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ABSTRACT
With increasing frequency, humans are facing outbreaks of emerging infectious diseases (EIDs) with the potential to cause
significant morbidity and mortality. In the most extreme instances, such outbreaks can become pandemics, as we are now
witnessing with COVID-19. According to the World Health Organization, this new disease, caused by the novel coronavirus
SARS-CoV-2, has already infected more than 10 million people worldwide and led to 499,913 deaths as of 29 June, 2020.
How high these numbers will eventually go depends on many factors, including policies on travel and movement,
availability of medical support, and, because there is no vaccine or highly effective treatment, the pace of biomedical
research. Other than an approved antiviral drug that can be repurposed, monoclonal antibodies (mAbs) hold the most
promise for providing a stopgap measure to lessen the impact of an outbreak while vaccines are in development.
Technical advances in mAb identification, combined with the flexibility and clinical experience of mAbs in general,
make them ideal candidates for rapid deployment. Furthermore, the development of mAb cocktails can provide a
faster route to developing a robust medical intervention than searching for a single, outstanding mAb. In addition,
mAbs are well-suited for integration into platform technologies for delivery, in which minimal components need to be
changed in order to be redirected against a novel pathogen. In particular, utilizing the manufacturing and logistical
benefits of DNA-based platform technologies in order to deliver one or more antiviral mAbs has the potential to
revolutionize EID responses.
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Introduction

Unmet needs of emerging infectious disease
outbreaks

Fuelled by multiple factors, including the growing
urbanization of society, climate change, and shifting
agriculture and forestry practices, and fanned by
expanded global travel and trade, there is no doubt
that we are in a period of increasing viral outbreaks
[1,2]. In just the past two decades, novel viral outbreaks
have caused significant damage with wide-reaching
ramifications. From the severe acute respiratory syn-
drome (SARS) outbreak in 2003, the H1N1 influenza
A virus (IAV) pandemic in 2009, the Middle East res-
piratory syndrome (MERS) outbreak in 2012, the
recurring Ebola virus outbreaks in 2014–2016, to the
expansion of chikungunya virus and the rapid spread-
ing of Zika virus infections in 2015, viral diseases were
already a widely acknowledged threat even before the
current pandemic. When faced with a virulent, rapidly
spreading EID, and as the current COVID-19 situation
attests, there is a limited window of opportunity for
successfully halting the spread of an outbreak with

pandemic potential. In the case of new outbreaks of
known viruses, particularly those for which there are
diagnostic tools as well as vaccines or antiviral drugs,
an effective response entails a combination of epide-
miological detective work as well as treating and pre-
venting new infections. By testing for and tracing the
pattern of infections, health care workers can identify
and isolate people as needed, and when available, pre-
vent new infections through vaccination. Antiviral
drugs have the potential to lessen the burden on the
health care system by reducing disease severity, includ-
ing in the health care workers themselves, as well as
reduce transmission by lowering the viral load in
infected individuals. Indeed, the use of highly active
antiretroviral therapy to significantly reduce HIV-1
plasma viremia essentially abolishes sexual trans-
mission of the virus [3].

In the case of an outbreak of a pathogenic virus for
which there is no available vaccine or drug, the initial
responses are limited to supportive medical care for
patients and physical barriers, such as quarantines
and the use of face masks for respiratory diseases, to
reduce transmission. These techniques vary in
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efficacy, however, and in the case of a new pathogen for
which critical details like the transmission route and
incubation and infectious periods are not yet known,
they are hampered by a lack of information. The
exact duration of the window of opportunity for pre-
venting an outbreak from becoming a pandemic varies
considerably between different viruses and host popu-
lations, due primarily to the R0, or basic reproductive
number of the virus, and the rate of transmission [4].
What is ultimately needed is a vaccine or antiviral
drug to reliably stop the spread of infection, and if
one does not yet exist, a new viral countermeasure
must be developed in a race against time (Figure 1).

Recent outbreaks have revealed that our ability to
develop such countermeasures is too slow [5]. In
response to an Ebola virus outbreak in West Africa
that began in 2014, it took until the end of 2019 for a
vaccine (Ervebo) to be granted approval by the U.S.
Food and Drug Administration (FDA) for the preven-
tion of Ebola virus disease (EVD). This was despite sig-
nificant effort and investment by both the public and
private sectors [6]. Because of the existing infrastruc-
ture for influenza vaccine development, vaccines
against the 2009 H1N1 pandemic IAV managed to
gain approval more quickly, by September of that
same year, but manufacturing issues prevented wide-
spread availability of a vaccine until after the peak of
the outbreak [7]. The emergence of SARS-CoV in
2002 also prompted efforts to develop a vaccine, but
none have yet been successful.

