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Background. Ebolavirus and Marburgvirus cause severe hemorrhagic fever with high mortality and are potential
bioterrorism agents. There are no available vaccines or therapeutic agents. Previous clinical trials evaluated trans-
membrane-deleted and point-mutation Ebolavirus glycoproteins (GPs) in candidate vaccines. Constructs evaluated
in this trial encode wild-type (WT) GP from Ebolavirus Zaire and Sudan species and the Marburgvirus Angola strain
expressed in a DNA vaccine.

Methods. The VRC 206 study evaluated the safety and immunogenicity of these DNA vaccines (4 mg admin-
istered intramuscularly by Biojector) at weeks 0, 4, and 8, with a homologous boost at or after week 32. Safety eval-
uations included solicited reactogenicity and coagulation parameters. Primary immune assessment was done by

means of GP-specific enzyme-linked immunosorbent assay.

Results.

The vaccines were well tolerated, with no serious adverse events; 80% of subjects had positive enzyme-

linked immunosorbent assay results (>30) at week 12. The fourth DNA vaccination boosted the immune responses.

Conclusions.

The investigational Ebolavirus and Marburgvirus WT GP DNA vaccines were safe, well tolerated,

and immunogenic in this phase I study. These results will further inform filovirus vaccine research toward a goal of
inducing protective immunity by using WT GP antigens in candidate vaccine regimens.

Clinical Trials Registration. NCT00605514.
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Ebolavirus and Marburgvirus belong to the family
Filoviridae and are known to cause outbreaks of viral
hemorrhagic fever, a severe and often fatal disease.
Filoviruses are negative-strand RNA viruses. A single

Received 2 June 2014; accepted 15 August 2014; electronically published 14
September 2014,

Presented in part: National Foundation for Infectious Diseases meeting, 15th An-
nual Conference on Vaccine Research, Baltimore, Maryland, 7-9 May 2012. Abstract
P15.

“Present affiliations: New York Medical College, Hawthorne, New York (U. N. S.);
Sanofi, Cambridge, Massachusetts (G. J. N.).

Correspondence: Julie E. Ledgerwood, Vaccine Research Center, National Insti-
tute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD
20892 (ledgerwood@mail.nih.gov).

The Journal of Infectious Diseases®  2015;211:549-57

Published by Oxford University Press on behalf of the Infectious Diseases Society of
America 2014. This work is written by (a) US Government employee(s) and is in the
public domain in the US.

DOI: 10.1093/infdis/jiu511

glycoprotein (GP) facilitates viral entry likely through
receptor mediated endocytosis into monocytes and
macrophages, endothelial cells, and hepatocytes [1-3].
The wild-type (WT) GP antigen is the primary antigen
targeted by candidate vaccines.

There are 5 species of Ebolavirus: Zaire (EBOV), Sudan
(SUDV), Reston, Tai Forest, and Bundibugyo. EBOV and
SUDV have been responsible for several human out-
breaks, with case fatality rates of 41%-90% [4]. They
are therefore targeted species for vaccine development.
Marburgvirus has a single species, Marburg marburgvirus
with 2 viruses that include Marburg virus (MARV) and
Ravn virus, and several strains, including Angola [5],
that are currently targeted for vaccine development.

Outbreaks of Ebolavirus and Marburgvirus have oc-
curred in Africa and have intermittently reemerged,
with varying case fatality rates. A 2014 outbreak of
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Ebolavirus disease (species Zaire ebolavirus) in West Africa, in-
cluding Guinea, Sierra Leone, Liberia, and Nigeria, has been
the worst outbreak to date and the first to be localized primarily
in urban areas [6]. A case fatality rate ranging from 60% to 87%
was reported in the first few months of the outbreak. This out-
break affected community members as well as healthcare workers
and seems to have spread person to person through regional and
international travel. Marburgvirus disease has primarily occurred
in travelers [4, 5] and, has case fatality rates of 23%-90% [7], the
potential to spread internationally with increasing global travel,
and the potential threat to be used as a biological weapon.

Several candidate vaccine platforms have been investigated in
animal models, including vectors such as vesicular stomatitis
virus, DNA plasmids, viruslike particles, and recombinant adeno-
virus (rAd), alone or as part of a prime-boost strategy [2,5,8-11].
Research and development toward a vaccine that would provide
protective immunity against these infections has been an iterative
process requiring the clinical evaluation of interim candidate GP
vaccine antigens, in part because of theoretical safety concerns.

