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Elevated low-density lipoprotein cholesterol (LDL-C) is one of
the major contributors to cardiovascular heart disease (CHD),
the leading cause of death worldwide. Due to severe side effects
of statins, alternative treatment strategies are required for
statin-intolerant patients. Monoclonal antibodies (mAbs) tar-
geting proprotein convertase subtilisin/kexin type 9 (PCSK9)
have shown great efficacy in LDL-C reduction. Limitations
for this approach include the need for multiple injections as
well as increased costs associated with patient management.
Here, we engineered a DNA-encoded mAb (DMAb) targeting
PCSK9 (daPCSK9), as an alternative approach to protein-based
lipid-lowering therapeutics, and we characterized its expres-
sion and activity. A single intramuscular administration of
mouse daPCSK9 generated expression in vivo for over
42 days that corresponded with a substantial decrease of
28.6% in non-high-density lipoprotein cholesterol (non-
HDL-C) and 10.3% in total cholesterol by day 7 in wild-type
mice. Repeated administrations of the DMAb plasmid led to
increasing expression, with DMAb levels of 7.5 mg/mL at day
62. daPCSK9 therapeutics may provide a novel, simple, less
frequent, cost-effective approach to reducing LDL-C, either
as a stand-alone therapy or in combination with other
LDL-lowering therapeutics for synergistic effect.
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INTRODUCTION
Cardiovascular disease is the most common cause of death, account-
ing for more than 800,000 deaths in the United States and 17.3 million
deaths globally.1 Elevated low-density lipoprotein cholesterol
(LDL-C) has been found to be one of the major contributors to
atherosclerosis and cardiovascular heart disease (CHD).2–4 Familial
hypercholesterolemia (FH) is an autosomal dominant disorder char-
acterized by elevated total cholesterol that is primarily LDL-C. It has
been associated with premature cardiovascular disease, often result-
ing in death at a young age. Lipid-lowering medications and LDL
apheresis, especially for statin-intolerant patients, have been used
for the management of familial hypercholesterolemia.5,6 Better phar-
macological therapeutics are needed to achieve and maintain the
desired target LDL-C levels.
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Proprotein convertases are secretory mammalian serine proteases that
induce site-specific proteolytic cleavage in proteins. This is a form of
irreversible post-translational modification, which can lead to the acti-
vation or inactivation of proteins, such as growth factors, receptors,
hormones, transcription factors, bacterial toxins, and viral glycopro-
teins. They have major implications in health and for disease due to
their broad biological roles.7 Several modulators and inhibitors of
proprotein convertases are being developed for hypercholesterolemia
(proprotein convertase subtilisin/kexin type 9 [PCSK9] inhibitors8–15),
viral infections (Furin, PACE4, and SKI-1 inhibitors16–24), and cancer
immunotherapy (Furin and PACE4 inhibitors25–30), as well as for use
as a non-steroidal male contraceptive (PC4 inhibitors31,32).

PCSK9 is a serine protease that belongs to the family of mammalian
proprotein convertases. PCSK9 cleaves itself to form the catalytically
inactive PCSK9 protein and a prosegment, which remains associated
as a complex. The PCSK9-prosegment complex interacts with low-
density lipoprotein receptor (LDLR), leading to its internalization
and degradation. This decrease of LDLR on the hepatocyte surface re-
sults in decreased clearance of LDL particles from the circulation.33–37

Gain-of-function (GOF)mutations in PCSK9 leading to higher LDL-C
levels have been reported to be associated with hypercholesterolemia
and with an increased risk of CHD.34,38,39 Loss-of-function (LOF)mu-
tations, on the other hand, have been correlated with decreased LDL-C
and reduced CHD risk. In rare cases, severe LOF mutations that pro-
duce no detectable PCSK9 protein have been reported, exhibiting
LDL-C levels around 15 mg/dL, and, interestingly, such individuals
are identified without negative effects.7,40,41 Such individuals validate
PCSK9 as a therapeutic target for pharmacological intervention.

PCSK9 inhibitors have emerged as a novel approach for the treatment
of dyslipidemia. They are primarily being used for high-risk cardio-
vascular patients, including familial hypercholesterolemia cases, those
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who have managed LDL-C but are at high risk of plaque progression,
and people who are statin intolerant. Around 5%–10% of patients
treated with statins exhibit adverse side effects, such as muscle pain,
weakness, and rhabdomyolysis.42–45 Some approaches for PCSK9
inhibition involve monoclonal antibodies,46–51 small interfering
RNAs (siRNAs),13,52 anti-sense oligonucleotides,53,54 adnectins,55