An efficacious vaccine is the gold standard for public
health, with the greatest ability to reduce the number of
infections, thereby limiting the scope of societal and
economic damage. Unfortunately, however, vaccines
typically take a long time to develop [8]. Vaccines
against infectious diseases can be largely grouped into
those that deliver just a specific target antigen (a viral
glycoprotein, for example) or the entire pathogen in
an inert or weakened form (such as heat-inactivated
or live-attenuated virus). Once the preliminary safety
and efficacy studies are completed in animals, extensive
clinical testing is necessary in order to establish that the
vaccine is truly both safe and effective in humans. Fol-
lowing regulatory approval, large scale manufacturing
and quality control are undertaken to generate the pro-
duct for distribution. In general, this entire process
takes from a few to several years (or more), a timeframe
unlikely to be helpful in the case of an acute, rapidly
spreading EID. In recognition of this, organizations
such as the Coalition for Epidemic Preparedness
Innovation (CEPI) aim to reduce that time; for CEPI
that entails developing accelerated programmes
capable of moving from identification of a novel
pathogen to the beginning of clinical trials in just 16
weeks [9].

The development timeline for novel antiviral drugs
is also typically far longer than what would be useful

for containing a rapidly growing outbreak. The entire
process, from target identification and validation,
screening and lead identification, and preclinical ani-
mal studies, to scaled-up manufacturing, clinical trials,
and regulatory approval, is estimated to take an average
of 10–15 years [10]. The most promising prospect for
antiviral drugs in the case of an EID is the possibility
that a drug which has already been approved for
another use can be repurposed. In that case, only a
clinical efficacy study would be needed (and possibly
scaled-up manufacturing). Indeed, such studies are
currently underway to assess the efficacy of a number
of existing antivirals for treating COVID-19, including
Avigan (favipiravir), a drug used for IAV treatment,
and Kaletra (lopinavir/ritonavir), a drug combination
that inhibits HIV-1 [11–13]. Remdesivir, which had
already been through clinical safety studies as part of
an effort to test its potential as a treatment for EVD,
showed some benefit in shortening the time to recovery
from severe COVID-19 disease and has recently
received an emergency use authorization from the
FDA [14].

Antibodies as drugs for fighting infectious
disease

Monoclonal antibodies (mAbs) represent a unique
class of biologic antiviral drugs. The vast majority of
FDA-approved mAbs have been developed to treat
one or more of a wide range of cancers and inflamma-
tory diseases. A few, however, have been approved for
use in infectious disease settings, such as palivizumab
for respiratory syncytial virus and ibalizumab-uiyk
for the treatment of multidrug-resistant HIV-1 infec-
tion [15]. The potential of mAb use for protection
against viral diseases has increasingly been raised,
partly due to the recent surge in clinically approved
mAbs in other disease areas as well as advancements
in mAb technologies in general [15,16]. In acute set-
tings, such as in response to an EID or bioterrorism,
where the speed of conferring protection is of particu-
lar value, the potential for mAb use has been widely
acknowledged [15,17]. In contrast to vaccines, in
which protection takes several days to a few weeks to
fully develop, mAbs have the ability to provide near
instantaneous protection following administration
[17,18].

Broadly speaking, the process of developing a mAb as
an antiviral drug is much like that of a small molecule,
but with some notable exceptions. First, because mAbs
are naturally produced by B cells within the body, pri-
marily for defense against pathogens, much is known
about their general physical and chemical properties in
vivo. Furthermore, new mAbs can be made using a stan-
dard mAb backbone, including ones that have been pre-
viously characterized in clinical studies. Many recent
technological advances in single-cell sequencing have

1524 C. D. Andrews et al.



resulted in rapid identification of hundreds to thousands
of antigen-specific mAbs against a number of targets,
and optimization and down selection of antiviral
mAbs identified in this way was recently reported to
be performed in as little as 10 days [19]. Another par-
ticularly useful characteristic of using mAbs as drugs is
the ability to imbue them with specific functions by
modulating the amino acid sequence of the Fc region.
For example, the ability to bind (or not) and engage
Fc receptors on various immune cells can be rationally
designed into the mAb Fc domain [20]. This is of par-
ticular importance in infectious disease settings that
are susceptible to Fc receptor-mediated antibody depen-
dent enhancement (ADE) of infection. Indeed, ADE has
been well-documented for dengue viruses and Zika virus
among others, and has been proposed as a possible con-
cern for the coronavirus diseases SARS and MERS as
well [21–23].

