccines induce neutralizing antibodies

and provide protection from lethal
influenza challenge in mice

Veronica L Scott1, Ami Patel1, Daniel O Villarreal1, Scott E Hensley2, Edwin Ragwan1, Jian Yan1,3, Niranjan Y Sardesai3,
Paul J Rothwell4, Jonathan P Extance4, Lisa J Caproni4, and David B Weiner1,*

1Department of Pathology and Laboratory Medicine; University of Pennsylvania; Philadelphia, PA USA; 2Wistar Institute; University of Pennsylvania; Philadelphia, PA USA;
3Inovio Pharmaceuticals Inc.; Plymouth Meeting, PA USA; 4Touchlight Genetics Ltd.; Hampton, UK

Keywords: doggybone, influenza, linear DNA, neutralization, plasmid DNA

Nucleic acid-based vaccines (NAVs) are a promising alternative to conventional influenza vaccines with the potential
to increase influenza vaccine availability due to their simplicity in design and rapid speed of production. NAVs can also
target multiple influenza antigens and control flu variants. Traditionally NAVs have been DNA plasmids however, we are
continuing to explore new methods that may enhance vaccine efficacy. Recently new focus has been on RNA cassettes
as NAVs. RNA vaccines combine conceptual advantages in that they focus on delivery of only the coding cassette.
However, RNA vaccines have a short half-life and cause interferon-induced fevers. Here we describe a new NAV
approach where we study delivery of a linear DNA cassette [DoggyboneTM linear closed DNA [(dbDNATM)] produced by
an enzymatic process that yields an antigen expression cassette comprising a promoter, DNA antigen, poly A tail, and
telomeric ends. This focused approach has many of the advantages of plasmid DNA as well as a minimal cassette size
similar to RNA strategies. For this study, we characterized the specific CD4C and CD8C T cell responses and determined
the hemagglutination inhibition (HI) titers induced by dbDNATM and compared the responses with those of an
optimized plasmid DNA (pDNA) vaccine encoding the same H1N1 influenza A/PR/8/34 HA gene. Immunizations with
the constructs resulted in similar humoral and cellular immune responses. Both constructs induced high-titer HI
antibodies and fully protected animals from lethal viral challenge. The data obtained from this study provides
important validation for further development of novel vector approaches.

Introduction

Newly reformulated seasonal vaccines need to be developed
every year to protect against the point mutations that occur in
the hemagglutinin (HA) and neuraminidase (NA) surface pro-
teins of the ever-evolving influenza virus. Using the current
manufacturing process, production of large quantities of the
seasonal vaccine can take at least 6 months.1 However, if a
reassorted virus emerges, like the 2009 H1N1 pandemic virus,
development of an initial lot of vaccine can take 5 to 6 months
once the strain is identified and isolated but mass production
of the vaccine would require additional months.2 Therefore,
there is a need for new, more efficient technologies for influ-
enza vaccine production that will decrease manufacturing time

and generate a sufficient vaccine supply to immunize at risk
populations.

The production of nucleic acid-based vaccines (NAVs) repre-
sents a promising, efficient alternative to conventional influenza
vaccine manufacture. The formulation of a traditional NAV
requires the identification and subsequent cloning of a gene
sequence of an influenza viral protein into a DNA plasmid vec-
tor.3 The plasmids are then manufactured and administered as a
vaccine. Therefore, DNA vaccine manufacture eliminates the
stages of production requiring vaccine virus growth and replica-
tion as with conventional vaccines and has the potential to
decrease influenza vaccine manufacturing time from months to
weeks.3 In addition to being non-live and non-replicating, DNA
vaccines are safe and immunogenic.4 Vaccination with DNA has
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induced strong cellular and protective immunity against consen-
sus H5 influenza antigens5 and H7N9 hemagglutinin antigens in
mice.6 Moreover, a synthetic DNA consensus plasmid expressing
hemagglutinin H5, neurominidase N1, and nucleoprotein influ-
enza antigens induced protective humoral and cellular immunity
in mice, ferrets, and non-human primates.7 Therefore, as a result
of the ease of manufacture and the degree of immunogenicity of
DNA, this vaccine platform is quickly emerging as an interesting
approach for influenza vaccination.

One attribute of DNA that makes it particularly attractive
for use as an influenza vaccine candidate is its flexibility in
vaccine design. DNA vaccines are historically constructed as
circularized plasmids, however, new DNA vaccine technolo-
gies are emerging in which the DNA is manufactured in a
cell-free process that avoids bacterial fermentation and yields
a vaccine that is structurally linear.8,9 These structurally lin-
ear, coding region only cassettes also have similarities to small
RNA cassette technologies without the associated interferon
stimulation driven by RNA.10,11

Recently, a novel linear DNA vector encoding an H1N1 hem-
agglutinin gene was enzymatically developed by Touchlight
Genetics Ltd.8 This covalently closed linear DNA construct was
identified as ‘DoggyboneTM closed linear DNA’ (dbDNATM)
based on its structural design. The linear DNA was the first rap-
idly-produced, plasmid-free construct synthesized through an
enzymatic process that yielded a vector cassette containing only
the encoded antigenic sequence, promoter, poly A tail, and telo-
meric ends. In an initial study, the in vivo expression and immu-
nogenicity of the linear dbDNATM was characterized and ELISA
and induction of IFN-g responses were reported.8