In 2006, we reported the first clinical trial evaluating a multi-
gene DNA vaccine encoding transmembrane-deleted GP from
EBOV and SUDV and nucleoprotein from EBOV [12]. The vaccine
was well tolerated, with no significant adverse events or coagula-
tion abnormalities. The vaccine elicited GP-specific antibody and
T-cell responses that were not cross-reactive, but after further
preclinical evaluation of GP antigens, we found that a transmem-
brane-deleted GP did not provide optimal protection and that the
nucleoprotein antigen was not required for protection.

The subsequent clinical trial evaluated an rAd5 vector vac-
cine expressing an EBOV GP with a single amino acid point
mutation (point mutation GP). The product was found to be
safe and well tolerated but elicited modest immunogenicity,
possibly in part because of suppression by preexisting immunity
to the Ad5 vector [13]. Nonhuman primate studies have further
shown that transmembrane-deleted and point mutation GP
antigens are partially protective but WT GP constructs are
safe and provide the highest level of protection [14]. Therefore,
the WT GP antigen is the current focus of Vaccine Research
Center (VRC) research and development for Ebolavirus and
Marburgvirus vaccines. Here we report the results of a phase I
clinical trial evaluating 2 DNA vaccines, one that encodes for
MARYV Angola GP and the second for EBOV and SUDV WT GP.

MATERIALS AND METHODS

Study Design and Procedures

VRC 206 was a single-site, phase 1, open label study examining
the safety, tolerability, and immunogenicity of 2 investigational
DNA vaccines, one (MAR) expressing GP from MARV Angola
strain (GP [AN]) and the other (EBO) expressing WT GP from
EBOV (GP [Z]) and SUDV (GP [S]) in healthy adults aged 18-
60 years. The study was conducted at the NIH Clinical Center

by the VRC, National Institute of Allergy and Infectious Diseases
(NIAID), National Institutes of Health (NIH), Bethesda, Mary-
land (clinicaltrials.gov NCT00605514). The study was reviewed
and approved by the NIAID Institutional Review Board. The US
Department of Health and Human Services human experimen-
tal guidelines for conducting clinical research were followed. All
subjects gave written informed consent before participation.

A schema of the study is shown in Figure 1. The study groups
were not randomized because approval to proceed with the
MAR DNA vaccine was received before approval to proceed
with the EBO WT DNA vaccine owing to a delay in receiving
preclinical data with the EBO WT DNA vaccine. Thus, group
1 was fully enrolled first to receive the MAR DNA vaccine.
Later, group 2 enrolled to receive the EBO WT DNA vaccine.
No more than 1 subject per day was administered vaccine for
the first 3 injections in each group, and safety data through 2
weeks after these injections were reviewed by a protocol safety
review team before continuing enrollment of that group.

A 4-mg dose of vaccine was administered as 1 mL by intra-
muscular injection in the deltoid muscle, using the Biojector
2000 Needle-Free Injection Management System (Bioject). In
both groups, the immunization series was a 3-dose priming reg-
imen with an optional single-dose homologous booster. The
schedule for the 3-dose priming series was targeted to study
days 0, 28, and 56, within permitted windows. Based on results
from preclinical immunogenicity data available after the VRC
206 study began, an optional homologous booster dose at
week 32 or later was offered to subjects who had completed
all 3 injections and remained in clinical follow-up.

Laboratory and clinical evaluations were completed at scheduled
study visits. Local and systemic reactogenicity was self-reported
by subjects using 5-day diary cards after each vaccination.
Clinical assessment and laboratory evaluations for creatinine,
alanine aminotransferase, complete blood cell count, prothrom-
bin time, and partial thromboplastin time were completed at
scheduled study visits. Adverse events were reported for the en-
tire duration of the study, coded using the Medical Dictionary
for Regulatory Activities and graded for severity using the Divi-
sion of AIDS table for grading the severity of adverse events
(December 2004) [15]. Subjects were followed up for safety
and immunogenicity for 32 weeks or for 12 weeks after receipt
of the optional fourth study injection.