Despite these many advantages of mAbs as antiviral
drugs, they are very expensive to manufacture [24].
The process involves expression in mammalian cells,
whose growth must be scaled up to large bioreactors,
followed by extensive purification and finishing steps
to ensure the product is ready for clinical use [25].
This typically takes anywhere from 9 to 18 months,
although there are efforts to make this timeline shorter,
particularly with respect to mAb production for EID
responses. Technological advances in combination
with process changes, such as running some activities
in parallel that would normally be conducting sequen-
tially, may have the potential to bring the time from
lead mAb identification to production of material for
clinical evaluation down to 5–6 months [26]. Regard-
less, the high costs associated with mAb manufacturing
in part underlie the extremely high market price for
these molecules; an analysis of all 107 FDA-approved
mAbs through 2016 revealed a mean and median
annual price of $96,731 and $58,968, respectively
[27]. Though antiviral mAb prevention or treatment
regimens may require less mAb protein than a typical

year’s worth of mAb used for chronic diseases, the
cost is seen as a major barrier to the more widespread
use of mAbs for infectious disease [17]. However, the
use of mAbs as therapeutics in acute disease settings,
such as in cases of severe COVID-19, remains an
important driver for their continued development.

Accelerating the response with nucleic acid-
based delivery

Despite the traditionally long timelines for new vaccine
and antiviral drug development, these established strat-
egies for preventing and treating viral infections have
clearly had many successes, not the least of which is
the global eradication of smallpox and massive
reductions in the number of other viral diseases like
polio and measles through vaccination [28]. Similarly,
the development of a vast array of antiviral drugs for
treating HIV-1 infections resulted in an estimated
gain of 14.4 million life-years by 2009 [29]. None of
these interventions, however, came in time to prevent
these viral outbreaks from spreading throughout the
globe. And so, despite these successes, the increasing
threats from novel viruses have raised serious concerns
about the significant gap between the current time-
frame for the development of new vaccines or antiviral
drugs and the timeframe that would actually be needed
to prevent an EID from becoming a pandemic. A
straightforward way to facilitate the development of
new antiviral countermeasures would be through the
establishment of a platform technology, such that
only one or a few components would need to be chan-
ged to redirect the specificity of a proven antiviral strat-
egy [30].

One of the more prescient efforts to close this gap,
and another acknowledgement that a platform technol-
ogy is the best strategy for fast responses to an EID, was
begun by an agency within the United States Depart-
ment of Defense, the Defense Advanced Research Pro-
jects Agency (DARPA). In early 2017, DARPA released

Figure 1. Overlay of cumulative confirmed global COVID-19 cases as of June 19, 2020 as reported by the World Health Organization,
with the projected accelerated timelines for developing various antiviral countermeasures. These clinical evaluation timelines have
been rapidly accelerated to meet the constraints of COVID-19. Repurposing existing drugs would be the fastest way to treat COVID-
19, assuming efficacy. Vaccines are expected to be the slowest as there is a high burden to demonstrate safety and efficacy. The
timelines represent a projected average for each phase of clinical development.
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an announcement for funding a programme called the
Pandemic Prevention Platform, or P3, Program. This
announcement detailed funding to support the devel-
opment of a platform technology capable of moving
from the identification of a novel viral pathogen, to
the manufacture and readiness to deliver 20,000
doses of a countermeasure within 60 days. Aside
from the astounding strategic and technological inno-
vations required for accomplishing in two months
what would normally take years, there were two key
features of the programme that focused the scope of
the work they wanted to fund. First, they were predo-
minantly looking for proposals that would identify
and optimize mAbs capable of binding to a virus in a
way that prevents infection (so-called neutralizing anti-
bodies or NAbs) for use as the viral countermeasure.
These special mAbs typically work by binding to the
viral protein exposed on the outer surface of the virion
that is used by the virus to gain entry to a cell. Through
either direct inhibition of cellular attachment or
indirectly interfering with the conformation of these
viral proteins, at sufficient concentrations such NAbs
are able to render a viral particle largely inert [31].
And although historically the delivery of mAbs for
infectious disease prevention and therapy has been a
much smaller area of research than vaccines and anti-
viral drug discovery, the aforementioned dramatic
improvements in technologies for mAb identification
and optimization have rapidly accelerated the field
such that it has the potential to meet the short timeline
required for containing an EID. The second key feature

of the P3 programme stipulated that in order to man-
ufacture countermeasures within the requisite time-
frame, the delivered product would need to be a
nucleic acid encoding the NAb, rather than the purified
NAb protein itself. By delivering the NAb genes
directly to people, all of the protein production and
purification steps can be eliminated from the manufac-
turing process, essentially enabling the body to serve as
the bioreactor (Figure 2).