Here we build on these early studies to further characterize the
specific CD4C and CD8C T cell responses and hemagglutination
inhibition (HI) antibody titers induced by the dbDNATM and
compare the responses with those of our optimized DNA plas-
mid expressing the same hemagglutinin gene of H1N1 influenza
A/Puerto Rico/8/1934. We report that the DNA vaccine con-
structs induced equivalent humoral and similar CD4C and
CD8C T cell responses. In addition, we report that both con-
structs induced high-titer neutralizing antibodies that fully pro-
tected animals from lethal viral challenge. The data obtained
from this study provides validation for further development of
this novel DNA vector. Furthermore, since the method of syn-
thesizing this DNA vector results in stable vectors that can be
rapidly produced, use of this new manufacturing technology war-
rants additional study in the application of influenza vaccines.

Results

Development of the linear dbDNATM vaccine construct
The linear dbDNATM construct was produced using the enzy-

matic process depicted in Figure 1A.12 This process consisted of
2 steps; first plasmid DNA that has the sequence for the antigen
flanked by telRL sites is amplified by rolling circle replication
using phi29 DNA polymerase from Bacillus subtilis phage phi29,
resulting in the production of long concatamers. The

protelomerase TelN (from Escherichia coli phage N15) then
cleaves the concatamers into strands containing a single cassette
and seals the ends with a short hairpin loop.13 The construct is
composed of a linear double-stranded region with an antigen
expression cassette, encoding the sequences for the cytomegalovi-
rus immediate early promoter plus enhancer, the PR8 HA gene
(lacking the IgE leader sequence), and the SV40 late poly A tail,
flanked by single-stranded telomere ends (Fig. 1B). In the initial
round of amplification, plasmid DNA is used as a template, but
this is then selectively digested with restriction enzymes and then
exonuclease III. In subsequent rounds of amplification the
DoggyboneTM itself can be used as the template.

Expression of linear dbDNATM PR8 and pDNA PR8
vaccines

To determine expression of the DNA constructs, an indi-
rect immunofluorescence assay was performed. Since each
DNA construct would be delivered intramuscularly into the
tibialis anterior muscles of the mice, we wanted to show that
the DNA plasmids were capable of transfecting a mammalian
muscle cell line. To accomplish this DNA transfection, we
chose Rhabdomyosarcoma (RD) muscle cells. Each DNA
construct was individually transfected into RD muscle cells.
As a negative control, transfection was also performed with
an empty vector backbone, pVax. Post-transfection, immuno-
fluorescent staining was carried out using a hemagglutinin-
tagged antibody. Plasmid expression was confirmed with a
FITC-labeled secondary antibody (green staining) (Fig. 1D).
Both DNA constructs were expressed in vitro. Expression was
not detected in pVax- transfected cells. In vivo expression of
dbDNATM was previously reported.8

Vaccination with linear and plasmid DNA induces
comparable humoral immune responses

After confirming the cellular expression of both DNA con-
structs, we wanted to evaluate whether the antibody responses
induced by the dbDNATM were comparable to those induced by
pDNA. Mice were immunized 3 times, 3 weeks apart with
dbDNATM PR8 or pDNA PR8 and serum analysis was per-
formed 3 weeks after each immunization to determine the anti-
body responses induced by each vaccination (Fig. 2). Since the
influenza HA gene must undergo cleavage to form HA1 and
HA2 to yield infectious virus, we chose to evaluate antibody
responses to an infectious viral protein, H1N1 influenza A/PR/8/
34 HA1, by ELISA. As shown in Figure 3, we detected high-titer
antibody responses to both DNA vectors. In addition, the anti-
body responses induced by the DNA were dependent on the
number of immunizations. The group geometric mean anti-A/
Puerto Rico/8/34 HA1 specific endpoint titers induced by
dbDNA PR8TM and pDNA PR8 were (7.2 £ 102 and 1.9 £
103), (1.8 £ 105 and 3.2 £ 105), and (3.2 £ 105 and 3.5 £ 105)
after one, 2, and 3 immunizations, respectively. These results
demonstrate the ability of dbDNATM PR8 to induce high-titer
antibody responses that are comparable to those induced by
pDNA PR8.
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DNA vaccination induces strong hemagglutination
inhibition antibody titers

After determining that both DNA constructs induced high-
titer antigen-specific antibodies, we wanted to evaluate whether
the constructs generated HI antibodies. We used a standard
Hemagglutination Inhibition (HI) assay to test the ability of
immune sera to inhibit red blood cell agglutination by the
H1N1 influenza A/PR/8/34 strain. Serum samples collected
from the mouse challenge groups (n D 10 / group) 3 weeks after
the final vaccination and prior to viral challenge and were used in
the assay. The average reciprocal HI antibody titer induced by
vaccination with dbDNATM PR8 and pDNA PR8 were 1:2688
and 1:2560, respectively (Fig. 4A). In addition, sera from na€ıve
mice did not neutralize virus. These data show that both DNA
constructs induced protective HI antibody titers (�1:40).