Vaccines

Both the EBO plasmid DNA vaccine VRC-EBODNA023-00-
VP and the MAR plasmid DNA vaccine VRC-MARDNA025-
00-VP were developed by the VRC. The EBO plasmid DNA
vaccine was manufactured by the VRC/NIAID Vaccine Pilot
Plant, operated by Leidos in Frederick, Maryland, and the
MAR plasmid DNA vaccine was produced by Althea Technol-
ogies in San Diego, California. Both were manufactured under
good manufacturing practice conditions. The MAR vaccine
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Schematic diagram of study design, vaccination schedule and follow-up showing screening, enrollment, and follow-up. The original pratocol

design included 3 study vaccinations at day 0 and weeks 4 and 8, with 32 weeks of follow-up. An optional fourth vaccination was added by amendment with

12 weeks of additional follow-up. Abbreviation: WT, wild-type.

consists of a single, closed, circular plasmid DNA macromole-
cule (plasmid VRC 6712) designed to express WT GP of the
MARV Angola strain (GenBank accession No. DQ447653).
The EBO vaccine is composed of 2 plasmids combined in
equal concentrations (milligrams per milliliter) in which the
amino acid sequences for the GP antigens expressed are identi-
cal to WT GP of Ebolavirus. These plasmids are VRC 6611,
which expresses the GP gene from the SUDV strain (GenBank
accession No. U28134) and VRC 6614, which expresses the GP
gene from the EBOV strain (GenBank accession No. U23187).
The WT GP inserts were codon modified to optimize antigen
expression in human cells [16]. The plasmids in both vaccines
are incapable of replication in human cells.

The VRC constructed plasmids containing complementary
DNAs used to subclone the WT GP gene inserts into the
CMV/R [12] plasmid DNA expression vector [17]. This
CMV/R expression vector has been tested in previous clinical
trials of DNA plasmid vaccines for human immunodeficiency
virus, West Nile virus, severe acute respiratory syndrome, and
avian influenza conducted by the VRC [12, 18-21].

The DNA plasmids were produced in master cell banks using
plasmid DNA to transform commercially available strains of
Escherichia coli and produce large-volume cultures yielding
mass quantities of plasmid DNA. Bacterial cell growth was
dependent on the cellular expression of kanamycin resistance
protein encoded in the plasmid DNA. After the growth of bac-
terial cells, the bulk plasmid drug substances were filtered and

formulated in phosphate-buffered saline as a sterile liquid in-
jectable dosage form for intramuscular injection.

Measurement of Antibody Responses With Enzyme-Linked
Immunosorbent Assays

End point titers of antibodies directed against MAR GP (AN)
and EBO GP antigens (Z and S) were measured throughout
the study. Serial dilutions were analyzed in duplicate for pre-
and postvaccine time points. Mean raw optical density values
for each postvaccine time point were corrected for the volunteer
and dilution-matched samples. End point titers were calculated
as the most dilute serum concentration that gave a background-
corrected optical density reading of >0.20. A titer of >30 was
considered a positive result [12, 13]. The primary time points
were 4 weeks after the third and the fourth study injections.

Peptides for Evaluation of T-Cell Responses

Peptides 15 amino acids in length, overlapping by 11, and cor-
responding to the vaccine inserts, MAR GP (AN) and EBO GP
antigens (Z and S), were synthesized at >80% purity, as con-
firmed by high-performance liquid chromatography.

Measurement of T-Cell Responses by Enzyme-Linked
Immunospot Assay

Vaccine-induced T-cell responses were detected by enzyme-
linked immunospot assay (ELISPOT) with the following mod-
ifications of a method described elsewhere [22]. Peripheral
blood mononuclear cells (PBMCs) were stimulated overnight
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Table 1. Baseline Demographics

Subjects, No. (%)?

Characteristic Marburgvirus Vaccine (n = 10) Ebolavirus WT Vaccine (n =10) All Subjects (n=20)
Sex

Male 5 (50) 5 (50) 10 (50)

Female 5 (50) 5 (50) 10 (50)
Age, mean (SD) [rangel, y 34.0 (9.7) [24-52] 36.6 (11) [24-59] 35.3 (10) [24-59]
Race

White 9 (90) 7 (70) 16 (80)

Black or African American 1(10) 1(10) 2 (10)

Asian 0 1(10) 1(5)

All other races combined 0 1(10) 1 (5)
Ethnicity

Non-Hispanic/Latino 10 (100) 10 (100) 20 (100)

Hispanic/Latino 0 0 0

BMI, mean (SD) [range]
Educational level

24.6 (2.4) [21.4-28.5]

Less than high school 0
High school/GED 0
College/university 2 (20)
Advanced degree 8 (80)

25.8 (4.7) [20.0-33.4] 25.2 (3.7) [20.0-33.4]

0 0
1(10) 1 (5)
3 (30) 5 (25)
6 (60) 14 (70)

Abbreviations: BMI, body mass index; GED, General Educational Development; SD, standard deviation; WT, wild type.