Main text

In vivo expressed biologics: the body as a
bioreactor

Nucleic acid-based NAb delivery can be achieved using
one of three main technologies: Adeno-associated virus
(AAV) vectors, lipid nanoparticle (LNP)-formulated
mRNA, or in vivo transfection of naked DNA facili-
tated by electroporation (DNA/EP). There are vari-
ations of each of these three types of technologies,
but they are broadly differentiated by manufacturing
requirements, administration requirements, levels of
expressed gene products, and duration of expression.
Other issues regarding safety profiles, immunogenicity,
and redosing are also important variables to consider
when comparing and contrasting these methods.
Regardless of the delivery system, the goal of all nucleic
acid-based mAb platforms is expression and pro-
duction of the mAb by the target cells (e.g. skeletal
muscle cells or hepatocytes, depending on the route
of administration), resulting in secretion of mAbs
and eventual uptake by the vascular system [32].

The majority of work in the AAV field is focused on
gene therapy and protein replacement applications. In
order to generate an AAV-based vector, an expression
cassette containing the gene of interest is inserted into
the AAV genome, replacing the viral genes but retaining
the genomic structural elements required for encapsula-
tion by the virion as well as stability and persistence
within the cell. ThismodifiedDNAgenome is then pack-
aged into AAV in cells expressing the viral genes necess-
ary for producing viral particles, purified from the
culture system, and delivered typically either by intrave-
nous (IV) infusion or intramuscular (IM) injection [33].
The first AAV vectors for gene delivery were developed
in themid-1980s and the first clinical use was in 1995 for
the treatment of cystic fibrosis. The first regulatory
approval didn’t come until 2012, however, when the
European Medicines Agency gave the go-ahead for Gly-
bera, an AAV-based treatment of hereditary lipoprotein
lipase deficiency. The first FDA approval for AAV came
in 2017 for Luxturna, a treatment for a specific type of
inherited retinal disease. Only one other AAV therapy
(Zolgensma, for spinal muscular atrophy) has received
FDA approval since, though there are hundreds cur-
rently in clinical trials [33]. Despite the large interest in

Figure 2. DNA-based medical countermeasures bypass mul-
tiple manufacturing steps required with traditional antibody
therapeutics. Generating antibody drug product requires cell
line development followed by large scale production in bio-
reactors, and multistep purification and filtration in advance
of vialing the product. DNA-based antibody delivery (high-
lighted in the gray box) circumvents many of these costly
and timeconsuming steps.

1526 C. D. Andrews et al.



AAV-based therapies, the high costs associated with
AAV manufacturing are in part reflected in the prices
of these drugs and negatively affect their potential for
more widespread clinical use [33]. Indeed, Luxturna
was priced at $425,000 per eye when it first came on
the market in 2017, and Zolgensma set a world record
with its $2.1 million price tag in 2019.

Only two clinical trials have evaluated AAV-
mediated delivery of NAbs. The first, a phase 1 study
to evaluate the delivery of the anti-HIV-1 NAb, PG9,
began in 2014, but unfortunately resulted in undetect-
able levels of PG9 in patient serum [34]. The second,
begun in 2018, was designed to evaluate another anti-
HIV-1 NAb, VRC07 (www.clinicaltrials.gov Identifier:
NCT03374202). In contrast to the PG9 study, two out
of three participants receiving the highest AAV dose
maintained ∼0.25–1.25 µg/mL serum concentrations
of VRC07 for at least 40 weeks post administration
[35]. Small animal models of AAV-mediated delivery
are capable of achieving remarkable serum concen-
trations (>100 µg/mL) of circulating NAb, sometimes
for many months or even years, but have struggled
with the frequent appearance of NAb-depleting
immune responses [36], likely a significant factor in
the PG9 trial [34]. However, important proof-of-con-
cept was established in a monkey, in which the
expression of two potent anti-HIV NAbs (3BNC117
and 10-1074) durably suppressed the viral load of a
simian-tropic HIV-1 (SHIV)-infected rhesus macaque
following AAV-mediated delivery, though this study
also faced confounding results due to issues with
immunogenicity [37]. Although the results thus far
from the VRC07 clinical trial are promising, it remains
to be seen whether AAV technology can robustly scale
to large animals and humans.

The majority of mRNA delivery strategies use a type
of lipid-based nanoparticle in order to stabilize and
protect the mRNA molecules, as well as facilitate cell
entry [38]. Though usually delivered systemically by
IV infusion, some mRNA delivery technologies are
exploring direct, tissue-specific delivery to the heart,
lungs, or tumors, for example. Thus far, most of the
work on mRNA delivery has been focused on vacci-
nation, in which the delivered RNA encodes an antigen
designed to elicit a specific immune response. More
recently, however, interest in using mRNA for protein
therapy has increased and is currently being investi-
gated in several clinical trials. The first clinical trial
for evaluating an mRNA-based delivery system of an
antiviral NAb, however, was initiated just last year by
Moderna (www.clinicaltrials.gov Identifier:
NCT03829384), for an antibody directed against chi-
kungunya virus.

