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Background. There remains an important need for prophylactic anti-Ebola virus vaccine candidates that elicit long-lasting 
immune responses and can be delivered to vulnerable populations that are unable to receive live-attenuated or viral vector vaccines.

Methods. We designed novel synthetic anti-Ebola virus glycoprotein (EBOV-GP) DNA vaccines as a strategy to expand pro-
tective breadth against diverse EBOV strains and evaluated the impact of vaccine dosing and route of administration on protection 
against lethal EBOV-Makona challenge in cynomolgus macaques. Long-term immunogenicity was monitored in nonhuman pri-
mates for >1 year, followed by a 12-month boost.

Results. Multiple-injection regimens of the EBOV-GP DNA vaccine, delivered by intramuscular administration followed by 
electroporation, were 100% protective against lethal EBOV-Makona challenge. Impressively, 2 injections of a simple, more tolerable, 
and dose-sparing intradermal administration followed by electroporation generated strong immunogenicity and was 100% pro-
tective against lethal challenge. In parallel, we observed that EBOV-GP DNA vaccination induced long-term immune responses in 
macaques that were detectable for at least 1 year after final vaccination and generated a strong recall response after the final boost.

Conclusions. These data support that this simple intradermal-administered, serology-independent approach is likely important 
for additional study towards the goal of induction of anti-EBOV immunity in multiple at-risk populations.

Keywords. Ebolavirus; DNA vaccine; glycoprotein; intradermal electroporation; ID delivery; protection; nonhuman primates; 
long-term immunogenicity.
 

Significant breakthroughs in Ebola virus disease (EVD) vaccine 
development have been achieved through the development of 
experimental vaccine platforms (reviewed in [1]), including one 
that excitingly has recently demonstrated efficacy in the field 
[2]. Among the few promising candidates, reactogenicity has 
been reported for several live-attenuated and viral vector vac-
cine candidates, including fever, blistering, arthritis/arthralgia, 
and lymphopenia [2–5]. There is likely a need for a preventative 
vaccine that can be delivered to highly vulnerable populations 
such as children, pregnant women, immune-compromised indi-
viduals, and others who fall in these categories [6, 7]. A non-
live, nonviral vaccine candidate that can drive humoral and 
T-cell immunity, as well as establish long-term immunological 

memory, would be useful. A synthetic DNA vaccine is likely a 
reasonable candidate in this regard.

We previously reported in vivo protection in mice and guinea 
pigs with a synthetic plasmid DNA vaccine encoding an in sil-
ico-designed Ebola virus consensus glycoprotein (EBOV-GP) 
generated using sequences of outbreak strains from 1976 to 
2008 [8]. Synthetic DNA vaccines are a simple, nonviral plat-
form with an excellent safety profile in humans ([9], reviewed 
in [10, 11]). Consensus antigen design evaluates unique immu-
nogenic features of a viral antigen that are found in related and 
distant strains. Modified protein antigens designed through this 
approach can potentially expand the breadth of protective cov-
erage by the synthetic immunogen to provide potential protec-
tion against future related viruses.

For the current study, we revised our phylogenetic analysis 
to include circulating 2014 West African EBOV-GP sequences 
to identify further strain-specific differences. As a result, we 
designed a new synthetic microconsensus GP that represents 
strains from 2002–2008 and an optimized EBOV-GP that is 
100% amino acid matched to a 2014 West African isolate. The 3 
GP constructs were combined to generate a synthetic trivalent 
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EBOV-GP vaccine. We first evaluated the immunogenicity and 
protective efficacy of the trivalent EBOV-GP DNA vaccine 
candidate delivered by intramuscular injection followed by 
electroporation (IM-EP) to mice and cynomolgus macaques. 
This vaccine induced strong antibody and T-cell responses and 
afforded 100% protection nonhuman primates (NHPs) against 
lethal EBOV-Makona challenge.

Here, we describe the first observation that an EBOV-GP 
DNA vaccine can induce long-term immune responses in 
NHPs that are durable for at least 1  year. Animals were fol-
lowed for 12 months after final vaccination, before receiving 
a final boost immunization to evaluate long-term memory 
recall responses. Furthermore, we demonstrate for the first 
time that a monovalent EBOV-GP DNA vaccine can be deliv-
ered using a simple, tolerable shallow in vivo intradermal elec-
troporation (ID-EP), observing 100% protection with only 2 
injections. We report that this vaccine as a prime boost (2 vac-
cine dose) ID-EP regimen was dose sparing, inducing strong 
humoral and cellular immune responses and was fully protec-
tive in cynomolgus macaques against lethal EBOV-Makona 
challenge.