@ Unless otherwise indicated, data represent No. (%) of subjects.

with 2.5 ug/mL peptide at 37°C in triplicate wells at a density of
2 x 10 cells per well. Commercially available ELISPOT plates
(Mabtech) were used with color development with biotinylated
interferon (IFN) y detection antibodies, avidin-horseradish
peroxidase solution, and 3-amino, 9 ethyl-carbazole substrate
solution. The plate was air dried for >2 hours before spot quan-
titation on a CTL ELISPOT image analyzer (Cellular Technology).
Results were expressed as mean spot-forming cells per million
PBMC:s. A positive response occurs if the background subtracted
number of spots per 1 x 10° cells is >100 spot-forming cells per
million PBMCs and the non-background-corrected mean is
>4-fold greater than the mean negative stimulation for the sample.

Measurement of T-Cell Responses With Intracellular Cytokine
Staining

Vaccine-induced T-cell responses were detected by intracellular
cytokine staining with the following modifications of a method
described elsewhere [17]. Antibodies were from BD Bioscien-
ces unless otherwise stated and included anti-CD28-Cy5PE [cy-
anine dye Cy5™, phycoerythrin (PE)], anti-CD45RA-Cy7PE
[cyanine dye Cy7™, PE], anti-CCR7-Ax680 [Alexa Fluor®
680] (ReaMetrix), anti-IFN-y-APC [allophycocyanin (APC)],
anti-IL-2-PE, anti-TNF-o-FITC [fluorescein isothiocyanate
(FITC)], anti-CD4-ECD [PE-Texas Red®—x] (Beckman Coulter),
anti-CD3-Cy7APC [cyanine dye Cy7™, APC], anti-CD8-Pacific
Blue, and Aqua Blue. Cells were stained with Aqua Blue at room
temperature for 20 minutes, followed immediately by staining

with the surface markers (CD3, CD28, CD45RA, and CCR7)
for another 20 minutes. Cells were washed twice, permeabilized
with CytoFix-CytoPerm reagent (BD; 100 uL per well) with
20-minute incubation at 2°C -8°C, and then washed twice
with PermWash (BD). Intracellular cytokine staining (CD4,
CD8, IFN-y, interleukin 2, tumor necrosis factor o) was in a
total of 100 pL per well at room temperature for 20 minutes,
followed by 3 washes with PermWash. The cells were resus-
pended in 1% paraformaldehyde and stored at 4°C for <36
hours before flow cytometric analysis. Multiparameter flow cy-
tometric analysis was performed on a LSR-II flow cytometer
(BDIS); 50 000-250 000 events were acquired.

Results were analyzed using FlowJo software Version 9.4.10
(Tree Star Software). The same gating strategy is used for all
clinical testing. A positive response occurs if a Fisher exact
test for the 2 x 2 table, consisting of positive and negative cells
by peptide and negative control, has a 1-sided P value <.01, and
the percentage of positive cells for a peptide minus the percent-
age of positive cells for the negative control (background sub-
tracted percentage) exceeds 0.05 for each combination of cell
population and cytokine, except for CD8 IFN-y and CD8
tumor necrosis factor o, with a threshold of >0.08.

Neutralizing Antibody Assay

The measurement of neutralizing antibodies elicited after vaccina-
tion was assessed as described elsewhere [13]. In brief, EBOV or
MARV GP-specific neutralizing antibody was assessed by using
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a single-round infection assay with EBOV or MARV GP-pseudo-
typed lentiviruses, respectively, containing the luciferase reporter
gene. The derivative T-Ag—expressing 293T cells were used as in-
fection targets and incubated in a 96-well plate 1 day before infec-
tion with pseudovirus in the presence of a 1:100 dilution of subject
serum samples. EBOV or MARV GP-pseudotyped lentiviral viri-
ons were produced as described elsewhere [16]. Pre- and postim-
mune serum samples were tested as indicated in the figure legends.
Cells were lysed 72 hours after infection and assayed with the Lu-
ciferase Assay System (Promega, E1501/E1531), using a Victor X3
Plate Reader from PerkinElmer to detect luciferase activity.