In contrast to the long-lived expression often seen
with AAV-based gene transfer, mRNA delivery has
been largely characterized by much shorter mAb per-
sistence, typically not longer than a few weeks [39].

In many of these studies, however, the durability of
the serum NAb titer was confounded by the immuno-
genicity of non-species matched elements of the NAbs.
LNP-mRNA has successfully been used to deliver
NAbs against HIV-1, influenza B virus, or rabies
virus in mice, resulting in peak titers of ∼10–150 µg/
mL at ∼1 day post IV administration[40,41]. In cyno-
molgus monkeys, LNP-mRNA-mediated delivery of a
NAb against IAV reached a peak serum concentration
of ∼4 µg/mL, also at 1 day post IV administration [42].
Many of the recent advances in LNP-RNA technology
lie in the development of new LNP formulations that
enhance their efficacy and safety, however it is largely
these formulations that make the manufacture and
quality control of the particles challenging [39].

Clinically, DNA/EP technology has predominantly
been used for DNA-based vaccines. Similar to mRNA
vaccines, a gene encoding an antigen is delivered with
the hope of eliciting a specific immune response to
the expressed gene product. However, in the case of
DNA/EP, the antigen coding sequence is inserted
into a plasmid DNA (pDNA) expression vector and
injected via either the IM or intradermal route. The
subsequent electrical pulses facilitate the uptake of
the pDNA into cells as well as enhance immune
responses, thereby greatly improving the vaccine
efficacy as compared to injection of pDNA alone
[43]. The use of DNA/EP for protein therapy or NAb
delivery is largely still a preclinical field, although the
intratumoral delivery of pDNA-encoded interleukin-
12 by electroporation has shown promise in the clinic,
most notably in treating melanoma [44]. The first clini-
cal trial evaluating DNA/EP-mediated delivery of an
antibody is currently underway in a study evaluating
an anti-Zika virus NAb (www.clinicaltrials.gov Iden-
tifier: NCT03831503).

Although injection of pDNA alone can result in
some transgene expression, the levels are generally
weak, and for systemic mAb delivery, result in very
low serum protein concentrations. In the search for
improved transfection efficiency, and because EP was
already well established as a method of significantly
improving in vitro transfection, EP was an obvious
candidate for a method of improving in vivo transfec-
tion. Indeed, even in the nascent days of DNA/EP tech-
nology development, the addition of electrical pulses
resulted in more than a 100-fold increase in peak
serum protein levels as compared to pDNA injection
alone [45]. As early as the late 1990s, in vivo electro-
poration was evaluated for gene transfer studies of
interleukin-5, fibroblast growth factor 1, and erythro-
poietin in mouse studies [45–47]. Skeletal muscle was
the target tissue of choice for each of these studies, as
it was recognized that “the use of highly vascularized
muscle as an endocrine organ for the systemic
secretion of therapeutic proteins” held much promise
[46]. It was not much longer before the demonstration
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that this same process could be applied equally to the
delivery of antibodies, either as therapeutic agents or
for the prevention of infectious disease (Table 1)
[48,49].

Though some of the mechanistic details of the
overall process remain incompletely understood, the
general principle of in vivo EP is similar to that for
in vitro EP, in that the application of an electrical
field of sufficient strength is able to facilitate the
uptake of extracellular pDNA by target cells [50].
The electrodes and electrical conditions used in
vitro, however, do not readily translate to an in vivo
setting where the extracellular environment, struc-
tural elements of three-dimensional tissues, and
immune system surveillance are vastly different.
Thus, much effort has been put into evaluating differ-
ent electrodes and electrical conditions for maximiz-
ing transgene expression, while minimizing muscle
damage [51–56]. For protein therapy applications,
where the demands for maximizing expression levels
and protein production are typically higher than for
vaccines, the pDNA is almost always delivered via
IM injection, rather than intradermally. Following
the injection of the pDNA, electrical pulses are deliv-
ered either with plate electrodes, which remain exter-
nal, or needle electrodes, which are inserted into the
muscle adjacent to the pDNA injection site. The key
electrical parameters are the voltage, pulse duration,
and pulse number. Most current DNA/EP studies
deliver 1–4 pulses for 10–400 ms at 100–250 V/cm.
Some groups have also experimented with higher vol-
tage pulses, in the 500–1500 V/cm range, but these
pulses are typically much shorter, in the 5–100 µs
range. Regardless of the exact pulsing protocol, the
overall procedure is quite fast and the pDNA injection
and electrical pulse delivery can be completed in a
matter of a minute or less.

