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ABSTRACT
Respiratory Syncytial virus (RSV) is a major threat to many vulnerable populations. There are currently no
approved vaccines, and RSV remains a high unmet global medical need. Here we describe the employ-
ment of a novel synthetic DNA-encoded antibody technology platform to develop and deliver an
engineered human DNA-encoded monoclonal antibody (dMAbTM) targeting the fusion protein (F) of
RSV as a new approach to prevention or therapy of at risk populations. In in vivo models, a single
administration of synthetic DNA-encoding the single-chain fragment variable-constant fragment (scFv-
Fc) RSV-F dMAb resulted in robust and durable circulating levels of a functional antibody systemically
and in mucosal tissue. In cotton rats, which are the gold-standard animals to model RSV infection, we
observed sustained scFv-Fc RSV-F dMAb in the sera and lung-lavage samples, demonstrating the
potential for both long-lasting immunity to RSV and effective biodistribution. The scFv-Fc RSV-F dMAb
harbored in the sera exhibited RSV antigen-specific binding and potent viral neutralizing activity.
Importantly, in vivo delivery of synthetic DNA-encoding, the scFv-Fc RSV-F dMAb protected animals
against viral challenge. Our findings support the significance of dMAbs as a potential platform technol-
ogy for durable protection against RSV disease.
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Introduction

RSV is a major global health burden. RSV complications asso-
ciated with lower respiratory infections are the major cause of
hospitalization for infants in the US resulting in between 58 and
132 K hospitalizations per year, 1.5 M-1.7 M office visits, and
400–500 K emergency room visits in children under 5 years of
age1. Globally, for the year 2015, 59,600 children 5 years or
younger were estimated to have succumbed to RSV-related
acute lower respiratory infections. There are close to 180 K
hospitalizations in the elderly population per year in the US.2

Conventionally, vaccination has been the approach to pro-
vide sustained immunity to an infectious agent. However, a RSV
vaccine remains an unmet need, and there has been a long track
record of vaccine candidates failing to elicit consistent immune
responses which translate to a sufficient levels of protection
across the population.3 Furthermore, serious vaccine enhanced
disease (VED)was observed in some infants immunized with the
formalin-inactivated RSV vaccine.4 Thus, a strategy which
bypasses the requirement to engage the host immune system
would be very attractive. Passive immunizations with immuno-
prophylactic anti-RSV-F antibodies have proved successful in
reducing disease in vulnerable pediatric patients.5-7 In the US,
the FDA-approved recombinant monoclonal antibody,
Palivizumab (Synagis) is a standard-of-care prophylaxis for
lower respiratory disease (LRD) in high-risk infants, reducing

hospitalizations of infected infants by 50%. However, the cost
burden associated with Palivizumab restricts its use to limited
populations even in high-income countries. Furthermore, the
short biological half-life of the recombinant mAb means multi-
ple rounds of dosing are required to maintain effective circulat-
ing concentrations of Palivizumab throughout the RSV-season.8

These burdens and the complexities involved in development,
manufacture, cold chain distribution, and often lack of suitable
dosing methods which can be employed in the field, have hin-
dered patient access not just to RSV mAbs, but too many other
effective mAb-based prophylactics and therapeutics targeting
a wide spectrum of diseases.9

With the goal of permitting unrestricted global access to
mAbs, new paradigms are being developed. Some of these
leverage the recent developments in the in vivo delivery of
genes encoding for antibodies. One highly promising technol-
ogy is the in vivo delivery of a non-viral, synthetic DNA-
encoding monoclonal antibody (dMAb). The synthetic DNA
is delivered directly to the tissue of choice, and the encoded
antibody is expressed and secreted into circulation. An elec-
troporation (EP)-based delivery by CELLECTRA® using an
optimized protocol ensures robust local tissue expression
and high systemic levels of the mAb.10,11 Employment of
this platform to endow a state of immunity against invading
pathogens is termed active immunoprophylaxis. In proof-of-
concept studies dMAbs have provided protection against
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various viral and bacterial infectious diseases, including influ-
enza virus, pseudomonas, Lyme disease, Chikungunya virus
and Ebola, Zika, and HIV, as well as efficacy in the treatment
of malignancies in preclinical small and large animal
models.12-22 The following characteristics highlight the
strength of the dMAb technology: the drug product is a non-
viral, plasmid DNA (pDNA); lack of anti-vector immunity
post-administration allows for continued and repeated use of
dMAbs for a multitude targets; pDNA formulations are highly
thermostable, allowing cold chain distribution to be bypassed;
and synthetic DNA can be rapidly engineered in silico and
manufactured at a cost of goods compatible with unrestricted
global usage.23 Importantly, with the employment of adaptive
in vivo EP systems, pDNA can be efficiently delivered into
highly accessible tissues sites (skeletal muscle or skin), permit-
ting in field administration protocols lasting seconds rather
than through lengthy IV administrations which is often
required for recombinant mAbs. Furthermore, similar to half-
life extension technologies, dMAb can be expressed in vivo at
consistent levels for months, limiting the requirement for
repeat dosing for seasonal coverage against pathogens such
as RSV and Influenza.24