DNA vaccination induces multifunctional antigen-specific
T-cell responses

Since a cell-mediated immune response is needed to target
live influenza virus infection,14 we investigated the ability of
dbDNATM PR8 and pDNA PR8 to induce antigen-specific cel-
lular immune responses (Fig. 4B and Fig. 5). Mice from the cel-
lular immunogenicity study (n D 5 / group) were immunized
3 times, 3 weeks apart with either dbDNATM PR8 or pDNA
PR8. Splenocytes were harvested 3 weeks after the final vaccina-
tion and cells were used in an IFN-g ELISpot assay. As shown in
Figure 4B, the average response to antigenic stimulation against
4 H1HA pooled peptides in mice immunized with either
dbDNATM PR8 or pDNA PR8 was 630 § 88 and 976 § 160
SFU/106 splenocytes, respectively. Na€ıve wells contained only
minimal background spots.

Figure 1. Construction and representative expression of dbDNATM PR8 and pDNA PR8 constructs. (A) Process of enzymatic production of
dbDNATM. Rolling circle amplification of the double-stranded DNA template results in concatamers that are cleaved and joined by the protelo-
merase TelN to yield the covalently closed, double-stranded cassette. (B) Schematic of the linear double-stranded dbDNATM PR8 construct with
end terminal single-stranded DNA hairpins. The end product was treated with restriction enzymes and exonuclease to remove plasmid back-
bone sequences. (C) Schematic of pDNA PR8 construct, PR8.HA.ECRO. ECRO refers to the gene sequence containing an IgE leader sequence [e]
and the target sequence is codon [c] and RNA [r] optimized [o]. The sequence of PR8 was cloned into the pVax1 mammalian expression vector.
The CMV promoter, HA gene, BGH poly A signal, kanamycin resistance gene, and pUC origin are shown. (D) Representative in vitro expression
of the dbDNATM PR8 and pDNA PR8 constructs. Expression was confirmed using transfected RD cells and a HA-tagged antibody. An empty vec-
tor (pVax) was used as a negative control. Results were analyzed with confocal imaging. Expression is indicated by fluorescein isothiocyanate
(FITC) staining (green).
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After determining that both DNA constructs induced strong
IFN-g responses, we characterized the phenotype and cytokine
profiles of antigen-specific T cells (Fig. 5). Because multifunc-
tional CD4C and CD8C antigen-specific T cells play an

important role in providing protective immunity from lethal
influenza virus infection,14 we measured the percentages of poly-
functional CD4C T cell (Fig. 5A–C) and CD8C T cell
(Fig. 5D–F) cytokine responses induced by both DNA con-
structs. Additional splenocytes harvested from mice in the cellu-
lar immunogenicity study were stimulated in vitro with H1HA
pooled peptides and the production of IFN-g, TNF-a, and IL-2
by CD4C and CD8C T cells was quantified. Immunization with
either DNA construct resulted in CD4C and CD8C antigen-spe-
cific T-cells that produced all 3 cytokines. The percentages of
CD4C T cells producing total IFN-g (dbDNATM PR8 0.10%;
pDNA PR8: 0.13%), total TNF-a (dbDNATM PR8: 0.14%;
pDNA PR8: 0.17%), and total IL-2 (dbDNATM PR8: 0.08%;
pDNA PR8: 0.10%) (Fig. 5A–C). The percentages of CD8C T
cells producing total IFN-g (dbDNATM PR8: 0.51%; pDNA
PR8: 0.70%), total TNF-a (dbDNATM PR8: 0.43%; pDNA
PR8: 0.64%), and total IL-2 (dbDNATM PR8: 0.10%; pDNA
PR8: 0.14%) (Fig. 5D–F). Although the percentages of CD4C

and CD8C T cells that produced all 3 cytokines were similar
when responses of animals immunized with dbDNATM PR8
were compared to those immunized with pDNA PR8, slightly
higher CD4C and CD8C T cell responses were observed in

Figure 3. DNA vaccination induces robust antibody responses. Comparison of the antibody responses induced by each vaccination. Absorbances and
geometric mean endpoint titers against A/PuertoRico/8/34 are shown for both the dbDNATM PR8 (A and C) and pDNA PR8 (B and D) constructs. Each
vaccination is noted as Dose 1, Dose 2, or Dose 3.

Figure 2. Study timeline. BALB/c mice immunized with either dbDNATM

PR8 or pDNA PR8 received the treatments listed at the indicated weeks.
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animals that received the plasmid form of
the vaccine. In addition, we observed
higher percentages of CD8C T cells
secreting antiviral cytokines than CD4C

T cells in animals that received either
DNA construct. All T-cell responses were
significantly higher than those of na€ıve
mice, indicating that DNA vaccination
induces potent, multifunctional cellular
immune responses against influenza
infection.

DNA vaccination provides protective
immunity from lethal influenza
challenge

Given that vaccination with both
DNA constructs elicited strong HI anti-
body titers, we wanted to evaluate
whether the vaccines would provide pro-
tective immunity from lethal influenza
infection in vivo. Since there are some
PR8 strains that differ by a few amino
acids in critical binding sites, we chose a
challenge virus (PR8 Cambridge) that is
antigenically identical to our optimized
PR8 encoded HA gene.15 Mice from the challenge groups (n D
10 / group) were intranasally challenged with 50 LD50 PR8
Cambridge and monitored for weight loss and survival for
16 days post-challenge (Fig. 6). A group of unchallenged mice
(n D 10) received PBS to show that virus diluent was non-toxic
to animals (data not shown). All DNA immunized animals main-
tained their body weight and were fully protected against lethal
challenge. Na€ıve animals lost 20% of their body weight by day 6,
indicating lethal infection, and were humanely sacrificed.
Unchallenged mice that were administered PBS survived the
study time course indicating that the PBS virus diluent was non-
toxic. These data provide evidence that vaccination with either
linear or plasmid DNA is effective at inducing protective immu-
nity against influenza virus infection.