small molecules,56–59 peptide mimetics,60–62 and vaccines.63–65

Currently there are two US Food and Drug Administration (FDA)-
approved PCSK9 inhibitors, alirocumab (Regeneron and Sanofi)
and evolocumab (Amgen), both of which are fully human mono-
clonal antibodies (mAbs) targeting PCSK9. Clinical trials on high-
risk cardiovascular patients have demonstrated their efficacy in
reducing LDL-C. In the RUTHERFORD-2 clinical trial on heterozy-
gous familial hypercholesterolemia patients, treatment with evolocu-
mab (140 mg/2 weeks or 420 mg/month) resulted in a 60%–65%
decrease in LDL-C levels. More than 60% of the patients were able
to reach their LDL-C goal of 70 mg/dL.66 In the ODYSSEY HIGH
clinical trial on familial hypercholesterolemia patients treated with
alirocumab (75/150 mg every 2 weeks), 57% of those with difficult-
to-treat severe familial hypercholesterolemia were able to reach their
LDL-C goal of 100 mg/dL.67 Moreover, when alirocumab was
administered to statin-treated patients, they achieved significantly
greater reductions in LDL-C than those who doubled their dose of
statin or received the addition of ezetimibe.67–70

Cost is a major limitation in the clinical management of high-risk car-
diovascular patients. Biological products such as recombinant mAbs
are complex and expensive to manufacture. Evolocumab and alirocu-
mab are projected to cost around $14,350 per year per patient.71 A
recent analysis on the cost-effectiveness of PCSK9 inhibitors for use
in atherosclerotic cardiovascular disease (ASCVD) patients found
that these inhibitors are poorly cost-effective and that a 71% reduc-
tion in price is needed to reach the patient willingness-to-pay
threshold of $100,000/quality-adjusted life-year (QALY).72 In addi-
tion to the high cost, current anti-PCSK9 recombinant antibodies
require frequent administration, such as injections every 2 weeks.
Development of more cost-effective, longer-lived, and potent phar-
macologic interventions would provide an avenue for making such
therapeutics more widely available for high-risk cardiovascular
patients.

Compared to other therapeutic approaches, with in vivo electropora-
tion technology, the plasmid DNA is delivered transiently and is not
integrated, therefore allowing for repeat administration without any
adverse consequences. Furthermore, with the recombinant protein
therapy approach, numerous repeat administrations are required,
which generally come at a high financial cost to the patient. With
the DNA-encoded mAb (DMAb) platform it is possible to administer
therapeutics repeatedly without facing challenges such as pre-existing
immunity, difficult manufacturing processes, or high cost. DMAb
technology represents a new approach for a direct in vivo production
of biologically active immunoglobulins in a patient in a non-perma-
nent fashion. Low-voltage electropermeabilization allows for robust
plasmid DNA delivery into tissue where the delivered plasmid con-
taining an encoded antibody sequence can now drive transcription
and in vivo translation of the desired protein. While there have
been a few recent reports describing adaptations of this technology
as an approach to specific infectious diseases or cancer targets,73–77

there have not been reports of utilizing this approach for in vivo
chronic disease therapy.

Here we developed a DMAb approach (Figure 1A) targeting PCSK9
based on engineering a plasmid DNA to encode a novel anti-
PCSK9 mAb as a single insert expression cassette, named daPCSK9
(labeled HdaPCSK9 [human] or MdaPCSK9 [mouse], respectively
bearing human or mouse Fc regions). In vivo daPCSK9 plasmid
administration using electroporation-enhanced intramuscular injec-
tion was performed to evaluate anti-PCSK9 DMAb production ki-
netics and the efficacy of PCSK9 inhibition on lipid reduction in vivo.
Robust production of anti-PCSK9 DMAb began within days of
administration, with peak levels of antibody achieved by 1 week
post-injection. PCSK9 DMAb could be detected in sera for up to
2 months, and levels could be boosted with additional administra-
tions. In vivo-produced anti-PCSK9 DMAb retained its ability to
bind to its target. An increase in LDLR was detected upon in vivo
administration and expression of daPCSK9. This was accompanied
by significant reductions in non-high-density lipoprotein cholesterol
(non-HDL-C) and total cholesterol levels in both C57BL/6 and nude
mice studies. These observations support an exciting proof of princi-
ple for further study utilizing daPCSK9 DMAb approaches for the
treatment of dyslipidemic disorders.

RESULTS
Construction of Mouse Anti-PCSK9 DMAb Plasmids and In Vitro

Characterization

Themouse anti-PCSK9 (IgG2a) was designed in a single linked heavy-
and light-chain cassette to be expressed from a single open reading
frame, with the heavy- and light-chain genes separated by a previously
developed furin/P2A cleavage site (Figure 1B) to provide efficient pro-
tein processing necessary for immunoglobulin G (IgG) production
in vivo. A cytomegalovirus (CMV) promoter in the pVax-1 vector
was used to drive the expression of the antibodies, and the final
construct was designatedMdaPCSK9. At 72 hr after plasmid transfec-
tion intoHEK293T cells, secreted antibody expression in supernatants
was determined to be 831 ng/mL forMdaPCSK9 (Figure 2A).Western
blot-binding studies, using supernatants from MdaPCSK9 DMAb-
transfected cells, showed specific binding to both human and mouse
recombinant PCSK9 antigens, with greater binding detected to human
PCSK9 (Figure 2B). This showed proper binding activity of
MdaPCSK9 against the PCSK9 antigen. Fluorescence microscopy
was also used to demonstrateMdaPCSK9 expression in Hepa1-6 cells
(Figure 2C), and it showed a strong expression of MdaPCSK9 in
DMAb plasmid-transfected, but not control, pVax1-transfected cells.