In this study, we delineate the development of a human
dMAb targeting the same RSV-Fusion antigen as Palivizumab.
We designed a novel synthetic DNA sequence, pGX9369,
encoding for RSV-F dMAb, scFv-Fc against RSV-F antigen.
The scFv-Fc format has previously been shown to benefit half-
life, effector-function, and biodistribution.25,26 Intramuscular
(IM) delivery of pGX9369 led to robust in vivo levels of the
functional scFv-Fc RSV-F mAb in the serum and lungs of
experimental animals. Importantly, this treatment provided
protection from LRD in a live virus challenge study in the
cotton rat, the gold standard animal surrogate for evaluating
potential RSV VED, as well as human RSV infection now that
chimpanzees can no longer be used.27 Our findings highlight
the potential of dMAb technology as a prophylactic platform
to fight infectious disease.

Materials and methods

SDS-PAGE and western blot

Lipofectamine 3000 transfection kit (ThermoFisher, Waltham,
MA) was used to transfect adherent HEK 293 T cells (ATCC®
CRL11268™) with plasmids encoding for human RSV IgG and
scFv-Fc RSV dMAb. Media was harvested 72-h post-transfection
and filtered using 0.22 µm stericup-GP vacuum filtration system
(Millipore, Burlington, MA). The supernatant from scFv-Fc RSV
dMAb transfected cells was purified using Protein A spin columns
(ThermoFisher) by following themanufacturer’s instructions. The
eluted protein was concentrated by Amicon Ultra-15 Centrifugal
Filter unit (30 kDa), and quantified by Nanodrop. The super-
natant from human RSV IgG transfected cells was purified using
Protein G GraviTrap (GE Healthcare, Chicago, IL) using manu-
facturer’s instructions. The eluted protein was concentrated by
Amicon Ultra-15 Centrifugal Filter unit (30 kDa). For each sam-
ple, 10 µg were loaded on a NuPAGE™ 4–12% Bis-Tris gel
(ThermoFisher). Precision Plus Protein Kaleidoscope Prestained
Protein Standard (Bio-Rad, Hercules, CA) was used as the

standard marker. After electrophoresis, the proteins were trans-
ferred to PVDF membrane using iBlot™ 2 Transfer device
(Invitrogen, Waltham, MA). The membrane was blocked with
goat histology buffer (1% (w/v) BSA (Sigma, St. Louis, MO), 2%
(v/v) goat serum (Sigma), 0.3% (v/v) Triton-X (Sigma) and
0.025% (v/v) 1 g/ml SodiumAzide (Sigma) in PBS) for 30minutes
at room temperature (RT). Goat anti-Human IgG-heavy and light
chain monkey-adsorbed Antibody HRP Conjugated (A80-319P,
Bethyl, Montgomery, TX) diluted1:5000 in goat histology buffer
was added and incubated for 1 h at RT. After washing the blot
three times for 5 minutes in 1X DPBS (HyClone, Logan, UT) goat
anti-Human IgG-Fc Fragment AntibodyHRP (A80-104P, Bethyl)
diluted 1:5000 in goat histology buffer was added and incubated
for 1 h at RT. After washing the blot three times for 5 minutes in
1X DPBS, the membrane was developed using ECL™ Prime
Western Blotting system (GE Healthcare) and imaged using
Protein Simple FluorChem System (Proteinsimple, CA).

Animals

Female BALB/c mice (Jackson Laboratory, ME) between 4
and 6 weeks of age and cotton rats (Jackson Laboratory,
ME) between 6 and 8 week of age were group-housed with
ad libitum access to feed and water. Husbandry was provided
by Acculab (San Diego) and all procedures were in compli-
ance with the standards and protocols of the Institutional
Animal Care and Use Committee (IACUC) at Acculab.

Animal treatments

To deplete T cell populations BALB/c mice received one i.p.
injection of 500ug of anti-mouse CD4 (, BE0003-1, BioXCell,
West Lebanon, NH) and 500 µg of anti-mouse CD8α
(BioXCell, BE0117) in 300 µl of 1X PBS. DMAb pDNA was
formulated with 117.8–128.5 U/ml of human recombinant
hyaluronidase (Hylenex®, Halozyme, San Diego, CA). Mice
received 30 µl and cotton rats 200 µl IM injections of DNA
formulation into tibialis anterior (TA) and quadriceps mus-
cles. Mice received a pDNA formulation of 1.6 mg/ml and
cotton rats received 2 mg/ml. The optimal concentration was
determined in previous dosing studies (data not shown). EP
was delivered at the injection site with the CELLECTRA-3P®
adaptive in vivo EP system (Inovio Pharmaceuticals, PA). An
array of three needle electrodes with 3 mm insertion depth
was used for mice and 6 mm depth for cotton rats. The
CELLECTRA® EP delivery consists of two sets of pulses with
0.1 Amp constant current, each composed of two 52 ms
pulses, a 198 ms delay between pulses within a single set
and 3 sec between the two sets. 50 µl Synagis (MedImmune,
Gaithersburg, MD) was injected IM at a dose of 15 mg/kg.