Discussion

The rapid production and immunogenicity of DNA make
this vaccine platform a promising alternative to the manufacture
and use of many conventional vaccines. Additional modification
of the DNA cassettes may further enhance their immunogenic-
ity.5-7,16 An emerging new method in DNA vaccine design which
allows cellular targeting of DNA and additional strategies to
improve the immunogenicity of the platform is the production
of linear DNA.16 Linear DNA cassettes mimic aspects of mRNA
vaccines in that they are highly focused on delivery of coding cas-
settes but this approach has advantages over the RNA platform
in the amplification of the mRNA signal produced as well as in
avoiding the induction of unwanted interferon responses.10,11

The use of a linear DNA encoding influenza antigens was

reported to induce protective immune responses comparable to
immunization with plasmid DNA.9 Here we examined the use of
linear DNA cassettes created by a novel enzymatic strategy for
generation of a covalently closed linear DNA vector
(DoggyboneTM DNA) developed by Touchlight Genetics Ltd. In
an initial study, the DoggyboneTM vector was reported to induce
humoral and cellular immune responses equivalent to plasmid
DNA.8 We further evaluated these new linear candidate vaccines
and characterized specific CD4C and CD8C T cell and neutraliz-
ing antibody responses. We compared the responses to those of
our optimized plasmid DNA vector encoding an identical H1N1
influenza A/PR/8/34 HA gene insert.

We evaluated the in vitro expression of the DoggyboneTM

vector and our plasmid vector. We used an indirect immunofluo-
rescence assay and probed for cellular transfection using a HA-
tagged antibody. The immunofluorescence assay is a sensitive
assay that allowed us to detect the presence and localization of
the hemagglutinin protein within the muscle cells. We found
that both DNA vectors were expressed in the cells. These results
show that the structural design of DNA constructs does not limit
cellular expression. Due to an intensive, comparative in vitro and
in vivo assessment of expression of the DoggyboneTM construct
and a traditional plasmid DNA construct in the initial
DoggyboneTM study,8 no further analysis of DoggyboneTM

expression was required for this study. One concern of the initial
study was the size of the DoggyboneTM DNA vector. Since the
DoggyboneTM vector is smaller than pDNA, equal masses of the
2 constructs will result in a higher number of gene copies with
DoggyboneTM DNA compared to pDNA. Therefore, Walters
et al. performed an in vivo luciferase expression analysis of the
DoggyboneTM vector and the plasmid vector in a mass-matched

Figure 4. Comparison of host responses to DNA vaccination. (A) Hemagglutination inhibition (HI)
antibody titers from the challenge groups of mice (n D 10/group) 3 weeks after the final immuniza-
tion and prior to viral challenge. (B) The number of IFN-g secreting splenocytes 3 weeks after the
final vaccination. Splenocytes were stimulated with H1HA pooled peptides and IFN-g secretion was
reported as spot forming units (SFU) per million splenocytes. Group mean § SEM are reported. ***, P
< 0.0005 for DNA HI antibody titers compared to naive.
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and molarity-matched study. In the study of molarity, they found
that there was a trend toward reduced expression of the
DoggyboneTM vector. However, Walters et al. concluded that
the levels of gene expression of the DoggyboneTM vector and
plasmid vector were comparable. Based on the expression results
from the initial study, we were confident that a mass-matched
study of dbDNATM and pDNA would yield similar expression
levels and our in vitro results were consistent with this hypothesis.

After confirming expression of both DNA constructs, we
compared the antibody-mediated immune responses induced by
vaccination. The clear correlate of protective immunity against
influenza infection is reactive antibodies, particularly hemaggluti-
nation inhibition antibodies. Since the production of antibodies
against the post-transcriptionally cleaved HA surface protein tar-
geting the HA1 region can effectively enhance viral neutraliza-
tion, we first compared the antibody response against H1N1
influenza A/PR/8/34 HA1 induced by vaccination with the 2
structurally different DNA constructs. Vaccination with the
DNA constructs yielded similar high-titer antibody responses
that were dependent on the number of administrations. These
results indicate that immunization with dbDNATM induces
potent antibody responses that are comparable to those induced
by plasmid DNA.

The protective correlate of influenza viral immunity is the
level of hemagglutination inhibition antibodies. A titer of at least
1:40 is considered the benchmark for a protective influenza vac-
cine. This is the minimum titer that is associated with a 50%
reduced risk of infection.17,18 To that end, we compared the lev-
els of neutralizing antibodies induced by the DNA vaccinations
with a HI assay. Vaccination with the DNA constructs induced
similar HI antibody titers to H1N1 influenza A/PR/8/34. In
addition, the virus HI antibody titers were about 66X higher
than the HI correlate for protective immunity, HI � 1:40. These
results provide evidence that both antigenic forms of DNA were
capable of eliciting a protective immune response to influenza
H1N1 infection. Our data along with the HI data of other DNA
vaccines6,7 further support the effectiveness of the DNA vaccine
platform to provide protective immunity from influenza. How-
ever, to our knowledge this is the first report of DNA vaccines
that are capable of inducing HI titers greater than 1:2000. This
observation of high HI titers supports the need for additional
study of the optimized dbDNATM and plasmid DNA as poten-
tial influenza vaccine candidates to provide protective immunity
against lethal influenza A viruses.