In Vivo Expression and Kinetics of MdaPCSK9

The expression level and duration of the daPCSK9 DMAbs were
evaluated in C57BL/6J wild-type and nude B6.Cg-foxn1nu/J mice
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Figure 1. Illustration of DMAb Approach

(A) Introduction of anti-PCSK9 DMAbs and mechanism of action. (a) In vivo electroporation device is used for intracellular delivery of anti-PCSK9 DMAb plasmids. (b)

Intramuscular expression of DNA-encoded anti-PCSK9 mAbs and their subsequent release into the circulation. (c) Anti-PCSK9 DMAbs migrate to the liver where they bind

and inhibit PCSK9. (d) Anti-PCSK9 DMAb mechanism of action. (1) LDL binding to LDLR results in uptake and degradation of LDL and recycling of LDLR. (2) PCSK9 binds

LDLR, resulting in LDLR degradation. (3) Anti-PCSK9 DMAb inhibits PCSK9, allowing for increased LDLR recycling and display on the cell surface. (B) Schematic of the anti-

PCSK9 DMAb bicistronic plasmid consisting of antibody heavy- and light-chain sequences separated by furin and P2A cleavage sites.

Molecular Therapy
(Jackson Laboratory) (Figure 3). Plasmid DNA (100 or 300 mg) was
injected intramuscularly into the tibialis anterior muscle, followed
by electroporation (IM-EP). daPCSK9 with a mouse backbone
demonstrated high expression with a long duration. MdaPCSK9
levels reached a maximum mean of 2,902 ng/mL at day 14, and
they persisted for over 6 weeks, with blood levels at 1,649 ng/mL
on day 42. In nude mice, the MdaPCSK9 expression was higher,
reaching a maximum mean of 4,923 ng/mL at day 21, and expression
persisted through the last bleed at day 42. Sequential administration
of mouse DMAbs at days 0, 21, and 42 resulted in continuous in-
creases in DMAb expression, with MdaPCSK9 levels reaching
7,521 ng/mL (3 � 100 mg doses) on day 62 (Figure 3C). This high-
lights the sustainability of DMAb expression over long periods.
Improved MdaPCSK9 expression was observed when doses were
spread out over several-week periods, simplifying administration.

PCSK9 Protein Binding and Inhibition by DMAbs

PCSK9 inhibition was determined using western blot analysis of
LDLR expression levels in mouse liver sections (Figure 4A). Mouse
livers were harvested at day 5, and the LDLR expression was evaluated
by comparing the human and MdaPCSK9-treated mice to pVax-1
control mice. Western blot analysis showed that LDLR expression
levels were significantly higher for PCSK9 DMAb-treated mice than
190 Molecular Therapy Vol. 27 No 1 January 2019
control mice. ELISA protein quantification was used to detect the
presence of DMAbs in the livers of treated mice. DMAb levels were
185 ng/mg tissue for MdaPCSK9 (Figure 4B). Binding western blot
analysis was used to evaluate the binding of DMAbs from serum sam-
ples of DMAb-treated and untreated mice to human and mouse
PCSK9 protein (Figure 4C). After incubation of the serum samples
with blots containing the recombinant mouse or human PCSK9 pro-
teins, the sera of DMAb-treated mice reacted with the PCSK9 protein,
but sera from the pVax-1-treated mice did not. Furthermore,
MdaPCSK9 were evaluated on a human liver cell line, Huh7; 72 hr
after transfection, cells were harvested and analyzed by flow cytome-
try (Figure 4D). There were significant increases in LDLR levels in the
MdaPCSK9-treated group, with mean fluorescence intensity (MFI)
increasing from 1,573 in the control group to 11,166 in the DMAb-
treated group. The results demonstrate the functional efficacy of
daPCSK9 at inhibiting PCSK9 protein from inducing LDLR degrada-
tion in hepatocytes.