METHODS

Design and Construction of Consensus Antigens and EBOV-GP DNA 

Vaccines

The ConEBOVGP#1 DNA consensus sequence was con-
structed as previously described [8]. A  novel microconsensus 
ConEBOVGP#2 and an amino acid matched-GP derived from 
a West Africa isolate (WA-GP) were also constructed. More 
details are provided in the Supplementary Methods.

Ethics Statement

All mouse experiments were approved by the University of 
Pennsylvania/ Wistar Institute Institutional Animal Care 
and Use Committee boards or the National Microbiology 
Laboratory/ Public Health Agency of Canada (NML/PHAC) 
Animal Care Committee (ACC). Female and male cynomo-
lgus macaques were housed at Bioqual (Rockville, MD) and 
at NML/PHAC in the BSL4 containment facility. NHP chal-
lenge protocols were reviewed and approved by the PHAC 
ACC. All animal protocols were approved by the Animal Care 
and Use Review Office at the US Army Medical Research and 
Medical Command Office. More details are provided in the 
Supplementary Methods.

Challenge Studies

Mouse challenge was performed at days 0, 7, 14, or 28 postim-
munization. Mice were challenged with 1000 50% lethal dose 
(LD50) of mouse-adapted EBOV (Mayinga-1976) [12]. NHPs 
were challenged on day 28 postimmunization with 1000 50% 
tissue culture infective dose (TCID50) of Ebolavirus/H.sapi-
ens-tc/GIN/2014/Makona-C07. All animals were monitored 

for survival and changes in weight and body condition. More 
details are provided in the Supplementary Methods.

Endpoint ELISA and Alpha Diagnostic International ELISA Kit

Binding antibodies specific for Kissidougou-2014 EBOV-GP 
protein (2014-GP) and Mayinga-1976 EBOV-GP (1976-GP) 
were measured using standard endpoint enzyme-linked immu-
nosorbent assay (ELISA) procedures. Anti-Zaire ebolavirus gly-
coprotein (ZEBOV GP) IgG antibodies were assessed using a 
commercial ELISA kit (Alpha Diagnostics International [ADI], 
TX) as directed. More details are provided in the Supplementary 
Methods.

Enzyme-Linked Immunosorbant Spot (ELISPOT) Assay

Cynomolgus macaques were sampled 2 weeks following 
each immunization and peripheral blood mononuclear cells 
(PBMCs) were stimulated for 18–20 hours with EBOV-GP pep-
tide pools and cells producing interferon-gamma (IFN-γ) were 
counted according to standard ELISPOT procedures. More 
details are provided in the Supplementary Methods.

Flow Cytometry

Fresh PBMCs were rested overnight at 37°C, 5% CO2. The fol-
lowing day, cells were stimulated with GP peptides or irrelevant 
control peptides for 6 hours and stained for cell surface and 
intracellular markers according to standard procedures. More 
details are provided in the Supplementary Methods.

qRT-PCR and TCID50

Oral, nasal, and rectal swab samples were collected from 
NHPs in DMEM and virus was quantitated by titration onto 
Vero E6 cells or quantitative reverse transcription polymerase 
chain reaction (qRT-PCR). More details are provided in the 
Supplementary Methods.

Statistical Analyses

The data were graphed and statistical analyses performed using 
GraphPad Prism 6.0 software. More details are provided in the 
Supplementary Methods.

RESULTS

Design and In Vitro Expression of New Microconsensus and West 

Africa-GP DNA Vaccines

We previously described the design of the ConEBOVGP#1 syn-
thetic DNA vaccine construct based on EBOV-GP from 1976–
2008 outbreak strains and showed protective efficacy in mice 
and guinea pigs following lethal challenge [8]. This vaccine is 
phylogenetically closest to the EBOV-Mayinga-1976 (0.9% 
genetic distance; Figure  1A) and EBOV-Kikwit-1995 (0.03% 
genetic distance) outbreak GPs. Updated analysis of EBOV-GP 
reveals that more recent strains from 2002–2008 outbreaks 
and the West Africa epidemic are approximately 3% divergent 
from Mayinga-1976. This analysis is supported by other studies 
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suggesting that the West African viruses belong to a diverging 
EBOV lineage [14, 15] (Figure 1A).