Statistical Methods

Positive response rates are computed along with the exact 95%
confidence intervals (CIs) from binomial distributions. For the
magnitude of antibody response, geometric means and 95% Cls
based on lognormal distribution are reported. The Wilcoxon
signed rank test is used to compare antibody response at 2 time
points within a group.

RESULTS

Study Population
A total of 20 subjects were enrolled between 4 June 2008 and 17
June 2009. Table 1 includes demographic data regarding sex,

Table 2. Local Reactogenicity by Vaccine Group and Overall®

Subjects, No. (%)

Local Symptom Marburgvirus ~ Ebolavirus WT Al Subjects

Intensity Vaccine (n=10) Vaccine (n=10) (n=20)
Pain/tenderness
None 1(10) 3 (30) 4 (20)
Mild 8 (80) 7 (70) 15 (75)
Moderate 1(10) 0 1(5)
Severe 0 0 0
Swelling
None 5 (50) 7 (70) 12 (60)
Mild 5 (50) 3 (30) 8 (40)
Moderate 0 0 0
Severe 0 0 0
Redness
None 6 (60) 6 (60) 12 (60)
Mild 4 (40) 4 (40) 8 (40)
Moderate 0 0 0
Severe 0 0 0
Any local symptom
None 1(10) 3 (30) 4 (20)
Mild 8 (80) 7 (70) 15 (75)
Moderate 1(10) 0 1(5)
Severe 0 0 0

age, race, ethnicity, body mass index, and educational level at
enrollment. All but 2 subjects completed the 3-dose vaccination
series. One subject in group 1 discontinued vaccinations per
protocol requirements after 1 study vaccination owing to a med-
ical need for a licensed vaccine, and 1 subject in group 2 was lost
to follow-up after 2 vaccinations.

Vaccine Safety
Both vaccines were well tolerated, and there were no serious
adverse events. Coagulation parameters of study subjects were

Table 3. Systemic Reactogenicity by Vaccine Group and Overall®

Subjects, No. (%)

Systemic
Symptom Marburgvirus Ebolavirus WT  All Subjects
Intensity Vaccine (n=10) Vaccine (n=10)  (n=20)
Malaise
None 4 (40) 8 (80) 12 (60)
Mild 4 (40) 2 (20) 6 (30)
Moderate 2 (20) 0 2 (10)
Severe 0 0 0
Myalgia
None 7 (70) 10 (100) 17 (85)
Mild 2 (20) 0 2(10)
Moderate 1(10) 0 1(5)
Severe 0 0 0
Headache
None 6 (60) 9 (90) 15 (75)
Mild 4 (40) 1(10) 5 (25)
Moderate 0 0 0
Severe 0 0 0
Chills
None 9 (90) 9 (90) 18 (90)
Mild 1(10) 1(10) 2(10)
Moderate 0 0 0
Severe 0 0 0
Nausea
None 8 (80) 10 (100) 18 (90)
Mild 2 (20) 0 2 (10)
Moderate 0 0 0
Severe 0 0 0
Temperature
None 10 (100) 10 (100) 20 (100)
Mild 0 0 0
Moderate 0 0 0
Severe 0 0 0
Any systemic
symptom
None (30) 7 (70) 10 (50)
Mild (50) 3 (30) 8 (40)
Moderate (20) 0 2 (10)
Severe 0 0 0

Abbreviation: WT, wild type.

@ Local and systemic reactogenicity was self-reported by subjects using 5-day
diary cards after each vaccination.

Abbreviation: WT, wild type.