Lipid-Lowering Capability of Mouse Anti-PCSK9 DMAb

The lipid-lowering capability of daPCSK9 was evaluated in C57BL/6J
wild-type and B6.Cg-foxn1nu/J nudemice (Figure 5). For accurate cal-
culations of lipid reductions in the treated group, percentage decreases
were analyzed against the control group for each day. In C57BL/6J



Figure 2. In Vitro Evaluation of MdaPCSK9

(A) In vitro expression ofMdaPCSK9 compared to empty backbone pVax-1 plasmid in HEK293 cells. Supernatants were harvested at 24, 48, and 72 hr post-transfection and

analyzed by quantitative ELISA. (B) Binding western blot analysis ofMdaPCSK9 from cellular supernatants. Binding ofMdaPCSK9 obtained from HEK293T transfected cells

was evaluated against recombinant mouse and human PCSK9 proteins. Membranes were stained with supernatant fromMdaPCSK9- or pVax-1-transfected cells at 72 hr

post-transfection. (C) Immunofluorescence staining of mouse Hepa1-6 cells transfected with MdaPCSK9 plasmids. Cells were fixed 48 hr after transfection. Cells were

stained with anti-mouse IgG-FITC and DAPI nuclear stain. pVax-1-transfected cells were used as a negative control.
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mice, a significant 28.6%decrease in non-HDL-Cwas detected onday7
for theMdaPCSK9 group. By day 14, there was a 30% decrease in non-
HDL-C for the MdaPCSK9 group. Total cholesterol reductions were
also observed for the MdaPCSK9 group, with a 14% decrease on day
14. In nude mice, there was a significant 32.5% reduction in non-
HDL-C on day 14 for those treated with MdaPCSK9. This reduction
persisted until day 21. Therewere similar reductions in total cholesterol
that persisted to day21,with a 14.3%decrease. Thepersistent reduction
of non-HDL-C and total cholesterol in the mouse models correlates
with the DMAb expression in the circulation. Repeated administra-
tions ofMdaPCSK9 led to increasing DMAb expression kinetics over
a period of 62 days, with reductions in non-HDL-C of 20.9% from
pooled sera on days 56 and 62 (Figures 5E and 5F).

Construction and Evaluation of Human Anti-PCSK9 DMAb

daPCSK9 plasmid engineered to express either human or mouse Fc
regions (labeled HdaPCSK9 and MdaPCSK9, respectively) were
designed to evaluate the effect on expression levels and kinetics in vivo.
Evaluation of HdaPCSK9 in HEK293T cells showed the DMAb
expression levels at 1,349 ng/mL (Figure S1). Strong expression for
HdaPCSK9 was also confirmed in Hepa1-6 cells by using fluorescence
microscopy after intracellular staining with anti-human IgG-fluores-
cein isothiocyanate (FITC). Western blot-binding studies with the
HdaPCSK9 demonstrated binding to both recombinant human and
mouse PCSK9 proteins.

HdaPCSK9 expression levels and kinetics were analyzed in vivo in
wild-type C57BL/6J and nude B6.Cg-foxn1nu/J mice (Figures 6A
and 6B). After a single intramuscular administration of 300 mg
plasmid DNA, the HdaPCSK9 reached a maximum mean of
2,224 ng/mL protein mAbs at day 14 in nude mice. In wild-type
mice, there was an acute immune reaction to the DMAbs containing
human Fc, resulting in drops in DMAb expression by day 7.
Maximum expression was observed at day 5, with a mean of around
Molecular Therapy Vol. 27 No 1 January 2019 191
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Figure 3. In Vivo Expression and Kinetics of MdaPCSK9

(A) Quantitative ELISA analysis forMdaPCSK9 following a single intramuscular injection of DMAb plasmids in B6.Cg-foxn1nu/J nude mice. (B) Quantitative ELISA analysis for

MdaPCSK9 following a single intramuscular injection of DMAb plasmids in C57BL/6J wild-type mice. (C) Sequential administrations ofMdaPCSK9 by intramuscular injection

in C57BL/6J wild-type mice at days 0, 21, and 42. Quantitative ELISA analysis was performed for MdaPCSK9 at the indicated time points. Plates were coated with

recombinant mouse PCSK9 protein, followed by incubation with anti-mouse IgG-HRP for the detection ofMdaPCSK9. Values represent mean expression in each group (n =

5) ± SEM.
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2,485 ng/mL for the 300 mg dose ofHdaPCSK9. The results of human
DMAb studies in wild-type mice demonstrate the importance of
considering intraspecies differences in antibody evaluation and how
this may impact translation to other models. The reason for the re-
sulting drop in expression of human PCSK9 DMAb is interesting.
It is possible that immunogenicity or other factors could be involved,
which will be investigated in future studies. The functional activity of
sera DMAbs was confirmed by binding western blot analysis, showing
binding to both recombinant mouse and human PCSK9 proteins
(Figure 6C).