We designed a new microconsensus GP, ConEBOVGP#2, 
based on the 2002–2008 GPs and a 100% matched 2014-GP 
from a clinical isolate (Guinea/Makona-C05, referred to as 
WA-GP). The ConEBOVGP#2 construct is 2.9% and 3.8% 
divergent from Mayinga-1976 and Makona-2014, respectively 
(Supplementary Table  1). The expression of each construct 
was confirmed in HEK293T cells before evaluation in vivo 
(Supplementary Figure 1).

EBOV-GP DNA Vaccines Protect Mice Against Lethal Mouse-Adapted 

EBOV-Mayinga-1976 Challenge

We first evaluated the immunogenicity and protection of these 
3 new vaccine constructs in mice. BALB/c mice (n = 10/group) 
received a single 40-µg injection of: (1) ConEBOVGP#1, (2) 
ConEBOVGP#2, (3) WA-GP, (4) a trivalent formulation of all 3 
constructs, or (5) empty vector (modified pVax1) by IM-EP. Strong 
anti-EBOV-GP total IgG titers and GP-specific T-cell responses 

were detected (Figure 1B) (P <  .001 in comparison with pVax1 
control). Mice (n = 10/group) were challenged 28 days later with 
1000 LD50 of mouse-adapted EBOV (Mayinga-1976) (Figure 1C) 
(ConEBOVGP#1 P  =  .001, ConEBOVGP#2 P  =  .049, WA-GP 
P  =  .001 in comparison with the pVax1 control). We observed 
100% protection with the 2 GP-consensus DNA vaccines and 90% 
protection for the WA-GP DNA vaccine (Figure 1C) (P < .001 for 
each vaccine compared with the pVax1 control, no statistical dif-
ference between individual vaccines). Complete protection was 
observed with the trivalent DNA formulation (P < .001). The vac-
cinated mice were protected against signs of disease and weight 
loss (Figure 1D), demonstrating that the EBOV-GP DNA vaccines 
can afford strong protection against phylogenetically close, as well 
as a more distant, EBOV challenge in BALB/c mice.

Trivalent EBOV-GP DNA Vaccine Is Immunogenic and Protects NHPs 

Against Lethal EBOV-Makona-2014 Challenge

Based on the promising protection data in mice, we next evalu-
ated immunogenicity and protection of the trivalent EBOV-GP 

100

201816141210

Post infection (days)

Survival (mice)

Trivalent

***

pVax1

ConEBOVGP#2

ConEBOVGP#1

WA-GP

Triv
ale

nt

pV
ax

1

Con
EBO

VGP#2

Con
EBO

VGP#1

W
A-G

P

Triv
ale

nt

pV
ax

1
Naiv

e

Con
EBO

VGP#2

Con
EBO

VGP#1

W
A-G

P

Trivalent
pVax1 control
ConEBOVGP#2

ConEBOVGP#1
WA-GP

86420

110

100

90

80

Post infection (days)

Weight post challenge (mice)

800
105

104

103

102

600

SF
C

/1
06  P

B
M

C
s

400

200

0

0 5 10 15 20

Pe
rc

en
t s

ur
vi

va
l (

%
)

(%
) S

ta
rt

in
g 

w
ei

gh
t

80

60

40

20

0

E
nd

po
in

t d
ilu

tio
n 

Ig
G

 ti
te

r

*** *** *** *** **

*

**
***

Pool 4
Pool 3
Pool 2
Pool 1

Immunogenicity (mice)

0.005
2002–2008

ConEBOVGP#2

2014 (West Africa)