Although viral neutralizing antibodies primarily mediate
immune protection against influenza, the role of multifunctional

Figure 5. Cytokine frequencies and phenotypic profiles of specific CD4C andCD8C T cells followingDNA immunizations. Cytokine recall responses to dbDNATM

PR8 and pDNA PR8weremeasured 3 weeks after the final immunization by ICS and flow cytometry. Multiparameter flow cytometry was used to determine the
percentages of multifunctional CD4C T cell (A–C) and CD8C T cell (D–F) cytokines. The graphs show the percentages of each cytokine subpopulation to H1HA
pooled consensus peptide stimulation. Background staining from cells stimulated with medium alone has been subtracted. Data represent the mean§ SEM of
5 mice per group. Cytokine responses for animals vaccinatedwith dbDNATM PR8 or pDNAPR8were compared to na€ıve. ***, P< 0.0005; **, P< 0.005; *, P< 0.05.
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CD4C and CD8C antigen-
specific T cells in providing
protective immunity from
influenza infection is cur-
rently being evaluated.14

The ability of CD4C and
CD8C T cells to secrete anti-
viral cytokines such as IFN-
g and TNF-a may enhance
antiviral immunity.14 Since
an ideal influenza vaccine
candidate should elicit a
strong, polyfunctional cell-
mediated immune response,
we wanted to determine and
compare the cytokine fre-
quencies and phenotypic
profiles elicited by our DNA
vaccines. We quantified the
production of IFN-g, TNF-
a, and IL-2 by CD4C and
CD8C T cells from mice
immunized with the DNA
constructs. We found that all
3 cytokines were secreted by
CD4C and CD8C T cells of
DNA immunized animals,
although the higher cytokine
percentages were associated
with animals receiving plas-
mid DNA. In addition, there
were higher percentages of
CD8C T cells secreting anti-
viral cytokines than CD4C T
cells in all DNA immunized
animals. This data illustrate
that the linear cassette and
plasmid both exhibit unique immune profiles. Antigen-specific
CD8C T cell responses to influenza are reported to enhance clear-
ance of the virus and promote recovery from secondary infections
in mice that lack humoral immunity. 19-22 The high percentages
of CD8C T cells induced by our DNA vaccines may enhance
antiviral immunity against influenza A. In addition, since CD4C

cells provide T cell help, the antigen-specific T cells induced by
both DNA formulations may contribute to the activation of B
cells to produce antigen-specific antibodies. These results indicate
that both DNA vaccine constructs are capable of inducing
potent, cellular immune responses against influenza infection.

Our study demonstrates that immunization with closed linear
DNA induces protective immunity to influenza infection and the
response induced is comparable to those of plasmid DNA. The
immunogenicity of the dbDNATM further supports the future
study of the enzymatically-produced construct as an alternative
NAV formulation that may have particular advantages over
RNA-based approaches. The rapid manufacturing process of
dbDNATMmerits additional study as well.

Materials and Methods

Preparation and design of dbDNATMPR8
The proTLxTM expression plasmid consisted of the CMV

Immediate early promoter plus enhancer, a multiple cloning
site and an SV40 late polyadenylation signal all flanked by 2
telRL sequences, the site of protelomerase TelN recognition
and cleavage. The plasmid backbone contained an ampicillin
resistance gene and the pUC origin of replication. The hem-
agglutinin gene (without the IgE leader sequence) from
H1N1 influenza A/PR/8/34 was PCR-amplified from pDNA
PR8 from cloned (adding a GCCACC Kozak sequence and
HindIII and EcoRI sites) into the HindIII and EcoRI sites on
the proTLxTM base plasmid. The enzymes used in the plas-
mid construction were sourced from New England Biolabs.
Plasmids were extracted using Miniprep kit (Qiagen). The
template plasmid was maintained in recombinase-deficient
E. coli strain. The template plasmid was verified by Restric-
tion Endonuclease digestion and Sanger sequencing.

Figure 6. Protection from H1N1 A/Puerto Rico/8/34 virus challenge in DNA immunized mice. Percentage body
weight loss following lethal viral challenge with 50 LD50 PR8 Cambridge virus and Kaplan-Meier survival curve
showing percentage survival of mice from each group. (A and B) Percentage body weight loss and survival for
dbDNATM PR8 immunized mice. (C and D) Percentage body weight loss and survival for pDNA PR8 immunized
mice. Group mean and SEM are reported. ###, P < 0.0005 for dbDNATM PR8 body weight (%) compared to na€ıve.
***, P< 0.0005 for pDNA PR8 body weight (%) compared to na€ıve.
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Purification of TelN protelomerase
The gene encoding protelomerase TelN, from E. coli phage