Once the general DNA/EP procedure was estab-
lished, a number of proof-of-concept animal studies
were carried out in order to demonstrate that proteins
produced by this delivery method were indeed func-
tional. The first of these demonstrated that the delivery
of erythropoietin by DNA/EP led to an increase in
hematocrit and a subsequent study revealed the
benefit of cardiotrophin-1 delivery for progressive
motor neuron disease [47,57]. It was nearly a decade
later, however, before the first demonstration that
DNA/EP-mediated delivery of a NAb could protect
mice from a lethal IAV challenge [58]. In another
important model of DNA/EP-mediated infectious dis-
ease prophylaxis, the delivery of an anti-dengue virus
NAb bearing an Fc mutation that abrogates FcγR bind-
ing was able to protect mice from viral challenge, even
in the presence of a known ADE-inducing, non-neu-
tralizing anti-dengue virus mAb [59]. A number of
subsequent studies demonstrated the broad potential
for DNA/EP-mediated delivery of NAbs for the pre-
vention of infectious diseases, including not only
IAV, but influenza B virus, chikungunya virus, Ebola
virus, and Zika virus [60–65.] Importantly, the Zika
virus studies also established proof-of-concept for pro-
tection in non-human primates (NHPs) [64,65].

An important advantage revealed by some of these
studies of infectious disease prophylaxis, but with rel-
evance to other disease indications that may benefit
from mAb combination therapy (such as trastuzumab
with pertuzumab for HER2+ breast cancer), is the rela-
tive ease of delivering multiple mAbs by DNA/EP. For
some infectious diseases, such as HIV-1, a number of
broadly reactive and very potent NAbs have been
identified, so-called broadly neutralizing antibodies
(bNAbs), which have the potential to single-handedly
prevent or treat infection by a wide range of virus
strains (Figure 3) [66,67]. Even these remarkable mol-
ecules, however, work most effectively in combination,
particularly as a means to reducing the emergence of
resistant viruses. Combinations of either three or five
bNAbs were able to potently suppress HIV-1 replica-
tion in humanized mice, and in contrast to bNAb
monotherapy, greatly reduced the emergence of viral
resistance through the acquisition of escape mutations
[68]. With recent advancements in antiviral mAb
identification and characterization, there is now the
opportunity to rapidly identify multiple mAbs of vary-
ing specificity and potency against a given viral patho-
gen. Subsequent combinatorial analysis of different
pools of mAbs can then be used to rapidly identify
mAb groups that display enhanced overall breadth
and potency. For example, in depth analysis of different
combinations of bNAbs that target distinct sites on the
HIV-1 envelope glycoprotein revealed combinations
that yield substantially improved neutralization
breadth in vitro [69]. These data can then be used to
inform in vivo studies, where the optimal combination

Table 1. DNA/EP-mediated delivery of antiviral mAbs for
infectious disease prophylaxis.
Virus Antibody Reference

Influenza A rHA Yamazaki et al.
[57]

Influenza A C179 + S139/1 + 9H10 Andrews et al.
[61]

Influenza A and
Influenza B

FluA, FluB or FluA + FluB Elliott et al.
[59]

Ebola virus 2G4 + 4G7 + 13C6 Andrews et al.
[61]

Ebola virus DMAb-11, DMAb-34 or DMAb-
11 + DMAb-34

Patel et al. [62]

Dengue virus DV87.1 Flingai et al.
[58]

Chikungunya virus CVM1 Muthamani
et al. [60]

HIV-1 (ex-vivo
neutralizing activity
only)

VRC01, PGT151, PGDM1400,
PGT121, or PGT121 + PGT145,
or PGT121 + PGDM1400, or
3BNC117 + 10–1074

Wise et al. [69]

Zika virus DMAb-ZK190 Esquivel et al.
[64]

Zika virus 4 mouse and 6 macaque Abs Choi et al. [63]
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can be delivered to achieve the most significant anti-
viral effect. Indeed, as novel NAbs are discovered,
they can be plugged into such systems to rapidly ident-
ify the current best NAb combinations for use against a
given virus.

Because combinations of NAbs have the ability to
significantly enhance the overall efficacy of mAb
therapy, it opens the door to mAb use against other
viruses for which few, if any, mAbs have been identified
that are potent and broadly protective enough to be
used on their own. In these cases, pooling two or
more standard NAbs, which arise more frequently
than bNAbs and are therefore easier to isolate
(Figure 3), is a strategy that can achieve the same
effect. In fact, such combinations better reflect the
natural polyclonal Ab responses generated by vacci-
nation or infection. A number of animal studies have
demonstrated the effective delivery of multiple mAbs
by DNA/EP, including pools of anti-viral NAbs against
IAV, HIV-1, and Ebola virus [62,63,70]. Importantly,
the delivery of a combination of three NAbs targeting
distinct sites on the IAV hemagglutinin protein pro-
vided complete protection from either H1N1 or
H3N2 IAV-associated mortality, in contrast to the
moderate protection conferred by an equivalent
amount of the individual NAbs administered as single
agents [62]. Indeed, this is the basis for the triple anti-
body cocktails ZMapp and REGN-EB3 recently inves-
tigated in clinical trials for the treatment of Ebola virus
disease [71]. Additionally, incorporating NAbs with
activity against distinct viruses, such as those targeting
both SARS-CoV-1 and -2, raises the possibility of
assembling NAb pools that can not only provide pro-
tection against a known EID, but may also serve as a
ready countermeasure against an as yet unknown
member of the same virus family [72,73].