2014 Guinea

WAoutbreak-GP

1976 M
ayinga

2014 DRC (Boende)

1995 K
ikwit

1976–1996

C
onEBO

V
G

P#1

A B

C D

Figure 1. Synthetic Ebola virus glycoprotein (EBOV-GP) DNA vaccine design, in vivo immunogenicity, and protection in mice. A, The amino acid sequences for all EBOV 
outbreak strains were obtained from the NCBI protein database. Sequences were aligned in MEGA 6.0 software [13] and an unrooted phylogenetic tree was generated to 
represent the relationship and distance between the various GPs. The 3 synthetic DNA constructs, ConEBOVGP#1, ConEBOVGP#2, and WA-GP, are indicated on the tree. B, In 
vivo immunogenicity was confirmed in BALB/c mice (n = 10/group). Anti-2014-GP antibody titers were detected in serum and T-cell responses were assayed from splenocytes 
following GP-peptide restimulation. Statistical analysis was performed using ANOVA followed by correction for multiple comparisons. P values are in comparison with the 
pVax1 control. C and D, Protection in EBOV-GP DNA immunized BALB/c mice against lethal mouse-adapted EBOV challenge. BALB/c mice (n = 10/group) were immunized with 
the synthetic DNA vaccines by intramuscular injection-electroporation (40 μg/construct). Animals were challenged 28 days postvaccination with 1000 LD50 of mouse-adapted 
EBOV Mayinga 1976. Survival (C) and signs of disease, as indicated by weight loss (D), were observed over 18 days. Statistical analysis was performed using a log-rank test 
followed by correction for multiple comparisons. P values are in comparison with the pVax1 control. * P ≤ .05; ** P ≤ .01; *** P ≤ .001. Abbreviations: PBMCs, peripheral 
blood mononuclear cells; SFC, spot-forming cells.
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DNA vaccine in NHPs. We evaluated the impact of different 
injection regimens on protective efficacy. Cynomolgus macaques 
(n  =  8/group) received 2 injections or 3 injections of the tri-
valent EBOV-GP DNA vaccine (equal parts ConEBOVGP#1, 
ConEBOVGP#2, and WA-GP), by IM-EP administration. All 
animal groups, vaccine doses, and immunization regimens are 
listed in Supplementary Table 2. The data presented are from 2 
separate challenge experiments (n = 4/group for each experi-
ment, total n = 8).

Serum was collected on day 0 before immunization and 2 
weeks following each injection. We detected significant total 
IgG antibody geometric mean endpoint titers (GMT) follow-
ing 2 injections in the range of 103–104 against a 2014-GP 
and a 1976-GP (Figure 2A; P < .05). The development of anti-
vaccine vector immune responses can impair readministra-
tion of homologous viral vector vaccine candidates [16–18]. 
In this study, antibody responses increased following each 

homologous DNA vaccine boost, demonstrating readmin-
istration without serological interference of the vaccines 
administered by either the IM or ID routes. Additionally, we 
quantified the same serum samples using a commercial ELISA 
kit that has been published by other groups [3]. Comparable 
trends between the total IgG endpoint ELISA and ADI-ELISA 
were observed, with ADI-ELISA units/mL of 103–104 that 
are comparable to viral vector platforms [3] (Supplementary 
Figure  2; P  =  .020 after 2 injections). T-cell responses were 
measured by IFN-γ ELISPOT and by flow cytometry. All ani-
mals responded with strong T-cell responses to EBOV-GP 
peptide stimulation, with significant responses observed 
after 2 injections (Figure 2B; P = .002 and P = .027 observed 
for 3 and 2 injections, respectively). To further characterize 
GP-specific T-cell responses, intracellular cytokine stain-
ing was also performed 2 weeks after final immunization 
(Supplementary Figure 3).
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Figure 2. Immunogenicity and protection following trivalent DNA vaccine administration by intramuscular injection-electroporation (IM-EP) in cynomolgus macaques. 
Cynomolgus macaques (n = 8) received 2 or 3 injections of the trivalent DNA vaccine by IM-EP administration. A, Glycoprotein (GP)-specific antibody titers. Geometric 
mean endpoint enzyme-linked immunosorbent assay (GMT ELISA) titers were detected against 2014-GP and 1976-GP from serum samples of the immunized macaques. 
B, GP-specific T-cell responses. Peripheral blood mononuclear cells (PBMCs) from immunized nonhuman primates (NHPs) were restimulated with GP peptide pools and 
responses were assayed by interferon-gamma (IFN-γ) ELISPOT. Statistical analysis for (A) and (B) was performed using ANOVA. P values are in comparison to before vaccina-
tion (0 injections). C, Survival against lethal Ebola virus (EBOV)-Makona challenge. Statistical analysis was performed using a log-rank test followed by correction for multiple 
comparisons. P values are in comparison with the pVax1 control. Immunized macaques were challenged with 1000 50% tissue culture infective dose (TCID50) EBOV-Makona (7 
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P values are in comparison with the control. D, Viral loads following lethal challenge. Serum viral load was detected by TCID50 on samples from different time points during 
challenge. P values were compared at each time point between vaccinated groups and the control. * P ≤ .05; ** P ≤ .01; *** P ≤ .001. Abbreviation: SFC, spot-forming cells.
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Immunized and unvaccinated control NHPs were challenged 
with lethal Zaire ebolavirus at the BSL-4 laboratory at PHAC. 
A wild-type EBOV-Makona C07-2014 virus (1000 × TCID50) 
was administered to the vaccinated NHPs at 2 injection sites 
(0.5  mL/site, IM injection) 28  days after final immunization. 
Standard postchallenge monitoring procedures were followed 
including monitoring of clinical signs of disease, temperature, 
water intake, and eating habits as indicators of possible illness 
for 28 days following challenge. Animals were sampled at sev-
eral time points to detect changes in blood chemistry and to 
detect viral load during the course of infection (Supplementary 
Figure 6–Figure 8). The data are from 2 studies. The back-titer 
for each challenge experiment was 2000 × TCID50 and 6000 × 
TCID50, respectively. The trivalent EBOV-GP DNA vaccine was 
100% protective following 3 injections (P = .04 in comparison 
with unvaccinated control), and 50% protective following 2 
injections (Figure 2C). No viral load was observed in surviving 
animals (Figure 2D; P < .001).