@ Local and systemic reactogenicity was self-reported by subjects using 5-day
diary cards after each vaccination.
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Figure 2. Glycoprotein (GP)-specific mean antibody responses assessed by enzyme-linked immunosorbent assay (ELISA) for GP (AN), GP (S), and GP (2).
Mean titers with upper 95% confidence intervals are shown for 3 time points: 4 and 24 weeks after the third vaccination and 4 weeks after the fourth DNA
vaccination. The threshold for positivity in this assay was a reciprocal dilution of 30 and is indicated by a dashed line.

closely monitored as per protocol owing to a theoretical concern
over GP-mediated cytopathology [13]. Prothrombin time, par-
tial thromboplastin time, and complete cell blood counts were
evaluated at baseline and throughout the study. No laboratory
or clinical coagulation abnormalities were detected. Local and
systemic solicited reactogenicity (Tables 2 and 3) was generally
mild in both groups and similar to that seen in previous studies
of DNA vaccines with other constructs [12, 18, 21, 23]. One
subject reported a moderate local reaction, and 2 reported >1
moderate systemic reaction. Two adverse events, mild transient
lightheadedness and mild pyuria, were assessed as possibly
related to vaccination. One adverse event, a mild superficial le-
sion at the injection site that resolved without treatment, was
assessed as definitely related to the study vaccines based on tem-
poral relationship and biological plausibility.

Vaccine-Specific Antibody Responses

EBO and MAR specific antibody responses were detected by
enzyme-linked immunosorbent assay. Four weeks after the
third vaccination, 80% of subjects (8 of 10) in group 1 tested
positive for GP (AN) antibody. In group 2, 89% (8/9) tested
positive for GP (S) and 56% (5/9) tested positive for GP (Z).
The frequency of responses decreased over time, and 24 weeks
after the third vaccination 11% of subjects (1 of 9) were positive
for GP (AN) and GP (S), and none were positive for GP (Z).

Seven subjects in group 1 and 8 in group 2 received the
optional fourth vaccine (homologous boost) between study
weeks 32 and 49. Four weeks after the fourth vaccination,
100% of subjects (7 of 7) were positive for GP (AN), 75%
(6/8) for GP (S), and 63% (5/8) for GP (Z). Between 8 and 12
weeks after the boost, 57% (4 of 7) in group 1 had sustained pos-
itive responses for GP (AN), and 50% (4 of 8) in group 2 had
sustained positive responses for GP (S) and GP (Z). Cumulative
GP-specific response rates in the study were 90% (9 of 10) for
GP (AN), 89% (8 of 9) for GP (S), and 67% (6 of 9) for GP (Z).

The magnitude of enzyme-linked immunosorbent assay
titers peaked 4 weeks after the third vaccination and then de-
creased during the next 24 weeks. The geometric mean titers
to GP (AN), GP (S), and GP (Z) 4 weeks after the third vacci-
nation were 36.3 (95% CI, 22.3-59.3), 51.1 (95% CI, 29.8-
87.8), and 31.8 (95% ClI, 16.8-60.2), respectively, and then
decreased close to baseline levels. Four weeks after the fourth
vaccination, geometric mean titers to GP (AN), GP (S), and
GP (Z) increased to 48.0 (95% CI, 27.9-82.7), 50.1 (95% CI,
21.3-117.7), and 30.4 (95% CI, 16.4-56.1), respectively
(Figure 2).

Antibody responses were boosted by the fourth DNA vacci-
nation. Administration of a fourth homologous DNA vaccine at
a boost interval of >32 weeks demonstrated boosting of waning
antibody responses to near peak levels.
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serum samples. Results are shown for 9 of 10 EBO vaccinees (4) and 9 of 10 MAR vaccinees (B) at 3 time points: at baseline (preimmune) and after the third

and fourth DNA vaccinations.

GP (AN)- and GP (Z)-specific neutralizing antibody activity
was assessed in a reporter virus assay. Results are shown in Fig-
ure 3 for each group at baseline (preimmune) and after the third
and fourth DNA vaccinations. No significant MAR neutralizing
activity was observed. Low-level EBOV neutralizing activity
(mean, 7%) was observed after the fourth vaccination, which
was significantly improved compared with preimmune serum
samples or after the third vaccination.

Vaccine-Specific T-Cell Responses

MAR and EBO GP-specific CD4" T-cell responses were seen in
all antigen groups by intracellular cytokine staining at 4 weeks
after the third DNA vaccination. CD4" T-cell responses were
detected for GP (AN) in 30% of subjects (3 of 10), GP (S) in
25% (2 of 8), and GP (Z) in 13% (1 of 8). By week 24, 22%

(2 of 9) still had a CD4" T-cell response for GP (AN) and GP
(S), and 11% (1/9) for GP (Z). Four weeks after the fourth DNA
vaccination, the frequency was similar at 14% (1 of 7) for GP (AN),
38% (3 of 8) for GP (S), and 13% (1 of 8) for GP (Z) (Figure 4).