The potential benefits of multiple mAb delivery
extend beyond just combining antiviral NAbs. Indeed,
mAbs with therapeutic benefits outside of direct virus
neutralization could enable a multi-mechanistic
approach to fighting particular viral infections. For
example, a surface glycoprotein-binding NAb paired
with an immunomodulatory mAb could act to both
lower viral load and boost the immune response. Alter-
natively, for viral infections marked by pathologies
associated with excessive immune activation, NAbs
could be combined with agents to reduce inflam-
mation. This latter strategy is particularly relevant to
the current COVID-19 pandemic, where elevated
immune responses are associated with severe disease
in some patients [74]. Indeed, tocilizumab, a mAb
antagonist of the IL-6 receptor, and anakinra, an inter-
leukin-1 receptor antagonist, are being evaluated for
off-label use in COVID-19 patients [75,76].

Given the high cost of mAb manufacturing, the
price of giving multiple NAbs by standard protein
administration methods is likely to be prohibitive in
many cases. Likewise, the expense and difficulty of
both AAV and LNP-mRNA manufacturing limits the
feasibility of delivering multiple NAbs with these
methods. The relatively lower cost of pDNA pro-
duction, however, makes this highly attractive strategy
of administering NAb cocktails for infectious disease a
much more realistic possibility, particularly when the
goal is to administer them to large numbers of people
as a prophylactic.

Remaining questions for DNA-based antiviral
mAb delivery

Although there is little clinical data surrounding DNA/
EP for the purpose of mAb delivery, numerous vaccine
studies using DNA/EP devices have demonstrated
overall positive safety and tolerability profiles for this
technology in general [75,77]. The previous clinical
experiences of these devices are no doubt part of the
reason the sole clinical trial for the DNA/EP-mediated
mAb gene transfer of a therapeutic mAb is being con-
ducted with a device designed for DNA vaccination
[31]. This phase 1 trial, sponsored by the University
of Pennsylvania and Inovio Pharmaceuticals, began
in early 2019 in order to investigate the safety, tolerabil-
ity, and serum antibody concentrations of an anti-Zika
virus NAb delivered by DNA/EP. While there is hope
that the data from this first trial will demonstrate
sufficient serum mAb concentrations in the study par-
ticipants, currently it remains to be seen whether the
technology is capable of that yet.

One of the most significant hurdles between the pre-
clinical and clinical stage of DNA/EP use formAb deliv-
ery is scaling from small animal models to humans. The
first human clinical trial designed to evaluate DNA/EP
for mAb delivery was unique in that the antibody was

Figure 3. Schematic illustrating breadth and potency charac-
teristics of antibodies overlaid with difficulty of eliciting specific
properties.
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designed to act as a vaccine, rather than as a prophylactic
or therapeutic agent (www.clinicaltrials.gov Identifier:
NCT01138410), and so systemic levels of the delivered
mAb were not an important outcome. Therapeutically
relevant serum mAb concentrations are readily
achieved by DNA/EP in murine proof-of-concept
models where a relatively large volume of muscle tissue
per body surface area can easily be targeted. Addition-
ally, the blood volume in which the mAb gets diluted
as it enters systemic circulation is relatively small in a
mouse, around 2.5 mL. In contrast, the average blood
volume of an adult human is ∼6000 mL, a ∼2400-fold
increase that greatly exceeds the relatively small increase
in allowable IM injection volume: 0.05 mL for mice and
∼1 mL for humans (depending on the muscle), a mere
∼20-fold increase. As a result, the overall process
needs to be more efficient in order to achieve the same
serummAb levels in humans as in small animal studies,
and thus such studies do not accurately predict the levels
that are achievable in people.

There are multiple routes for improving upon the
DNA/EP process, including device modifications, elec-
trical parameter optimizations, plasmid vector engin-
eering, as well as changes to the pDNA formulation.
For example, many studies, including the current
phase 1 trial, rely on the enzyme hyaluronidase, either
as a pre-treatment or co-formulated with the pDNA.
Hyaluronidase, which is commercially available for
clinical use as Hylenex, breaks down hyaluronic acid
in the extracellular matrix and is thought to facilitate
the diffusion of the injected pDNA within the muscle
prior to the delivery of electrical pulses.