N15, was cloned into pQE-80L kan (Qiagen) under the control
of the IPTG-inducible promoter from phage T5. The enzyme
was overproduced in E. coli BL21 DE3 cells (Life Technologies),
with an N-terminal 6£Histidine tag. Cell disruption and clarifi-
cation was achieved using a cell disrupter (2 passes £ 18 k psi
using a TS Series, Constant Systems) followed by centrifugation
(30 min at 14000 g at 4�C). The supernatant was filtered
through a 0.2 mm filter and loaded onto a 16/10 Hisprep FF col-
umn (GE Healthcare) pre-equilibrated with 20 mM Tris pH 7.4
150 mM NaCl. Fractions containing the TelN protein were
loaded onto a 16/10 Hiprep Heparin FF column (GE Health-
care), the protein was eluted using a linear gradient of NaCl. The
eluted protein was buffer exchanged using a Hiprep 26/10 desalt-
ing column (into 10 mM Tris HCl pH 7.4, 75 mM NaCl, 50%
(v/v) glycerol, 1mM DTT and 0.1 mM EDTA) and stored at a
concentration of approximately 15 mM at ¡20�C.

Preparation of closed linear DNA
Plasmid was prepared using a maxiprep kit (Sigma) and used

as a template for rolling circle amplification by the method
described in the patent EP2391731. The template plasmid con-
taining the PR8 cassette flanked by telRL sites was mixed with
custom primers (50 mM), and the template was denatured by
heating to 95 �C. To initiate rolling circle amplification from the
denatured template, the reaction was first mixed with reaction
buffer (30 mM Tris-HCl pH 7.4, 5 mM (NH4)2SO4, 30 mM
KCl, 7.5 mM MgCl2, 2 mM dithiothreitol) and then 2 mM
dNTPs (Bioline) were added together with 4000 units of Phi29
DNA polymerase (Lucigen) and 4 units of thermostable pyro-
phosphatase (Enzymatics). Upon mixing, the reaction was incu-
bated at 30�C for 18 h with custom primers (50 mM) and 2 mM
dNTPs. Concatameric DNA was processed by the addition of
2 mM TelN to produce dbDNATM and a backbone doggybone.
The digest mixture was cleaned from reaction components by the
addition of 2M NaCl and precipitated using 5% PEG 8000
(Promega). DNA was pelleted by centrifuging at 14,000g for
10 mins. DNA pellets were resuspended in 20 ml NEB buffer
2 and plasmid backbone was removed by incubating the TelN
digest mixture with 200U/ml ApaLI (NEB) and 400U/ml
ExoIII (Enzymatics) overnight at 37�C. dbDNATM was par-
tially cleaned from the reaction components by performing a
3% PEG 8000 precipitation (removal of proteins) and 6 %
PEG precipitation to pellet dbDNATM from dNMPs and oli-
gonucleotides. This was repeated to increase efficiency and the
final 6% pellet resuspended in sterile H2O. The sample was
then diluted to a final volume of 20 ml in 20 mM Tris HCl
pH 7.4 and loaded onto a column packed with POROS 50
HQ anion exchange (Life Technologies) on an Akta Purifier
10 system. The dbDNATM was eluted using a linear 0–2M
NaCl gradient. Fractions containing the dbDNATM were then
buffer exchanged in sterile H2O using size exclusion (Hiprep
26/60 Sephacryl S-200 HR, GE Healthcare). The resulting
elutions were concentrated using 30 k MWCO Amicon col-
umns (Millipore) to a final concentration of 3.6mg/ml.

Preparation and design of pDNA PR8
To design a plasmid DNA vaccine targeting the hemaggluti-

nin (HA) of H1N1 influenza A/PR/8/34 (PR8), the HA gene
sequence of PR8 was identified and codon and RNA optimized
for expression in humans using GeneOptimizer� sequence analy-
sis software (Life Technologies). The optimized H1N1 influenza
A/PR/8/34 HA gene was cloned into the pVax expression vector,
controlled by the cytomegalovirus immediate-early promoter,
between the EcoR1 and Not1 sites. The construct was amplified
by Aldevron (Fargo, ND) and the resulting purified DNA plas-
mid was formulated with sterile water and used in animal
vaccinations.

Indirect immunofluorescent assay
An indirect immunofluorescent assay was used to confirm

expression of the dbDNATM PR8 and pDNA PR8 vectors.
Rhabdomyosarcoma (RD) cells (2 £ 105 cells) (ATCC,
CCL¡136) were seeded in 2-chamber tissue culture treated glass
slides (BD Falcon) and transfected with 6 mg/well of either
dbDNATM PR8 or pDNA using Turbofectin (Origene,
TF81001). As a negative experimental control, RD cells were
transfected with pVAX (6 mg/well). Transfected cells were main-
tained in culture in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco-Invitrogen, 11965-084) supplemented with
10% fetal calf serum (FBS) (Atlas Biologicals, Inc.., F0500-A)
and 1% penicillin-streptomycin solution (10,000 U/ml) (Invi-
trogen, Inc.., 15140-122). Forty-eight hours post-transfection,
cells were fixed with 2% paraformaldehyde, washed in 1X phos-
phate buffered saline (PBS) (Gibco-Invitrogen, 14190-136) and
incubated with goat anti-mouse HA tag antibody (Abcam,
ab18181) 1:100 dilution in primary standard solution (PSS)
(0.1% BSA, 0.2% saponin, and 0.02% sodium azide in PBS)
(37�C, 1.5 h). Cells were washed in PBS and incubated with
goat polyclonal secondary antibody to mouse IgG conjugated to
fluorescein isothiocyanate (FITC) (Abcam, ab6785) 1:100 dilu-
tion in PSS for 1 h at room temperature. After washing, cell
nuclei were counterstained with Hoechst reagent (Sigma-Aldrich,
H6024) and slides were mounted with fluoromount G (Electron
Microscopy Sciences, 17984-25). Expression of the DNA con-
structs was confirmed by confocal imaging. Confocal images
were acquired using the Zeiss LSM 510 NLO/META Confocal
Microscope at the Cell and Developmental Biology Microscopy
Core, University of Pennsylvania, PA, USA.