CD8" T-cell responses were detected less frequently than
CD4" T-cell responses. Four weeks after the third vaccination,
CD8" T-cell responses were detected in 13% of subjects (1 of 8)
for GP (S) but not detected for GP (AN) or GP (Z). Four weeks
after the fourth vaccination, the frequency of measurable CD8"
T-cell responses was boosted to 25% of subjects (2 of 8) for GP
(S) and 13% (1 of 8) for GP (Z), although none were seen for GP
(AN).

GP-specific T-cell responses were also assessed by ELISPOT
at baseline and at scheduled intervals throughout the study.
Four weeks after the third DNA vaccination, GP-specific
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Frequency of CD4* and CD8* T-cell responses by intracellular cytokine staining and enzyme-linked immunospot assay (ELISPOT) analysis. The

percentage of responders is shown for each vaccine antigen at 4 time points for CD4* and CD8" intracellular cytokine staining and ELISPOT.
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T-cell responses were present at a frequency of 40% (4 of 10) for
GP (AN), 63% (5 of 8) for GP (S), and 25% (2 of 8) for GP (Z).
At 24 weeks, 22% of subjects (2 of 9) were positive for GP (AN),
44% (4 of 9) were positive for GP (S), and 22% (2 of 9) were
positive for GP (Z). Four weeks after the fourth vaccination,
the frequency of T-cell responses increased to 57% (4 of 7)
for GP (AN), 50% (4 of 8) for GP (S), and 33% (3 of 8) for
GP (2), indicating a slight boost in T-cell responses with the
fourth DNA vaccination.

DISCUSSION

There are currently no available effective vaccines or therapies
against filoviruses. An effective vaccine would be a key preven-
tive health measure for limiting the spread of infection, protect-
ing healthcare workers and military troops, and containing
natural outbreaks.

This is the first clinical trial report of an Ebolavirus WT GP
construct and the first report of a Marburgvirus vaccine clinical
trial. We have shown elsewhere that earlier-generation gene-
based constructs were safe and immunogenic, including a
DNA vaccine with an EBO transmembrane-deleted GP and
an rAd5 vector encoding EBO GP containing a point mutation.
Nonhuman primate studies have clearly demonstrated that full-
length WT GP constructs are safe and protective in cynomol-
gous macaques [14], and WT GP is considered the antigen
most likely to induce protective antibody and T-cell responses.
In this phase I study (VRC 206), both the EBO and MAR WT
GP vaccines were well tolerated. The WT GP constructs evalu-
ated in the current study were immunogenic and induced both
humoral and T-cell responses to all 3 GP immunogen inserts.

We also saw that administration of a fourth dose of DNA as a
homologous boost improved the otherwise waning antibody
titers and T-cell responses. It is known that DNA provides a
priming response for numerous antigens, typically with a pro-
tein or more potent vector boost, and that a prolonged boost
interval improves the overall effect of DNA priming [24], but
this report is unique in that homologous DNA vaccine induced
a demonstrable boost of preexisting memory B cells.

In the current trial, antibody responses dominated the im-
mune response, and CD4" T-cell responses were more frequent
than CD8" responses. The induction of T-cell responses by the
vaccine is significant because recent nonhuman primate studies
suggest that CD8" T-cell responses play an important role in
protection induced by an EBO GP construct vaccine and are
known to be important for efficient viral clearance [25, 26].

This study (VRC 206) demonstrated that WT GP DNA vac-
cines for Ebolavirus and Marburgvirus were safe and immuno-
genic in humans. The results from this study paved the way for
further evaluation of these 2 candidate vaccines in the first clin-
ical trial of candidate Ebolavirus and Marburgvirus vaccines in
Africa. A phase Ib clinical trial evaluating these vaccines opened

to accrual in Kampala, Uganda, after interim safety analysis of
the VRC 206 study. The successful evaluation of DNA vaccines
targeting Ebolavirus and Marburgvirus reported here provides
the opportunity to further explore WT filovirus GP antigen de-
livery in other vaccine platforms with greater immunogenicity
and potential for protective immunity. These results will guide
further filovirus vaccine research and development and also
provide important generalizable data regarding DNA-based
priming and boosting in humans.
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