Trivalent EBOV-GP DNA Vaccine Induces Long-Term Immune Responses 

in Mice and Cynomolgus Macaques

BALB/c mice (n = 4/group) received 3 injections of each mon-
ovalent EBOV-GP DNA vaccine and were followed for 328 days 
to observe long-term immunogenicity following DNA vaccina-
tion. Antibody titers and T-cell responses increased following 
each injection and persisted at robust levels after 11  months 
(Supplementary Figure 4A and 4B; P < .001 compared to pVax1 
control, no statistical difference between vaccines). Cytokine-
positive T-cell and memory T-cell responses were observed at 
the long-term time point in both CD4+ and CD8+ T-cell popula-
tions (Supplementary Figure 4C–4F). Significant increases were 
observed with the ConEBOVGP#2 vaccine for CD4+TNF-α+ 
(P = .028), CD4+IL2+ (P = .003), and both ConEBOVGP#1 and 
WA-GP for CD8+IFN-γ+ (P =  .04 and P =  .017, respectively), 
CD8+TNF-α+ (P = .01 and P = .014, respectively), and CD8+IL2+ 
(P = .014 and P = .03, respectively).

Following the promising data in mice, we monitored a group 
of cynomolgus macaques for 1 year after their final vaccination 
to detect the long-term durability of immune responses follow-
ing 1, 2, or 3-injection regimens. The magnitude of total IgG 
antibody titers increased following each vaccine injection and 
strong antibody titers were detected in serum throughout the 
study (Figure 3A–3D). Importantly, we observed minimal anti-
body contraction over the course of the year with GMT in the 
103 range after 12 months. All NHPs received a boost immu-
nization at the 1-year time point. Impressively, the postboost 
response was characterized by a rapid increase in antibody titers 
to levels of higher magnitude than the primary responses and 
characteristic of a typical memory recall response to secondary 
encounter with antigen (Figure  3A–3D). This recall response 
was significant for both the 3-injection (P = .023) and 1-injec-
tion groups (P < .001).

We further assessed the quality of the antibody response by 
performing a urea ELISA to evaluate changes in the avidity of 
antibodies generated against the 2014-EBOV-GP. Serum from 
immunized NHPs was incubated with and without 8 M urea 
and the relative avidity index was calculated (RAI). A  value 
closer to 1.0 indicates antibodies with higher avidity for antigen 
due to inability to dissociate from the GP upon application of 
8 M urea. We observed a consistent increase in avidity of anti-
bodies in serum to GP over the year (Figure 4A–4C). After the 
boost, the RAI rapidly approached 1.0 indicating an increase in 
highly avid antibodies for GP.