Immunization of mice
Female BALB/c mice (6 to 8 weeks of age) were purchased

from Jackson Laboratories (Bar Harbor, ME). All mice were
housed in a temperature-controlled, light-cycled facility and
received food and water ad libitum. All experiments were per-
formed in accordance with the guidelines of the National Insti-
tutes of Health (NIH) (Bethesda, MD) and the University of
Pennsylvania (Philadelphia, PA) Institutional Animal Care and
Use Committee (IACUC #804321).

In a previous dosage study (data not shown), the immunoge-
nicity of dbDNATM PR8 and pDNA PR8 administered at 5 mg,
10 mg, 25 mg, and 50 mg was evaluated. From that initial study,
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25 mg of dbDNATM PR8 and pDNA PR8 was determined as the
optimal dosage and was used for further study. For the humoral
immunogenicity/challenge study, 40 mice were divided into 4
groups (n D 10/group) and received no vaccine (Na€ıve), no vac-
cine (no viral challenge), 25 mg dbDNATM PR8, or 25 mg
pDNA PR8. All vaccinated animals received 3 immunizations
spaced 3 weeks apart. Animals received intramuscular injections
into the tibialis anterior muscle. Intramuscular injection was
immediately followed by electroporation (EP). Briefly, mice
received 2 constant-current pulses of 0.2 A delivered through a
triangular 3-electrode array consisting of 26-gauge solid stainless
steel electrodes. Pulses were 52 ms in length separated by a one
second delay. All in vivo electroporation procedures were per-
formed using the CELLECTRA� 3P electroporation device
(Inovio Pharmaceuticals, Inc., Plymouth Meeting, PA). Sera
samples were collected prior to each subsequent immunization to
monitor the dose response.

For the cellular immunogenicity study, 15 mice were divided
into 3 groups (n D 5/group) and received no vaccine (Na€ıve),
25 mg dbDNATM PR8, or 25 mg pDNA PR8. All vaccinated
animals received 3 immunizations spaced 3 weeks apart. Animals
received intramuscular injections into the tibialis anterior muscle
followed by EP using the CELLECTRA� 3P device. All animals
were humanely sacrificed 3 weeks after the final immunization
and splenocytes were harvested to determine the cellular immune
response.

H1N1 influenza A/PR/8/34 HA-specific serum antibody
measurements

To measure H1N1 influenza A/PR/8/34 HA-specific serum
IgG antibodies in immunized and control animals, we performed
an ELISA. EIA/RIA 96 well flat-bottom plates (Corning Life Sci-
ences, 3590) were coated with 100 ml/well 1X PBS containing
0.3 mg/ml recombinant HA1 (H1N1/PR8/34) (Immune Tech-
nology Corp., IT-003-0010p). Plates were washed with PBS-T
(0.05% Tween 20 in PBS) and blocked with 0.5% BSA in PBS-
T at room temperature for 2 h. Plates were incubated with serial
dilutions of immunized and na€ıve sera in 0.2% BSA in PBST
(37�C, 1.5 h). Plates were washed with PBS-T and incubated
with goat anti-mouse IgG-HRP (Santa Cruz Biotechnology,
Inc., sc-2055) at a 1:5000 dilution in 0.2% BSA in PBS-T. After
washing, the enzyme substrate SigmaFAST o-phenylenediamine
dihydrochloride (OPD) (Sigma-Aldrich, P1987) was added. The
development was stopped with the addition of 100 ml 1N
H2SO4 and optical density was determined at 450 nm. Endpoint
titers were determined as previously described.23 Endpoint titers
are reported as the reciprocal of the last dilution that had an
absorbance above the upper prediction limit.

Hemagglutination inhibition assay
To determine the hemagglutination inhibition titer to H1N1

influenza A/PR/8/34, sera was harvested from mice in the
humoral immunogenicity/challenge study 3 weeks after the final
immunization. Sera samples were treated with receptor-destroy-
ing enzyme (RDE) at a 1:3 ratio at 37�C for 18 h followed by
complement inactivation at 56�C for 45 min. RDE-treated sera

were diluted 1:10 in PBS in a 96-well V-bottom microtiter plate
and further diluted 2-fold down the plate. Four hemagglutinat-
ing doses of PR8 Cambridge virus were added to each well and
the serum-virus mixture was incubated at room temperature for
1 h. Following incubation, 50 ml of turkey red blood cells (0.5%
cells in 0.85% NaCl) were added to each well and incubated at
room temperature for 45 min. The HI antibody titer was scored
as the reciprocal of the highest dilution that prevented red blood
cell agglutination.