Immunofluorescence staining

In vivo expressed dMAb: 7 days after IM delivery of 50 µg
pGX9369 into TA muscle of mice and 400 µg of pGX9369
into cotton rat TA, muscle tissues were harvested, fixed in
10% Neutral-buffered Formalin (BBC Biochemical, Stanford,
MA) and immersed in 30% (w/v) sucrose (Sigma) in D.
I. water for in vivo staining of dMAb expression. Tissues
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were then embedded into O.C.T. compound (Sakura Finetek,
Torrance, CA) and snap-frozen. Frozen tissue blocks were
sectioned to a thickness of 18 µm. In vitro expressed dMAb:
For staining of dMAb expression in transfected 293 T cells
were cultured on chamber slides and fixed 3 days after trans-
fection with 10% Neutral-buffered Formalin (BBC
Biochemical) for 10 min at RT and then washed with PBS.

Slides were incubated with Blocking-Buffer (0.3% (v/v)
Triton-X (Sigma), 2% (v/v) donkey serum in PBS) covered
with Parafilm, and incubated at RT for 30 min. Goat anti-
human IgG-Fc antibody (Bethyl) was diluted 1:100 in incuba-
tion buffer (1% (w/v) BSA (Sigma), 2% (v/v) donkey serum,
0.3% (v/v) Triton-X (Sigma) and 0.025% (v/v) 1 g/ml Sodium
Azide (Sigma) in PBS). Staining solution at 150 µl was added to
each slide and incubated for 2 h. Slides were washed for 5 min
each with 1xPBS three times. Donkey anti-goat IgG AF488
(Abcam, Cambridge, UK) was diluted 1:200 in incubation buf-
fer and 50 µl was added to each section. Slides were washed after
1 hr incubation and mounted with DAPI-Fluoromount
(SouthernBiotech, Birmingham, AL) and covered.

In vivo and in vitro dMAb constructs production were
imaged with a BX51 Fluorescent microscope (Olympus,
Center Valley, PA) equipped with a Retiga3000 monochro-
matic camera (QImaging, Surrey, Canada).

Quantification of human RSV-F dMAb in animal serum
and bronchoalveolar lavage (BAL) fluid

96-well assay plates (Thermo Scientific) were coated with 1ug/well
goat anti-huIgG Fc fragment antibody (Bethyl) in 1x DPBS
(ThermoFisher) overnight at 4°C. Next day plates were washed
with 0.2% (v/v) TWEEN-20 in 1xPBS wash buffer and blocked
with 10%(v/v)FBS in 1xDPBS for 1 hr at RT. The serum samples
were diluted in 1% (v/v) FBS in 0.2% (v/v) TWEEN-1xPBS and
100 µl of this mix was added to the washed assay plate.
Additionally, standard dilutions of purified human single-chain
antibody was prepared as 1:2 serial dilutions starting at 500 ng/ml
in dilution buffer and added in duplicates to each assay plate.
Samples and standard were incubated for 1 hr at RT. For quanti-
fication of Palivizumab standard dilution of purified human
kappa light chain (Bethyl) were used. After washing, the plates
were incubated with a 1:10,000 dilution goat anti-human IgG-Fc
antibody HRP (Bethyl, A80-104P) for 1 hr at RT. For detection
SureBlue Substrate solution (Seracare, Milford, MA) was added to
the washed plates. The reaction was stopped after 6 min by adding
TMB Stop Solution (Seracare, Milford, MA) to the assay plates.
The O.D. were read at 450 nm. The serum-level expression was
interpolated from the standard curve using a sigmoidal four
parameter logistic curve fit for a log of the concentration using
GraphPad Prism8 (GraphPad Software, Inc; CA).

Antigen binding ELISA

Assay plates were coated with 1 µg/well of human RSV
F glycoprotein (Sino Biological, Wayne, PA) diluted in 1x
DPBS (ThermoFisher) overnight at 4°C. Plates were washed
with 1xPBS buffer with 0.05% TWEEN. Two hundred and
fifty µl/well of 3% (w/v) BSA in 1x PBS with 0.05% TWEEN
were added and incubated for 1 hr at RT. Serum samples were

diluted in 1% (w/v) BSA in 1x PBS with 0.05% TWEEN. After
washing the assay plates serum samples were added in threefold
serial dilutions. Plates were incubated 1 hr at RT. After washing,
100 µl of 1:10000 diluted goat anti-human IgG-Fc fragment
antibody HRP (Bethyl, A80-104P) was added and incubated
for 1 hr at RT. For development, the SureBlue/TMB Stop
Solution (Seracare) was used and O.D. was recorded at 450 nm.