Anti-PCSK9 DMAb expression was also confirmed in vivo by immu-
nohistochemistry analysis of mouse muscle tissue at day 5. As shown
in Figure 6D, immunohistochemistry using HdaPCSK9 immuno-
stained with anti-human IgG-horseradish peroxidase (HRP) indi-
cates positive browning in the mouse tibialis anterior muscle section,
compared to no browning in the control pVax-1 muscle sections.
H&E staining of the DMAb-treated and control groups showed no
signs of tissue damage. This confirms the expression of anti-PCSK9
DMAbs and the lack of tissue damage caused by their administration.
Lipid-Lowering Capability of Human Anti-PCSK9 DMAbs

The HdaPCSK9 performed similarly to MdaPCSK9 in its capacity at
lipid reduction in C57BL/6J wild-type and B6.Cg-foxn1nu/J nude
192 Molecular Therapy Vol. 27 No 1 January 2019
mice (Figure S2). In wild-type mice, there was a significant 23.8%
decrease in non-HDL-C detected on day 7 for the HdaPCSK9 group
and a 30% reduction by day 14. Total cholesterol reduction was also
observed, with a 14% decrease on day 14. Compared to HdaPCSK9,
MdaPCSK9 demonstrated better reductions of both non-HDL-C
and total cholesterol, which correlates with its superior expression
levels and duration in the circulation in the matched species. In
nude mice, there were significant reductions in non-HDL-C on day
14 for both species’ antibodies, with 28.6% for human and 32.5%
for mouse anti-PCSK9 DMAb groups. This reduction persisted until
the final endpoint at day 21. There were similar reductions in total
cholesterol that persisted until day 21, with a 15.2% decrease for
the HdaPCSK9. Although they were not expressed as well in mouse
as MdaPCSK9, the human DMAb performed well at lipid reduction
in this short-term study supporting potential application of the hu-
man Fc DMAbs in a matched species setting.
DISCUSSION
Individuals with elevated LDL-C or those afflicted with hereditary
familial hypercholesterolemia are at increased risk for CHD. LDL-C
reduction therapy with 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase inhibitors, such as statins, has been a
standard treatment for reducing the risk of CHD, but intolerable
musculoskeletal symptoms can prevent their use.78 Alternative



Figure 4. Evaluation of Binding and Functional Activity of MdaPCSK9

(A) Western analysis of liver LDLR expression. Livers of control- and DMAb-treated C57B/6J wild-type mice were harvested at day 5 post-treatment. Levels of LDLR

expression in tissue lysates were evaluated by staining for anti-mouse LDLR antibody. (B) Quantitative ELISA for MdaPCSK9 was performed on liver lysates at day 5 post-

treatment. (C) Binding western blot analysis of anti-PCSK9 DMAbs from mouse sera. Anti-PCSK9 DMAbs obtained from mouse sera at 5 days post-treatment were

evaluated for binding against recombinant mouse and human PCSK9 proteins. (D–F) Flow cytometry analysis was performed for LDLR expression in Huh7 cells. Human

hepatoma Huh7 cells were treated with pVax-1 control DNA or MdaPCSK9 and harvested at 72 hr post-treatment. The level of LDLR expression was evaluated by flow

cytometry by staining with anti-LDL receptor antibody (ab52818), followed by anti-rabbit IgG-FITC (sc-2012). (D) Histogram, (E) dot plot, and (F) mean fluorescence intensity

(MFI) of Huh7 cells treated with pVax-1 or MdaPCSK9 are shown.
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therapies are needed when the gold standard for reducing high LDL-
C causes such adverse effects. PCSK9 inhibitors are emerging as a
potent important new approach for reducing LDL-C by increasing
its hepatic clearance via the LDLR.

Several strategies have been taken to inhibit PCSK9, with mAbs
achieving recent success. Evolocumab and alirocumab are two
FDA-approved anti-PCSK9 recombinant mAbs that have shown
significant LDL-C reduction. Various recombinant anti-PCSK9
antibodies have been investigated in mice for their lipid-lowering
capabilities. Zhang et al.9 developed a transgenic cholesteryl ester
transfer protein (CETP)/LDLR-hemi mouse model that expressed
human CETP transgene and one copy of the LDLR, to mimic healthy
human lipid levels in mice. After 48 hr of a single intravenous admin-
istration of the anti-PCSK9 antibody at 1.1 mg/kg, there was a 29%
reduction from the baseline in LDL-C, with serum antibody levels
of 3.5 mg/mL. This correlates with expression levels and the lipid
reduction capability observed with the DMAbs. There was even a sig-
nificant 50%–70% reduction in LDL-C at higher administered
recombinant antibody doses of 3 mg/kg and 10 mg/kg.9 Chan et al.
evaluated an anti-PCSK9 antibody in wild-type mice and
LDLR-knockout mice, and they observed a 36% reduction in total
cholesterol 3 days after administration to the wild-type mice, while
detecting no change in the LDLR-knockout mice.8 Another group
examined the effect of an anti-PCSK9 antibody on humanized
hyperlipidemic Pcsk9hum/hum Ldlr�/+ mice on a carbohydrate-rich
diet. The anti-PCSK9 antibody REGN727 reduced LDL-C to a pre-
diet level within 24 hr. It was also found to be effective in cynomolgus
monkeys, with up to a 75% reduction in LDL-C for over 20 days after
a single intravenous administration.79