In order to realistically interpret improvements in
DNA/EP efficiency and better understand the changes
that are most relevant for scaling to humans, it is often
useful to evaluate large animal models as intermediates
between mouse and human scales. Studies in rabbits
and macaques, as well as larger animals such as sheep
and pigs, have enabled a much clearer look at whether
current DNA/EP devices and procedures are capable of
delivering sufficient mAb levels in humans. NHPs are
often viewed as the most clinically relevant animal
model, and while they may be the most relevant from
a safety perspective, their relevance to addressing issues
of scale is somewhat limited. Studies performed in
NHPs to date have been performed with macaques
weighing an average of 4–10 kg, and therefore still far
from humans. However, even at this size, macaques
are large enough to permit the use of a human or
near-human-sized EP device. Significant results have
been achieved thus far in the DNA/EP-mediated deliv-
ery of mAb to NHP; most impressively, serum mAb
concentrations of 6–34 µg/mL were measured in cyno-
molgus macaques receiving pDNA encoding the anti-
HIV-1 bNAbs PGDM1400 and/or PGT121 [70].

Early studies in 15–17 kg sheep with various devices
were less promising, resulting in very low serum mAb

levels (∼25–150 ng/mL) that peaked 1–2 weeks after
delivery and quickly fell to undetectable levels by 4
weeks [48,78]. Both of these early sheep studies deliv-
ered murine mAbs, however, and so the persistence
of serum mAb was curtailed by host immune
responses. More recent studies in much larger 40–
70 kg sheep were able to attain 300 ng/mL mAb in
plasma, and because these studies were performed
with fully ovine mAbs, the levels remained detectable
for three months [79]. Hyaluronidase pre-treatment
boosted the mAb concentration to 1.8 µg/mL, however,
immune responses directed against the mAb variable
regions were observed in animals in which these high
mAb levels were achieved [79].

The transient mAb levels observed in some of these
studies highlight a common problem in many animal
studies to date; the use of non-species matched anti-
bodies significantly impairs the ability to accurately
assess the PK profile of the expressed mAbs after deliv-
ery. This is primarily due to the fact that the majority of
non-species matched mAbs quickly elicit a potent
immune response, largely characterized by antibodies
directed against the delivered mAb. The appearance
of these so-called anti-drug antibodies (ADAs), a rela-
tively common occurrence with many therapeutic pro-
teins, can lead to rapid protein depletion [80]. This
makes an extrapolation of the PK profile as it might
be in a species-matched setting impossible. Such is
the case when expressing a human mAb in mice in
which serum mAb levels usually decline rapidly within
a few weeks, whereas the delivery of a murine mAb can
result in several months of readily detectable
expression [62].

Even in the absence of confounding factors like
ADAs, the levels of different mAbs can vary signifi-
cantly. Indeed, in the evaluation of two ovine mAbs
differing only in their variable regions, there were
∼3-fold differences in the peak mAb levels observed
[79]. These results highlight the influence of the mAb
sequence on both mAb expression and ADA response.
Importantly, however, the sheep used in these studies
were nearly an order of magnitude larger than the
NHPs used to evaluate human mAbs, and were able
to reach therapeutically relevant (single digit µg/mL)
mAb levels, thereby demonstrating real promise for
the ability of DNA/EP to achieve such levels in
humans. It should be noted, however, that the DNA/
EP administration was performed at a minimum of
12 sites per animal in order to reach these levels in
sheep, clearly something that will need to be reduced
prior to successful human use.

Closing remarks

In responding to an EID, such as COVID-19, all parts
of the drug discovery and development process must be
sped up. Barring the best-case scenario, in which
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approved, existing drugs can be repurposed, research
into new viral countermeasures must begin as soon
as the threat is discovered. Regulatory paths must
also be streamlined, as the FDA has recently done by
aggressively moving to increase the pace of the review
and approval processes through the creation of a novel
programme, the Coronavirus Treatment Acceleration
Program. Technological advances have already greatly
accelerated the science, from discovery through manu-
facturing, in part due to government initiatives like the
P3 programme and organizations like CEPI. The devel-
opment of platform technologies, and in particular,
nucleic acid-based technologies, offer the best hope
for rapid responses to novel viral outbreaks. Indeed,
DARPA recently launched a new programme, Nucleic
Acids On-Demand Worldwide (NOW), aimed at driv-
ing innovation in nucleic acid manufacturing technol-
ogies, to further reduce the EID response timeline.
Combining the developability advantages of DNA/EP
in particular as a nucleic acid-based platform technol-
ogy with the power of mAbs as antiviral drugs,
especially when delivered as potent cocktails, may rep-
resent the best hope of containing the next EID. It is
inevitable that we will encounter more viral outbreaks
with pandemic potential, what is not inevitable is that
such outbreaks will actually become pandemics.
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