RSV neutralizing antibody assay

Heat-treated sera samples were diluted 1:10 with EMEM and
serially diluted further 1:4. Diluted sera samples were incu-
bated with RSV (25–50 PFU) for 1 h at RT and inoculated in
duplicates onto confluent HEp-2 monolayers in 24-well plates.
After one-hour incubation at 37°C in a 5% CO2 incubator, the
wells were overlaid with 0.75% methylcellulose medium. After
4 days of incubation the overlay was removed, and the cells
were fixed with 0.1% crystal violet stain for 1 h and then
rinsed and air-dried. The corresponding reciprocal neutraliz-
ing antibody titers were determined at the 60% reduction end-
point of the virus control using the statistics program “plqrd.
manual.entry” (Sigmovir Biosystems, Inc; MD). The geo-
metric means ± standard error for all animals in a group
were calculated as described previously.28,29

Cotton rat viral challenge study

Animals
Fifteen (15) inbred female Sigmodon hispidus cotton rats
between 6 and 8 weeks of age (Source: Sigmovir Biosystems,
Inc., Rockville MD) were maintained and handled under
veterinary supervision in accordance with National Institutes
of Health guidelines and Sigmovir Institutional Animal Care
and Use Committee’s approved animal study protocol. The
cotton rats were housed in clear polycarbonate cages indivi-
dually and provided with standard rodent chow (Harlan
#7004) and tap water ad lib.

RSV-viral challenge stock
The prototype Long strain of RSV/A (ATCC, Manassas, VA) was
propagated in HEp-2 cells after serial plaque-purification to
reduce defective-interfering particles. A pool of virus designated
as hRSV/A/Long Lot# 021413, prepared in sucrose stabilizing
media, and containing approximately 2 × 107 pfu/ml was used
for this in vivo experiment. This stock of virus is stored under
−80°C condition and has been characterized in vivo using the
cotton rat model for upper and lower respiratory tract replication.

Procedure
The adult female cotton rats (6–8 weeks of age) were divided
into three groups of five animals each. Animals in the RSV-F
dMAb group were treated with 2.4 mg pDNA on day −7 of
the experiment as described in the animal treatment section.
Animals in the Palivizumab (control) group were injected IM
on day −1 of the experiment with 0.1 ml Palivizumab for
a final concentration of 15 mg/kg. The animals in the
untreated group received no injections. On day 0, all of the
animals were intranasally inoculated with 105 plaque-forming
units (PFU) of RSV/A/Long in a volume of 0.1 ml. All the
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animals were sacrificed at day 5. The lungs were harvested en
bloc and trisected. The left section was used for virus titration.
The lingular lobe was used for RealTime PCR.

Lung viral titration
Lung homogenates were clarified by centrifugation and
diluted in EMEM. Confluent HEp-2 monolayers were infected
in duplicates with diluted homogenates in 24-well plates.
After one-hour incubation at 37°C in a 5% CO2 incubator,
the wells were overlaid with 0.75% methylcellulose medium.
After 4 days of incubation, the overlay was removed, and the
cells were fixed with 0.1% crystal violet stain for 1 h and then
rinsed and air-dried. Plaques were counted and viral titers
were expressed as PFU per gram of tissue. Viral titers were
calculated as geometric mean + standard error for all animals
in a group at a given time.

Real-time PCR of lung tissue
Total RNA was extracted from homogenized lung tissue using
the RNeasy purification kit (QIAGEN, Valencia, CA). One µg of
total RNA was used to prepare cDNA using Super Script II RT
(Invitrogen) and oligo dT primer (1 µl, Invitrogen). For the real-
time PCR reactions, the Bio-Rad iQTM SYBR Green Supermix
was used in a final volume of 25 µl, with final primer concen-
trations of 0.5 µM. Reactions were set up in duplicates in 96-well
trays. Amplifications were performed on a Bio-Rad iCycler for 1
cycle of 95°C for 3 min, followed by 40 cycles of 95°C for 10 s,
60°C for 10 s, and 72°C for 15 s. The baseline cycles and cycle
threshold (Ct) were calculated by the iQ5 software in the PCR
Base Line Subtracted Curve Fit mode. Relative quantitation of
DNA was applied to all samples. The standard curves were
developed using serially diluted cDNA sample most enriched
in the transcript of interest (e.g., lungs from day 4 post-primary
RSV infection). The Ct values were plotted against log10 cDNA
dilution factor. These curves were used to convert the Ct values
obtained for different samples to relative expression units. These
relative expression units were then normalized to the level of
beta-actin mRNA (“housekeeping gene”) expressed in the cor-
responding sample. For animal studies, mRNA levels were
expressed as the geometric mean ± SEM for all animals in
a group at a given time.

Statistics
Statistical analysis was performed with GraphPad Prism v.7
using nonparametric two-tailed Mann–Whitney t-test.