Additionally, robust T-cell responses were observed longi-
tudinally, with the highest GP-specific T-cell responses in the 
2- and 3-injection groups (Figure  5A–5C). These levels were 
consistent over the 12-month time period. Interestingly, T-cell 
responses in the 1- and 2-injection groups had a greater magni-
tude increase following the 1-year boost (P = .017 and P = .011, 
respectively) than the 3-injection group, which maintained 
the same level of T-cell responses (Figure 5A and 5D; P = .406 
for the 3-injection group). We detected polyfunctional CD4+ 
and CD8+ T cells secreting IFN-γ and TNF-α in response to 
GP-peptide stimulation (Figure  6A and 6B). Not surprising, 
there was a gradual decrease over time; however, this rapidly 
rebounded following the 1-year boost and reencounter with 
antigen. Significant increases in CD4+IFN-γ+TNF-α+ (P = .039), 
CD4+IFN-γ−TNF-α+ (P  =  .024), and CD8+IFN-γ+TNF-α+ 
(P = .045) T cells were observed for the 3-injection group fol-
lowing the 1-year boost. Following the 1-year boost, GP-specific 
CD4+ effector memory T cells were the major subset present 
in all populations secreting IFN-γ, TNF-α, or both (Figure 6C). 
GP-specific terminally differentiated CD8+ T effector mem-
ory RA (TEMRA) cell populations were observed for IFN-γ 
and TNF-α single-positive subsets and predominantly CD8+ 
T effector memory cells in the IFN-γ+TNF-α+ double-positive 
population (Figure 6D).

ID-EP Delivery of the Monovalent ConEBOVGP#1 DNA Vaccine Protects 

Against Lethal EBOV-Makona-2014 Challenge

ID-EP delivery is an alternative route for vaccine administra-
tion that is immunogenic and potentially dose sparing, with 
potential advantages for vaccine delivery in an outbreak setting 
and to more sensitive populations [19, 20]. Our initial studies 
were performed with the trivalent vaccine candidate; however, 
the mouse data support the protective efficacy of a monovalent 
GP vaccine candidate. Therefore, to assess this novel delivery 
route for an EBOV-GP vaccine, we evaluated the 2-injection 
prime/boost regimen with the monovalent ConEBOVGP#1 
EBOV-GP vaccine. Antibody responses were significant follow-
ing 2 injections compared with before immunization for both 
2014-GP and 1976-GP (P  <  .001) and comparable to IM-EP 
delivery and recombinant vesicular stomatitis virus (rVSV)-
EBOV (Figure  7A; [3]). Strong T-cell responses (Figure  7B), 
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Figure  3. Long-term antibody responses following trivalent DNA vaccine administration by intramuscular injection-electroporation (IM-EP) in cynomolgus macaques. 
Cynomolgus macaques (n = 5) received (A) 3 injections, (B) 2 injections, or (C) 1 injection of the trivalent DNA vaccine by IM-EP administration. Endpoint titers were assayed 
from serum at several time points over the course of >1 year. Nonhuman primates received a homologous vaccine boost at 12 months after final prime immunization. 
Statistical analysis was performed using a Student t test (paired) to compare before (11 months) and after (12 months) the 1-year boost. * P ≤ .05; *** P ≤ .001. D, Overlay 
of all 3 groups.
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and significant increases in CD4+ IFN-γ−TNF-α+ (P  =  .0007) 
and CD8+ IFN-γ+ TNF-α+ (P <  .0001) were observed postim-
munization in response to GP peptide stimulation(Supple-
mentary Figure 3B). All NHPs (4/4) survived lethal challenge 
(P  =  .017 in comparison with the unvaccinated control) with 
no signs of disease, viral load, or changes in blood chemistry 
(Figure 7C and 7D and Supplementary Figure 6–Figure 8). In 
addition to being the first demonstration of 100% survival with 
2 injections of a monovalent EBOV-GP DNA vaccine in NHPs, 
these data also demonstrate the breadth of the consensus-de-
signed DNA vaccine (ConEBOVGP#1) to protect against a dis-
tant EBOV-GP challenge.

Rapid Protection Induced by ConEBOVGP#2 Against Mouse-Adapted 

EBOV Challenge

Finally, we evaluated the efficacy of the monovalent 
ConEBOVGP#2 microconsensus DNA vaccine to rapidly induce 
crossprotective responses shortly after administration. BALB/c 