Splenocyte harvest
To evaluate the cellular immune response induced by vaccina-

tion with dbDNATM PR8 and pDNA PR8 vectors, mice from
the cellular immunogenicity study (as previously described) were
humanely euthanized 3 weeks after the final vaccination and
spleens were harvested from each animal. Spleens were placed in
complete RPMI 1640 medium (Mediatech, MT10-040-CM)
containing 10% fetal calf serum (FCS), 1% penicillin-streptomy-
cin (10,000U/ml) (Invitrogen), and 1X b-mercaptoethanol
(Invitrogen, 21985-023). Spleens were disrupted using a Stom-
acher machine (Steward Laboratory Systems, Bohemia, NY) and
the cellular product was strained using a 40 mm cell strainer (BD
Biosciences). Red blood cells were lysed with ACK lysis buffer
(Lonza, 10-548E). The remaining cells were washed with 1X
PBS, resuspended in complete RPMI medium, restrained, and
used in IFN-g ELISpot and intracellular cytokine staining (ICS)
assays.

IFN-g ELISpot assay
To detect and quantify the amount of IFN-g secreting mouse

splenocytes, harvested cells were used in an IFN-g ELISpot assay.
The assay was performed using the Mouse IFN-g Development
Module (R&D Systems, SEL485) according to the man-
ufacturer’s instructions. Mouse splenocytes were resuspended in
complete RPMI medium and plated at a concentration of 2 £
105 cells/well. A set of peptides, each containing 15 aa residues
overlapping by 11 aa spanning the entire protein consensus
sequences of H1HA (A/Taiwan/1/86, A/Bayern/07/95, A/Texas/
36/91, A/Beijing/262/95, A/New Caledonia/20/99, A/Solomon
Islands/03/06, A/Brisbane/59/2007, A/Puerto Rico/8/34,
A/South Carolina/1/18, A/California/07/09, and A/Mexico/
InDRE4487/09) were synthesized from GeneScript (Piscataway,
NJ). The set of peptides was pooled to make a concentration of
2 mg/ml per peptide and divided into 4 pools for use as stimulat-
ing antigens. As a positive control, cells were stimulated with
5 mg/ml Concanavalin A (Sigma-Aldrich, C5275). Complete
RPMI medium was used as a negative control. Color develop-
ment was performed using the ELISPOT Blue Color Module
(R&D Systems, SEL002) according to the manufacturer’s direc-
tions. An automated CTL Analyzer (Cleveland, OH) was used to
count spots. The number of spot forming units (SFU) was
reported as SFU/1 £ 106 splenocytes.

Intracellular cytokine staining and flow cytometry
Intracellular staining was performed as previously described.24

For this study, the following antibodies were used for surface
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staining: LIVE/DEAD Fixable Violet Dead Cell stain kit (Invi-
trogen), CD19 (V450; clone 1D3; BD Biosciences), CD4
(FITC; clone RM4-5; BD Biosciences), CD8 (APC-Cy7;
clone 53–6.7; Abcam). For intracellular staining the following
antibodies were used: IFN-g (APC; clone XMG1.2; Biole-
gend), TNF-a (PE; clone MP6-XT22; ebioscience), IL-2
(PeCy7; clone JES6-SH4; ebioscience), CD3 (PerCP/Cy5.5;
clone 145-2C11; Biolegend). All data were collected using a
LSRII flow cytometer (BD Biosciences) and analyzed using
FlowJo software (Tree Star, Ashland, OR) and SPICE v5.2
(free available from http://exon.niaid.nih.gov/spice/). Boolean
gating was performed using FlowJo software to examine the
polyfunctionality of the T cells from vaccinated animals. For
flow cytometry, cells were gated on singlets using SSC-H by
SSC-A followed by gating on LIVE-DEAD (dump channel),
CD3C CD4C CD8¡ T and CD3C CD8C CD4¡ T cells to
examine the CD4C and CD8C T-cell populations secreting
IFN-g, TNF-a, and IL-2 cytokines. 1 £ 106/wells cells were
stimulated with H1HA consensus pooled peptides for 5 hours
and 500,000 events were collected by the LSRII.

Viral challenge
Four weeks following the last immunization, challenge

study mice were anaesthetized with isofluorane (Abbott Labo-
ratories, 05260-05) and intranasally challenged with 50 LD50

of the PR8 Cambridge strain of H1N1 influenza A/PR/8/34
virus in a 50 ml volume. Post-challenge, animals were weighed
daily for 16 days and monitored for symptoms of viral infec-
tion. Animals that lost 20% of their pre-challenge body weight
were immediately euthanized. All surviving animals were
humanely euthanized after 16 d.

Statistical analysis
One-way analysis of variance (ANOVA) followed by

Dunnett’s Multiple Comparison post-test was used to compare
the cellular immune responses and HI antibody titers between
na€ıve mice and mice immunized with either the dbDNATM

PR8 or pDNA PR8 construct. Two-way ANOVA followed by
Bonferroni post-tests was used to compare the percentage of
body weight loss of viral challenged na€ıve mice to immunized
mice. Differences were considered statistically significant at
P < 0.05.
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