Results

RSV-F dMAb construct design

We generated a synthetic dMAb targeting RSV-fusion antigen by
applying principles of antibody bioengineering. The human anti-
RSV-F dMAb antigen binding fab region was designed to mimic
that of the FDA-approved anti-RSV recombinant mAb
Palivizumab. To assist in molecule design, models of the dMAb
in both variable fragment and single-chain variable fragment
(scFv) formats were generated using Discovery Studio 4.5
(Biovia, San Diego, CA). The scFv was modeled in both VH-VL
and VL-VH orientations using a linker consisting of three repeats

of four glycine and one serine residues ((G4 S) 3 linker). The
linker as designed is themost commonly used one for scFvs and is
not disruptive to Fv structure.30 Based on the results of the model,
the VL-VH orientation was chosen as it was predicted to cause the
least perturbation to the scFv variable domains (Figure 1(a)). The
synthetic pDNAmolecule, pGX9369 was generated by cloning the
gene for the sc-Fv-Fc RSV-F dMAb (RSV-F dMAb) into
a pVAX1-based backbone, under control of the human CMV
promoter (Figure 1(b)). RSV-F dMAb expression was confirmed
by immunofluorescence staining of in vitro pGX9369-transfected
293 T cells with (Figure 1(c)). The staining demonstrates cytosolic
expression of the RSV-F dMAb. Secretion of the RSV-F dMAb by
293 T cells was confirmed byWestern-Blot analysis of cell-culture
supernatant (Figure 1(d)). As expected, two bands were observed
for the Palivizumab-IgG control representing heavy (57kDa) and
light chain (26kDa), and a single band (60kDa) was detected for
the scFv-Fc RSV-F dMAb.

dMAb in vivo expression model

For optimal in vivo expression of dMAb we have developed an
enhanced pDNA delivery protocol. The dMAb-encoding pDNA
is formulated with the extra-cellular matrix disrupting enzyme
hyaluronidase and administered to the muscle followed by
in vivo EP. The schematic presented in Figure 2(a) outlines the
pDNA delivery and in vivo expression of the dMAb. dMAb
expression at the site of IM delivery of 50 µg pDNA can be
visualized by staining for human IgG in myocytes 3 days post-
delivery (Figure 2(b)). The myocytes secrete the dMAb product
into the circulating blood volume. Pharmacokinetic studies in
animals indicate the dMAb’s expression after a single adminis-
tration can be sustained about 20 µg/ml throughout the duration
of a typical RSV season (Figure 2(c)). Circulating levels of the
recombinant mAb, Palivizumab are not sustainable after a single
bolus administration, and drop below the protective level of
before the conclusion of a typical RSV season with durations
reported between 6 and 23 weeks.31

In vivo expression of RSV-F dMAb in BALB/c mice

The expression and activity of RSV-F dMAbwere assessed in vivo.
BALB/c mice were dosed with 200 µg of pGX9369. The day 7
serum concentration of RSV-F dMAb averaged 7500 ng/ml
(Figure 3(a)). As expected, there was a decline in serum concen-
tration after day 7 which was associated with a host anti-drug
antibodies response raised in WT BALB/c against the xenogeneic
human antibody (data not shown). Binding of RSV-F dMAb to
RSV-F antigen was confirmed by ELISA of serum samples from
treated animals (Figure 3(b)). Serum from animals treated with
pGX9369 displayed a serum-dilution dependent binding signal,
exhibiting a ‘hook-effect’ at higher serum-concentrations. This
assay-related phenomenon is the impaired ability of an antibody
to bind its target effectively at high concentrations.32 In vivo
expressed RSV-F dMAb displayed virus-neutralization function.
Serum harboring the RSV-F-dMAb reached RSV/A virus neutra-
lizing titers of 7 log2 (Figure 3(c)). The biodistribution of the RSV-
F dMAb to the site of RSV-associated pathology was confirmed by
assaying lung lavage samples. Seven days after 200 µg pGX9369
administration, the level of dMAb BAL samples was 11.25 mol
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mAb/g total protein ±SEM 2.65 (Figure 3(d)). In summary,
CELLECTRA-3P® delivery of pGX9369 resulted in the production
of functional anti-RSV-F antibody, which was present in systemic
circulation and at the physiologically relevant tissue site associated
with viral-mediated pathology.