Recombinant anti-PCSK9 mAbs have shown success, but a major
limiting factor to their use is their high cost. Moreover, they require
frequent dosing, such as every 2 weeks used for recombinant
anti-PCSK9 antibody therapeutics. Here we developed a novel
approach to inhibit PCSK9 using DMAb technology. DMAbs have
Molecular Therapy Vol. 27 No 1 January 2019 193
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Figure 5. In Vivo Lipid Panel Analysis of MdaPCSK9

(A–F) B6.Cg-foxn1nu/J nude mice (A and B) and C57B/6J wild-type mice (C and D) were bled at the indicated time points following a single intramuscular administration of

300 mgMdaPCSK9 plasmid. (E and F) C57B/6J wild-type mice were sequentially administered 100 mgMdaPCSK9 plasmid by intramuscular injection. Lipid panel (A, C, and

E, non-HDL-C; and B, D, F, total cholesterol) analyses were carried out on mice sera using the VITROS 350 Clinical Chemistry Analyzer. Percent changes were calculated for

each day relative to control pVax-1-treatedmice. Statistical differences are indicated relative to day 0 of treatment. Data are expressed as ±SEM (n = 5). Statistical differences

were measured using two-way ANOVA tests (*p < 0.05, **p < 0.01, and ***p < 0.001; n.s., not significant).
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several advantages that make them an important new technology for
the development of protein-based therapeutics, such as cost-effective-
ness, ease of manufacturing, stability, and no requirement for a cold
chain and rapid development and engineering. DMAbs can be
delivered via intramuscular or intradermal routes via in vivo electro-
poration of plasmid DNA. Low-voltage electroporation leads to
consistent intracellular delivery of the injected plasmid DNA. Our
DMAb platform has shown protective efficacy against several viral
pathogens, including HIV, Middle East Respiratory Syndrome
(MERS), and Zika among others, and it is currently under evaluation
for immunotherapeutics against cancers.73–77

In this study, we used a CELLECTRA in vivo electroporation device,
which utilizes an adaptive constant current electroporation system
that can measure tissue resistance and adjust in real time to prevent
any tissue damage and enhance DNA uptake. For DNA delivery, elec-
troporation has been able to allow 1,000-fold enhancement in gene
expression in vivo. There have been several impactful clinical studies
performed using this in vivo electroporation technology. One
example is the human papilloma virus (HPV) VGX-3100 DNA
vaccine, which showed efficacy in phase IIb clinical trials, demon-
strating robust antigen-specific T cell response, as well as inducing
194 Molecular Therapy Vol. 27 No 1 January 2019
clearance of the HPV virus and lesions.80 Another example is the
development of the Zika virus DNA vaccine reported in the New En-
gland Journal of Medicine in 2017.81 In a phase I clinical trial evalu-
ating the safety and immunogenicity of DNA vaccine GLS-5700,
healthy adults demonstrated development of both binding and
neutralizing antibodies, associatedwith protection in animalmodels.81

In our study, the mouse PCSK9 DMAb was capable of expression for
over 42 days in wild-type mice. Expression for several months has
been demonstrated with several DMAbs, such as Anti-Dengue,73

Anit-Ebola (A.P., unpublished data), and the immunoadhesin
eCD4-Ig.82 These studies support the potential of DMAbs, some last-
ing several months, to be administered as a possible treatment for
atherosclerotic cardiovascular disease. Here we evaluated the efficacy
of the anti-PCSK9 DMAb platform for its ability to express anti-
PCSK9 antibodies directly in vivo and to exhibit lipid-lowering
properties in mice. An anti-PCSK9 DMAb (MdaPCSK9) that used
a mouse-matched backbone was found to express for at least 6 weeks
in vivo at reasonable levels. Importantly, inhibition of PCSK9 was
observed in vivo, showing elevated liver LDLR expression 5 days after
treatment. With a single intramuscular administration of anti-PCSK9
DMAbs (300 mg plasmid DNA), we observed reductions in



Figure 6. In Vivo Expression and Kinetics of HdaPCSK9

(A and B) Quantitative ELISA analysis for MdaPCSK9 following single intramuscular injection of DMAb plasmids in (A) B6.Cg-foxn1nu/J nude mice and (B) C57BL/6J wild-

type mice. Quantitative ELISAs were performed for anti-hPCSK9 DMAb at the indicated time points. Plates were coated with anti-human Fc antibody, followed by incubation

with anti-human IgG-HRP antibody for the detection of HdaPCSK9. Values represent mean expression in each group (n = 5) ± SEM. (C) Binding western blot analysis of