mice received a single 40-µg injection of ConEBOVGP#2 DNA 
vaccine at days −14 (n = 10), −7 (n = 10), and 0 (2–3 hours, 
n  =  20) before challenge, or control pVax1 plasmid (n  =  20) 
prior to challenge with 1000 LD50 of mouse-adapted EBOV 
(Supplementary Figure 5). Animals receiving ConEBOVGP#2 
at day −14 were 100% protected against morbidity and mor-
tality (P < .001 compared to control). Of note, 90% of animals 
receiving vaccine at day −7 also survived lethal challenge, with 
1 out of 9 surviving animals displaying weight loss and signs 
of disease (P < .001 compared to control). There was 20% sur-
vival in the group of animals that received a single dose of the 
ConEBOVGP#2 DNA vaccine at day 0 before lethal challenge. 
These findings are particularly interesting as protection with 
an EBOV-GP DNA vaccine at time points less than 28  days 
postimmunization have not been reported previously in mouse 
models. These data provide further evidence of the rapid induc-
tion of immunity of the synthetic DNA vaccines against Ebola 
virus infection.
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Figure 5. Long-term interferon-gamma (IFN-γ) ELISPOT T-cell responses following trivalent DNA vaccine administration by intramuscular injection-electroporation (IM-EP) 
in cynomolgus macaques. Cynomolgus macaques (n = 5) received (A) 3 injections, (B) 2 injections, or (C) 1 injection of the trivalent DNA vaccine by IM-EP administration. 
Peripheral blood mononuclear cells (PBMCs) were restimulated with pools of glycoprotein (GP)-spanning peptides and total spot forming cells secreting IFN-γ were assayed 
by ELISPOT. Responses were assayed at several time points over the course of >1 year. Nonhuman primates received a vaccine boost at 12 months after final prime immu-
nization. Statistical analysis was performed using a Student t test (paired) to compare before (11 months) and after (12 months) the 1-year boost. * P ≤ .05. D, Example of 
ELISPOT well pictures over the course of 1 year. Abbreviations: RPMI, Roswell Park Memorial Institute medium; SFC, spot-forming cells.
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DISCUSSION

The current study demonstrates that these latest generation 
of synthetic EBOV-GP DNA vaccines are protective in NHPs 
against lethal EBOV challenge and can induce long-lasting 
immune responses that respond rapidly to antigen reencounter, 
as modeled by a 1-year boost injection. The protection data are 
supported by observations from other studies that have shown 
protection against EBOV challenge with 3-injection IM-EP 
delivery [21]. Here, we show that a synthetic DNA vaccine 
delivered by a simple ID-EP delivery route that is optimized 
for field use, is immunogenic, dose sparing, and, importantly, 
protects NHPs with a shorter 2-injection regimen. For these 
studies a high concentration formulation of DNA vaccine was 
delivered in a 100-µL volume in the skin followed by shallow 
low-current EP [22] to drive in vivo delivery of the vaccine [23]. 
To our knowledge, this is the first report of ID-EP DNA vaccine 

delivery demonstrating dose-sparing protection against EBOV 
infection in NHPs.

The initial studies were performed with the trivalent vac-
cine candidate, based on concerns about crossprotection, as 
other prior DNA challenges were matched [21]. However, our 
studies supported that a single ConEBOVGP#1 was crosspro-
tective (Figure  7). Furthermore, recent data from the EBOV 
vaccine field support the protective efficacy of a monovalent 
GP vaccine candidate. The 2-dose ID regime studied here 
advances the utility of this approach as several licensed vac-
cines utilize multiple boosts to establish long-lasting memory. 
Other experimental EBOV prophylactic vaccines are evaluat-
ing immunogenicity with and without a boost to improve the 
durability of memory responses [5, 24]. One advantage for the 
synthetic DNA immunization approach is that DNA does not 
produce serological interference, enabling homologous DNA 
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Figure 6. Long-term CD4+ and CD8+ T-cell responses in cynomolgus macaques. Cynomolgus macaques (n = 5) received 3 injections, 2 injections, or 1 injection of the triva-
lent DNA vaccine by intramuscular injection-electroporation. Intracellular cytokine staining was performed on peripheral blood mononuclear cells harvested at several time 
points over the course of >1 year. Nonhuman primates received a homologous vaccine boost at 12 months after final prime immunization. A, IFN-γ+, TNF-α+, and IFN-γ+TNF-α+ 
cytokine-positive CD4+ T-cell responses. B, IFN-γ+, TNF-α+, and IFN-γ+TNF-α+ cytokine-positive CD8+ T-cell responses. Statistical analysis on all populations was performed 
using a Student t test (paired) to compare before (11 months) and after (12 months) the 1-year boost. * P ≤ .05. C, CD4+ T-cell memory populations following the 1-year boost. 
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vaccine-vector readministration, unlike viral vectored vaccines 
which may require a heterologous platform boost [16, 17]. We 
demonstrated in the current study that the same homologous 
EBOV-GP DNA vaccine can be repeatedly administered with 
no negative impact on vaccine immunogenicity.