In vivo expression of RSV-F dMAb in cotton rats

We proceeded to assess the RSV-F dMAb expression and activity
in cotton rats. Cotton rats are considered the gold standardmodel
to model RSV infection and drug interventions.27 Cotton rats are
susceptible to non-adapted human RSV, being 100-fold more
permissive to infection than mice and display many features of
the human disease pathology and display VED-associated pathol-
ogy in response viral challenge after immunization with formalin-
inactivated RSV.33,34 We initially confirmed the local expression
of RSV-F dMAb in themyocytes after delivery of 400 µg pGX9369
to the TA leg muscle (Figure 4(a)). We proceed to test whether
local expression led to the secretion of the RSV-F dMAb into the
circulation. We measured for longer than 5 weeks greater than
1,000 ng/ml of the human RSV-F dMAb in the cotton rat sera
after delivery of 800 µg pDNA (Figure 4(b)). We assessed the
functionality of the expressed dMAb after delivery of a total of
2.4 mg pDNA. Neutralizing capability of cotton rat serum was
tested in a RSV/A neutralization assay. In the plaque reduction
assay, wemeasured an average reciprocal neutralization titer of 5.4

determined at 60% reduction end-point of the virus control
(Figure 4(c)). The biodistribution of the dMAb to the site of
RSV infection was assessed in BAL fluid. The mean level of
RSV-F dMAb in BAL samples from these animals was 10.8 mol/
g total protein (Figure 4(d)). In summary, in vivo delivery of
pGX9369 to cotton rats led to the systemic production of func-
tional antibodies which neutralized RSV virus and biodistributed
to the lungs.

RSV-F dMAb confers protection from LRD in the cotton rat
RSV/A challenge model

The presence of circulating functional RSV-F dMAb in the
cotton rat led us to test the pGX9369 treatment in an active
immune-prophylaxis study. Groups of cotton rats were either
dosed with 2.4 mg pGX9369 (group 1) on day −7 or 15 mg/kg
Palivizumab (group 2) on day −1 or remained untreated (con-
trol). All groups were challenged intranasally with 105 pfu of
RSV/A/Long on day 0. Five days after challenge lung tissue was
harvested and viral loads measured (Figure 5(a)). Both group 1
and 2 animals were protected from LRD associated with RSV
infection. Five days after the intranasal challenge, the lungs of
pGX9369-treated contained mean viral load of 250 pfu/g (SEM
±50) and the lungs of Palivizumab-treated cotton rats contained
≤ 200 pfu/g (SEM = 0). In comparison lungs of control cotton
rats contained high viral load of 27,520 pfu/g (SEM = 8,408.9)

a b

c d

sc-Fv-Fc – 60kDa
HC – 57kDa

LC – 26kDa

IgG format sc-Fv-Fc format

1    2

CH3 CH3

CH2 CH2

VH VH VLVL

Figure 1. Design and in-vitro testing of scFv-Fc RSV-F dMAb construct: (a) Illustration of human IgG1 and scFv-Fc formats. The complete hinge and Fc portions
of the molecule are retained in the scFv-Fc format. Yellow line connecting VH and VL of the scFv-Fc molecule represents the (G4 S) 3 linker (b) Plasmid map of RSV-F
dMAb (bGH PolyA – bovine growth hormone polyadenylation signal, KanR – kanamycin resistance gene, pUC ori – pUC origin of replication, hCMV promotor –
human cytomegalovirus promotor) (c) In vitro expression of RSV-F dMAb. Immuno-fluorescence staining was performed on HEK293 T cells 3 days after in vitro
transfection (DAPI – blue, RSV-F dMAb – red) (d) Western-blot analysis of cell-culture supernatant of RSV-F dMAb in vitro transfected HEK293 T cells harvested on day
3 post-transfection (lane 1: IgG-RSV dMAb, lane 2: scFv-Fc RSV-F dMAb).
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(Figure 5(bi)). Significantly reduced viral genome copy number
in the lower respiratory tissue was measured with real-time PCR
using primer targeting RSVNonstructural Protein 1.Mean RSV-
mRNA levels in pGX9369 (mean RSV mRNA = 0.181,
SEM = 0.050) and Palivizumab- (mean RSV mRNA = 0.032,
SEM = 0.004) treated cotton rats were reduced in comparison to
untreated animals (mean RSV mRNA = 1.175, SEM = 0.306)
(Figure 5(bii)). Of note, pGX9369-treated cotton rats were pro-
tected from LRD, even though human RSV-F dMAb serum
levels were approximately 10-fold lower than those measured
for Palivizumab (Figure 5(c)). In summary, the data show suc-
cessful active immune-prophylaxis using an anti-RSV-F dMAb
to protect against viral challenge in the cotton rat, a gold stan-
dard RSV disease model.