HdaPCSK9 from mouse sera. Anti-PCSK9 DMAbs obtained from mouse sera at 5 days post-treatment were evaluated for binding against recombinant mouse and human

PCSK9 proteins. (D) Histology and immunohistochemistry ofHdaPCSK9 in mouse muscle (magnification, 20�; scale bars, 100 mm). Immunohistochemistry of PCSK9 using

anti-human IgG-HRP for mouse muscle sections at day 5 in C57BL/6J wild-type is shown. Insets show 30%magnification of the images. Prominent browning is detected in

HdaPCSK9-treated muscle. H&E-stained sections of treated muscle show no observable tissue damage. The images were taken from the muscle mid-section, away from

the needle tract area.
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non-HDL-C and total cholesterol with both mouse and human anti-
PCSK9 antibodies. Significant reductions in non-HDL-C were
observed with MdaPCSK9 as early as day 7 post-administration in
wild-type and nude mice. Compared to wild-type pVax-1 negative
controls, there was a 28.6% reduction on day 7 for the MdaPCSK9
group. Both human and mouse anti-PCSK9 DMAbs led to 30% de-
creases in non-HDL-C and 14% reductions in total cholesterol by
day 14. Wild-type mice, which are normocholesterolemic, were
used in the current study, and it is difficult to observe significant
decreases in LDL levels in these mice as compared to transgenic hy-
percholesterolemic mice. Future studies with transgenic hypercholes-
terolemic mice are important for evaluation of the PCSK9 DMAbs.

In conclusion, these results demonstrate the efficacy of highly novel
anti-PCSK9 DMAbs at reducing non-HDL-C and total cholesterol,
and they suggest the potential of this new technology in the treatment
of atherosclerotic cardiovascular disease and familial hypercholester-
olemia patients. These novel DNA-produced, antibody-based
therapeutics could be valuable as an alternative method of therapy
of treatment for hypercholesterolemia and other cardiovascular
diseases.

MATERIALS AND METHODS
Cell Culture

HEK293T, mouse hepatoma Hepa1-6, and human Huh-7 cells were
maintained in DMEM (Gibco-Life Technologies) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 mg/mL streptomycin (Life Technologies).

Anti-PCSK9 DMAb Plasmid Design and Construction

DMAb plasmids were designed to encode human or mouse anti-
PCSK9 mAbs. DMAb transgenes were designed in a single open
Molecular Therapy Vol. 27 No 1 January 2019 195
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reading frame, with the variable and constant heavy chains separated
from variable and constant light chains by a furin/P2A cleavage site.
Two constructs were developed: a human anti-PCSK9 DMAb
(HdaPCSK9) on an IgG1 backbone, and a mouse anti-PCSK9
DMAb (MdaPCSK9) on an IgG2a backbone. DMAb transgenes
were flanked with BamHI and XhoI restriction enzyme sites and
synthesized by GenScript for subcloning into the corresponding
restriction enzyme sites in a pVax-1 mammalian expression vector.
Human CMV immediate-early promoter in the pVax-1 vector was
used to drive the expression of the antibodies.

In Vitro Transfection of DMAb Plasmids

HEK293T, Hepa1-6, or Huh7 cells were transfected with anti-PCSK9
DMAb plasmids using lipofectamine LTX reagent and following the
manufacturer’s protocol. Briefly, 5 � 105 cells were seeded in a
12-well plate and incubated in a 37�C incubator with 5% CO2. Cells
were transfected with 1 mg DMAb plasmid at 70% confluence and
incubated for a maximum of 72 hr. DMAb expression following
transfection was analyzed by western blot, ELISA, and immunofluo-
rescence microscopy.

Western Blot and ELISA Analyses

A binding western blot analysis was performed to evaluate anti-
PCSK9 DMAb-binding capability. Recombinant human or mouse
PCSK9 protein (0.5–5 mg) was run in precast Bis-Tris gels (Invitro-
gen) under nonreducing conditions. Gels were transferred to
Immobilon-FL polyvinylidene fluoride (PVDF) transfer membranes
(Millipore). The membranes were blocked in Odyssey Blocking
Buffer (LI-COR Biosciences) for 1 hr, then stained overnight at 4�C
with either supernatant from DMAb-transfected cells or serum
fromDMAb-treated mice, and compared to those of pVax-1-negative
control samples. Membranes were washed with PBST (PBS with
0.05% Tween 20). Subsequently, membranes were stained with either
anti-human or anti-mouse IgG 680RD antibody (LI-COR
Biosciences) for 1 hr at room temperature (RT) and washed in
PBST. Membranes were scanned on a LI-COR Odyssey CLx imager.
50 mg total sample protein was loaded in gels and run as described
above for the analysis of liver lysates for LDLR expression. Mem-
branes were stained with an anti-mLDLR primary antibody
(AF2255; R&D Systems). Actin was stained using an anti-actin pri-
mary antibody (ab198991; Abcam) and an anti-rabbit IgG-HRP sec-
ondary antibody.