Stronger T-cell responses directed against peptide Pool 2 
were observed with the ConEBOVGP#2 vaccine in the long-
term animals. ConEBOVGP#2 encodes several different amino 
acids around the GP RNA-editing site, corresponding to pep-
tides present in Pool 2. ConEBOVGP#1 and WA-GP are identi-
cal in this region. We entered the Pool 2 amino acid sequences 
into both the SYFPEITHI [25] and IEDB [26] epitope predic-
tion databases and identified the H2-Kd (BALB/c) epitope 
AFWETKKTSL present in ConEBOVGP#2. Importantly, even 

with these differences, all 3 vaccine candidates were able to 
induce robust immune responses and were equally protective.

Reports of long-term immunogenicity following adminis-
tration of DNA or other experimental vaccines has been lim-
ited. Following DNA immunization, we observed induction of 
robust GP-specific antibody responses and the establishment of 
cytokine-producing, antigen-specific memory T-cell responses 
in both CD8+ and CD4+ compartments in all immunized NHPs. 
In our study, we evaluated long-term immunogenicity follow-
ing IM-EP delivery. Interestingly, we observed robust long-term 
T-cell and antibody responses in the 2-injection group. The data 
demonstrate that both the 1-injection and 2-injection groups 
exhibited strong recall responses following the 1-year boost. 
Further study with challenges at different time points following 

105

104

103

102

101

100

10–1

E
nd

po
in

t d
ilu

tio
n 

Ig
G

 ti
te

r

A GP-specific IgG Ab endpoint titers

**

0 1 2
Number of injections

104

103

102

101

100

SF
C

/1
06 

PB
M

C
s

1015

1010

105

100

T
C

ID
50

/m
L

B IFN-γ ELISPOT (GP peptide pools)

0 1 2
Number of injections

EBOV-GP (2014) = closed symbol
EBOV-GP (1976) = open symbol

P = .119

C D

100

80

60

40

20

0
0 5 10 15 20 25 30 –1 3 7 8 14 21 28

Pe
rc

en
t s

ur
vi

va
l

Day after challenge Day after challenge

Survival (NHP) Viral loads after challenge

*

ConEBOVGP#1 n = 4

Unvaccinated control n = 2
***
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2-injection delivery would be highly informative. Given the 
comparable immunogenicity and 100% protection generated 
by ID-EP delivery 28 days following immunization, it is likely 
that similar durable and recall responses will be observed and 
should be confirmed in future studies.

Importantly, DNA vaccines targeting Ebolavirus species 
have shown strong safety profiles in NHPs [21] and human  
trials [27, 28]. Additionally, there is a large body of animal and 
human safety data that has accumulated with DNA vaccines 
with [9, 29] and without forms of electroporation [30, 31]. 
Recently, we have reported on the potency and rapid deploy-
ment of an ID-EP–delivered DNA vaccine for Zika virus [32]. 
This study demonstrated that such an approach can be simply 
administered in the clinic and can generate 100% response rates 
in a highly tolerated delivery. Overall, the development of a pre-
existing serology-agnostic vaccine delivery platform, such as 
this synthetic DNA approach delivered by ID-EP delivery, has 
novel advantages in that it likely has a suitable safety profile for 
diverse populations, such as those who cannot receive live-at-
tenuated or viral vector vaccines. Based on the EBOV-GP DNA 
vaccine protection data in NHPs and long-term immunogenic-
ity, the dose-sparing 2-injection monovalent EBOV-GP vaccine 
by ID-EP has potential to induce long-term immune responses 
in people. Also, based on the continued boosting observed, 
studies to boost vector primed responses likely are of interest.

In this study, we focused on development of ID-delivered 
DNA vaccines against a single Ebolavirus species; however, the 
flexibility of the DNA platform can potentially allow for combi-
nation of antigens from other Ebolavirus members, viral hemor-
rhagic fever viruses, or other cocirculating emerging infectious 
diseases. DNA vaccines can be delivered well in advance, as 
preexposure prophylaxis to those living in at-risk regions, first 
responders, military personnel, and travelers. Finally, this vac-
cine could be studied as a simple serology-independent boost 
for previously vaccinated persons, including those that have 
received rVSV-ZEBOV or recombinant viral vectors [33], to 
prevent loss of seropositivity to EBOV-GP, and possibly extend 
a longer window of immunity.

Supplementary Data

Supplementary materials are available at Clinical Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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