Discussion

There is a pressing need for the development of novel platform
technologies which can be employed to increase patient access to
prophylactic and therapeutic monoclonal antibodies, especially
those targeting infectious diseases in low and middle-income
countries. The work presented here highlights a viral-vector inde-
pendent antibody engineered synthetic DNA technology plat-
form, with this potential. We apply this technology to the RSV
target using a synthetic antibody DNA sequence based on the
FDA-approved recombinant mAb, Palivizumab. Our findings
demonstrate the successful in vivo expression of the dMAb in
multiple preclinical models, and the ability to confer host protec-
tion against virus challenge (Figure 5). Data presented here and in
other recent reports highlight the characteristics and therapeutic

a

b c

Figure 2. Schematic of RSV-F dMAb in-vivo delivery platform: (a) In vivo EP facilitates the delivery of the dMAb to the muscle tissue, myocytes express (b) and
secret the encoded mAb (c). mAb is distributed systemically. (b) Example of expression of dMAb in myocytes 3 days after delivery of 50 µg dMAb or pVax (empty
expression vector control) to mouse TA (DAPI – blue, dMAb – green). (c) Serum concentration of RSV-F dMAb and Palivizumab after delivery of 200 µg RSV-F dMAb
plasmid or 15 mg/kg (clinical dose) Palivizumab measured by ELISA (± SEM, n = 6) dotted line indicates the level of protection (20 µg/ml) for Palivizumab.
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Figure 3. In-vivo expression of RSV-F dMAb in BALB/c mice: 200 µg RSV-F dMAb plasmid was administered IM in BALB/c mice (a-d). Serum samples were taken
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potency of the dMAb platform as a cost-effective and quickly
deployable prophylactic option for a myriad of infectious
diseases.12-15,24

The success of dMAb technology is dependent on the
effective delivery of the antibody of interest to the host. The
in vivo pDNA delivery described here targets the long-lived
host myocytes in skeletal muscle, which is considered an
endocrine organ that is very adept at synthesis and secretion
of multiple factors, and represents an ideal biological factory
for high-level transgene expression which can persist for some
time after delivery.35-37 However, to achieve robust local tissue
transgene expression a highly efficient method of in vivo
pDNA delivery is required. To optimize pDNA delivery to
the muscle tissue we employ EP and hyaluronidase formula-
tion. This enzyme modifies the extra-cellular matrix and used
“on label” for IM injection in the clinic.38 IM injection of
pDNA formulated with human recombinant hyaluronidase
(Hylenex) is used in combination with EP in the clinical
trial of a Zika dMAb (NCT03831503). Together this delivery
protocol leads local tissue expression 1,000 fold higher than
traditional needle-based injection methods. In the absence of
an adaptive host immune response against the xenogeneic
dMAb we have demonstrated 13-week long-expression in
BALB/c mice (Figure 2(c)). In the same experiment, we
observed the steady decline of the recombinant Palivizumab

after administration of the clinical dose. Protective levels
could only be sustained by re-dosing the animals with the
Palivizumab (data not shown) which is reflected in the clinical
protocol for the drug. Administration of Palivizumab is ide-
ally initiated prior to the RSV-season onset, which typically
lasts from November through April with deviation by
regions.39 It is dosed at 15 mg/kg and must be administered
monthly by IM injection throughout the RSV season. The
serum-half life has been reported as 20 days.6,40 On the
other hand, of Palivizumab-based scFv-Fc dMAb is expressed
and secreted, and an efficacious circulating level of the anti-
body can be maintained as shown in Figure 2(c). Circulating
RSV-dMAb levels are well maintained above the level
required for protection after one administration, indicating
that there is not a need for re-delivery. Similar in essence to
half-life extension technology, the dMAb approach can allow
for the longer biological presence of the delivered antibody-
like molecule.41-43 In the presence of an intact immune system
in wild type cotton rats we show continued expression of the
human dMAb construct. This result was contrary to earlier
studies with the construct in mice with intact T cell compart-
ments, in which strong ADAs were observed. In the cotton rat
experiment, we measured RSV-dMAb expression for a time
period of 39 days following administration (Figure 4(b)).
However, as this antibody is xenogeneic to the cotton rat,
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we would expect to observe similar or even more durable
expression using a species-matched antibody. Sustained
expression is an extremely important component for an
immune-prophylactic modality, and a characteristic which is
missing with conventional recombinant mAbs. A single
administration of dMAb-encoding plasmid could provide
protective levels of mAbs throughout a RSV-season. For
example, children are at the highest risk of morbidity when
infection occurs during the first 6 months of life. A single
injection scFv-Fc RSV-F dMAb could protect children
through this most critical time. In addition to RSV-F dMAb,
we have observed extended serum-concentrations for anti-
EBOV, influenza, and PD-1 dMAbs compared their respective
recombinant mAbs in a mouse model.24

A characteristic of sc-Fv antibodies is their excellent bio-
distribution. Due to their small size, they can efficiently pene-
trate tissue. However, their effectiveness is limited by a serum
half-life of just several hours. The fusion to a Fc protein
increases the serum half-life of the resulting scFv-Fc molecule
from hours to multiple days.26 Although it does not exceed
the half-life of a full-length IgG molecule, it still exhibits
superior biodistribution because of its smaller size.44 The
increased ability of the smaller scFv-Fc molecule to distribute
to the site of RSV-infection may explain the similar levels of
protection from LRD (Figure 5(b)) despite 10-fold lower
serum-concentration (Figure 5(c)) compared to Palivizumab.
We successfully detected the RSV-F dMAb in the lungs of
mice and cotton rats (Figures 3(d) and 4(d)). The importance

of biodistribution of mAbs in preventing LRD after RSV
challenge has been previously reported. Wu et al. report
lower in vivo efficacy for motavizumab, a variant of
Palivizumab, despite high in-vitro neutralizing ability due to
poor biodistribution.45 Tiwari et al. reported results by target-
ing the lung-tissue directly for the expression of mRNA-
encoded RSV-Ab.46