DMAbs with human backbones were quantified by an ELISA for total
human IgG. ELISA MaxiSorp plates were coated with 1 mg/well anti-
human IgG-Fc fragment antibody (A80-104A; Bethyl Laboratories)
overnight at 4�C. Plates were blocked in 10% FBS in PBS for 1 hr at
RT. Samples and recombinant human IgG standards were added to
the plate for 1 hr at RT. After washing the plates, anti-human IgG-Fc
fragment antibody-HRP (A80-104P; Bethyl Laboratories) was added
for 1 hr at RT. SigmaFast OPD (Sigma-Aldrich) substrate solution
was used for sample detection. Optical density was measured at
450 nm using a GloMax 96 Microplate Luminometer (Promega).
For quantification of DMAbs with mouse backbones from cell super-
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natants, plates were coated with anti-mouse IgG-Fc fragment
antibody (A90-131A; Bethyl Laboratories). Anti-mouse IgG-HRP
(62-6520; Invitrogen) was used for detection. Serum samples of
DMAbs with a mouse backbone were differentiated from background
mouse IgGs by coating ELISA plates with recombinant PCSK9 pro-
tein. Purified recombinant anti-PCSK9 mAb was used as the stan-
dard. Quantitative ELISA data are expressed as ± SEM (n = 3).
Immunofluorescence Analysis

Hepa1-6 cells were transfected with anti-PCSK9 DMAbs using lipo-
fectamine LTX reagent as described above. 48 hr after transfection,
cells were washed in PBS and fixed in 4% paraformaldehyde for
10 min at RT. Cells were then washed and incubated with anti-human
IgG-FITC (A80-319F; Bethyl Laboratories) for 1 hr. After washing,
cells were stained with DAPI nuclear stain and imaged on an EVOS
FL Imaging System.
Flow Cytometry Analysis

Flow cytometry was used for the detection of LDLR on Huh7 cells
transfected with control pVax-1 or anti-PCSK9 DMAb plasmids.
72 hr post-transfection, cells were washed with fluorescence-activated
cell sorting (FACS) buffer (3% FBS in PBS) and stained with anti-
LDLR primary antibody (ab52818; Abcam) for 1 hr at 4�C, followed
by anti-rabbit IgG-FITC secondary antibody (ab6717; Abcam) for
1 hr at 4�C. Cells were washed 3 times in FACS buffer and fixed in
2% paraformaldehyde. Cells were analyzed on an LSR18 flow cytom-
eter (BD Biosciences).
Immunohistochemistry of Mouse Muscle

Immunohistochemistry was performed by The Wistar Institute Histo-
technology Facility. Briefly,mouse anterior tibialismuscle sectionswere
resected and embedded in paraffin. Paraffin-embedded samples
were treated with antigen retrieval reagent and deparaffinized. Slides
were thenfixedwith acetoneandwashedwithPBS, followedbyblocking
and staining the sections with anti-human IgG antibody-HRP.
In Vivo DMAb Plasmid Administration

Evaluation of DMAbs was carried out in 6- to 8-week-old C57BL/6J
wild-type and nude B6.Cg-foxn1nu/J mice. Animal experiments were
carried out in accordance with the guidelines of the NIH and The
Wistar Institute Institutional Animal Care and Use Committee (IA-
CUC). Mice were injected with plasmid DNA in the tibialis anterior
or quadricep muscles. In vivo electroporation was performed using a
CELLECTRA adaptive constant-current EP device (Inovio Pharma-
ceuticals). Triangular 3-electrode arrays consisting of 26G solid
stainless steel electrodes were used to deliver square-wave pulses.
Two constant-current pulses were delivered at 0.1 A for 52 ms/pulse,
separated with a 1-s delay between pulses. Mice were given either 100
or 300 mg plasmid DNA resuspended in water. The plasmids were
co-formulated with recombinant hyaluronidase to enhance their
intramuscular distribution. A maximum of 30 mL volume was used
at each injection site. pVax-1 empty vector was used as a negative
control for DMAbs. Blood was collected by submandibular bleeding
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for DMAb quantification and lipid panel analysis. Samples were
collected until day 42 or 62.

Mouse Lipid Panel Analysis

Lipid panel analysis was carried out using a VITROS 350 Clinical
Chemistry Analyzer. Mice were fasted for 4 hr and bled by subman-
dibular bleeding. Serum samples collected from whole blood were
used for the lipid panel analysis. Mouse non-HDL-C levels were
calculated by subtracting HDL-C from total cholesterol.

Statistics

Experimental data were analyzed using two-way ANOVA tests.
Differences were deemed significant at p values < 0.05. All graphs
were prepared using GraphPad Prism 6 software.
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