The unique mechanism of the dMAb technology platform
by which the antibody molecule is constantly replenished due
to secretion from expressing myocytes counteracts potential
loss of serum half-life of the scFv-Fc format. To allow a more
accurate comparison of the two molecules and their biodis-
tribution, future experiments will be designed for both anti-
bodies to be at equal concentrations in the animal serum at
the time of viral challenge.

The threefold increase of pDNA dose used in the cotton rat
viral challenge (compare 2.4 mg, Figure 5(c) versus 0.8 mg,
Figure 4(b)) did not result in a proportional increase of
serum-level expression as we would have expected from pre-
vious studies in mouse models. This could be attributed to
differences between the two animal models and the adaptions
of the mouse EP-delivery procedure that were made to
accommodate the larger cotton rat model.

While other antibody gene delivery platforms have been
employed, antibody-encoding DNA plasmid possess multiple
advantages over other nucleic acid-based monoclonal antibody
technologies, including viral-based vector andmRNA-based deliv-
ery of antibodies. Firstly, the injected drug product is a pure

Figure 5. RSV-F dMAb confers protection against LRD after RSV/A challenge of cotton rats: (a) Schematic of cotton rat challenge study: Animals were
treated with 2.4 mg RSV-dMAb 7 days before challenge or with an IM injection of 15 mg/kg Palivizumab 1 day before challenge (b) Viral load of cotton rat lung tissue
(pfu/g) harvested 5 days after intra-nasal live virus challenge with RSV/A/long (± SEM n = 4–5) (i). RSV Nonstructural protein-1 (NS-1) mRNA levels (log2 and
normalized to beta-Actin) of cotton rat lung tissue 5 days after intra-nasal live virus challenge with RSV/A/long (± SEM, n = 4–5, Mann–Whitney non-parametric
t-test: p (untreated vs RSV-dMAb) = 0.0159; p (untreated vs Palivizumab) = 0.0079) (ii). (c) Serum levels of Palivizumab and scFv-Fc RSV-F dMAb in cotton rats at
the day of challenge (day 0) and 5 days after challenge (± SEM, n = 4–5).
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optimized DNA plasmid, and devoid of any anti-vector immunity
properties, which limits the reuse of adenovirus or recombinant
adeno-associated viral-based vectors.48 Secondly, the DNA does
not require potentially complex chemical delivery formulations
often used with some nucleic acid-based deliveries of biologics,
which generally require lipid nanoparticle-encapsulation.49-51 As
discussed above and highlighted in the data presented in this study
there is a sustained, but finite expression profile for dMAbs as the
designed construct delivered is non-integrating. Thirdly, unlike
many recombinant and mRNA-based antibody candidates which
are delivered IV and require significant infrastructure in place to
dose patients, DNA plasmids can be administered to local acces-
sible sites rapidly in the field. Viral vectored delivery of RSVmAbs
has also been described.52 However, in addition to anti-vector
serology concerns, such vectors are not temperature stable and
complex to manufacture. We have developed plasmid formula-
tions that are highly temperature stable without the need for
lyophilization, and the product storage and distribution does not
require a cold chain.53

In summary, applying the dMAb platform to the target of the
RSV in established disease models, we demonstrate biological
significant circulating levels of the RSV antibodies in the serum
and lungs of animals. Furthermore, the in vivo expressed RSV-
dMAbwas functionally active and provided protection fromRSV-
mediated respiratory disease in a viral challenge study (Figure 5),
even at a lower concentration than the comparator recombinant
antibody standard used in this study. Our findings support the
significance of the dMAb technology, and its potential to fight
global mortality caused by infectious diseases such as RSV.

The current study describes the proof of concept for in vivo
launched mAb constructs targeting RSV. However, other studies
will be needed to fully define the potency of the RSV-dMAb
compared to Palivizumab, and the scalability of this technology.
We postulate above that RSV-dMAb may exhibit improved bio-
distribution to Palivizumab. Future studies will further address
this by studying the biodistribution and level of disease protection
at equivalent serum concentrations of these drugs. The current
body of work describes the expression and function of RSV-
dMAb in 2 small animal models. Whilst the cotton rat model is
considered a gold standard model for RSV pathology and drug
testing, and the preclinical studies used to develop Palivizumab
were largely dependent upon this model, we plan to investigate
RSV-dMAb expression and function in larger animal models,
including the pig, sheep, and NHP. Importantly, these models
are compatible with our clinical in vivo delivery devices and will
assist in determining appropriate dosing for human testing.
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