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In addition to its surface glycoprotein (GP), Ebola virus directs the production of large quantities of a truncated
glycoprotein isoform (sGP) that is secreted into the extracellular space. We recently reported that sGP actively
diverts host antibody responses against the epitopes that it shares with GP and thereby allows itself to absorb
anti-GP antibodies, a phenomenon we termed “antigenic subversion.” To investigate the effect of antigenic sub-
version by sGP on protection against virus infection, we compared immune responses induced by different
prime-boost immunization regimens with GP and sGP DNA vaccines in mice and their efficacy against lethal
Ebola virus challenge. Similar levels of anti-GP antibodies were induced by 2 immunizations with sGP and GP
DNA vaccines. However, 2 immunizations with GP but not sGP DNA vaccine fully protected mice from lethal
challenge. Boosting with sGP or GP DNA vaccine in mice that had been primed by GP or sGP DNA vaccine
augmented the levels of anti-GP antibody responses and further improved protective efficacy against Ebola
virus infection. These results show that both the quality and the levels of anti-GP antibody responses affect
the efficacy of protection against Ebola virus infection.
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Since their first identification during the Ebola virus
(EBOV) outbreak in 1976 in Zaire, 5 different EBOV
species, including Zaire (ZEBOV), Sudan (SEBOV),
Bundibugyo (BEBOV), Tai Forest, and Reston, have
been isolated from outbreaks in humans and nonhu-
man primates (NHPs), and their amino acid sequences
differ by as much as 40% [1]. Among them, ZEBOV,
SEBOV, and BEBOV have caused large human out-
breaks with high fatality rates, ranging from 20% to
90% [1–4]. Of particular concern, human outbreaks of

EBOV infection have become increasingly frequent in
recent years [5, 6], and the current ZEBOV outbreak,
which has caused >24 000 human infections and close
to 10 000 deaths as of 11 March 2015, once again dem-
onstrates that its serious threat to public health is real
and imminent. A number of vaccine strategies are
under development, and at least 6 vaccine approaches,
including recombinant adenovirus replicons [7], re-
combinant vesicular stomatitis virus (VSV) [8], recom-
binant parainfluenza virus [9], recombinant virus-like
replicon particles [10], recombinant rabies virus [11],
and protein-based virus-like particles (VLPs) [12, 13],
have been demonstrated to protect against EBOV infec-
tion in both small-animal models, such as mice and
guinea pigs, and NHPs.

The ability to develop a vaccine is critically depen-
dent on our understanding of the mechanisms by which
EBOV suppresses, distracts, or otherwise evades the
host immune response [14]. The studies using different
vaccine platforms in NHPs have shown that protection
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is invariably correlated with serum antibody levels against the
viral membrane glycoprotein (GP) [15, 16]. Further, recent stud-
ies showed that passive transfer of purified immunoglobulin
G (IgG) from convalescent NHP sera or a combination of 3
mouse monoclonal antibodies protected recipient NHPs against
EBOV infection [17, 18]. It has also been shown that, after vacci-
nation of NHPs with a recombinant VSV GP vaccine, depletion
of CD8+ T cells prior to vaccination did not affect protective ef-
ficacy against EBOV challenge, whereas depletion of B cells or
CD4+ T cells prior to vaccination impaired induction of antibody
responses to GP and abrogated protection against EBOV infec-
tion [19]. These results indicate that antibody responses against
GP may play an important role in mediating protection against
EBOV infection. EBOV GP forms trimeric spikes on virion sur-
faces, similar to the influenza virus hemagglutinin and human
immunodeficiency virus envelope (Env) proteins [20]. An un-
usual feature of EBOV GP biosynthesis is its separation into 2
disjointed reading frames, which are joined together by slippage
of the viral polymerase at an editing site to generate a messenger
RNA (mRNA) transcript that directs synthesis of GP [21–23].
However, only about 20% of the mRNA transcripts are edited.
The remaining unedited transcripts (80%) have a premature
stop codon, resulting in synthesis of a truncated GP product
(sGP) that forms homodimers and is secreted in large quantities
into the extracellular space [23]. In addition, it has also been re-
ported that passage of ZEBOV in Vero cells or Thp1 cells leads to
mutant viruses with mutated viral genomic RNA, which directs
transcription of mRNA for GP as a primary product [24, 25].
However, it was further demonstrated that, during infection of
guinea pigs, the mutant viruses quickly revert back to the wild-
type viral genomic RNA that directs transcription of mRNA for
sGP as a primary product [25]. Thus, while synthesis of GP may
be achieved through different mechanisms, it is clear that the sGP
is the major glycoprotein product during in vivo ZEBOV infec-
tion. We recently reported a mechanism of ZEBOV immune in-
vasion in which production of sGP by ZEBOV could potentially
subvert induction of antibody responses against GP by preferen-
tially stimulating expansion of B cells that produce antibodies
more reactive to sGP, thereby enabling sGP to absorb such anti-
bodies [26]. We termed our observation “antigenic subversion,”
which is distinct from a simple mechanism of passive absorption
by sGP for anti-GP antibodies. In extension of our previous find-
ings, we investigated immune responses induced by immuniza-
tion with sGP and GP DNA vaccines and determined their
efficacy for protection against ZEBOV infection in the present
study.

METHODS

Virus and Biosafety
Mouse-adapted ZEBOV stock was propagated in Vero E6 cells.
All experiments involving infectious ZEBOV were performed at

the biosafety level 4 (BSL-4) facility at the Texas Biomedical Re-
search Institute (TxBiomed; San Antonio, Texas).

Cell Lines and Plasmids
293 T cells and JC53 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (Mediatech) supplemented with 10% fetal
bovine serum (Hyclone, ThermoFisher) and penicillin/strepto-
mycin. The DNA constructs expressing ZEBOV GP and sGP
proteins have been described in previous studies [26]. For
large-scale preparation, the plasmids were amplified in Escher-
ichia coli DH5α and purified with a Qiagen Endo-Free Mega-
prep kit. The plasmids were then resuspended at 1 µg/µL in
sterile phosphate-buffered saline (PBS) and stored at −80°C
until used for immunization.

Immunization of Mice, Sample Collection, and Challenge
Female BALB/c mice (6–8 weeks old) were purchased from
Charles River Laboratory and housed at the Emory University
animal facility (Atlanta, Georgia) or the TxBiomed animal BSL-
4 facility. All animal studies were performed in accordance with
approved institutional animal care and use committee protocols
at Emory University and the TxBiomed. Immunization of mice
was performed by intramuscular injection of 50 µg of DNAvac-
cine dissolved in 100 µL of PBS into 1 quadriceps muscle, fol-
lowed by injection of the same formulation in the opposite
quadriceps muscle 4 weeks later. Blood samples were collected
from the retro-orbital sinus under anesthesia at 2 weeks after
each immunization and were stored at −80°C until analysis.

Lethal ZEBOV challenge studies were performed in the ani-
mal BSL-4 facility at TxBiomed. After the final immunization,
mice were challenged by intraperitoneal injection with 1000
plaque-forming units (approximately 30 000 50% lethal doses)
of mouse-adapted ZEBOV diluted in PBS. After challenge, mice
were monitored daily for weight changes and signs of disease.

Enzyme-Linked Immunosorbent Assay (ELISA)
ZEBOV GP–specific antibodies were measured in individual
mouse serum samples by ELISA, using established protocols
[26–28]. Briefly, the assays were performed in a 96-well plate
coated overnight at 4°C with purified histidine-tagged GP at a
concentration of 2 µg/mL. Serial dilutions of serum samples
were incubated at room temperature for 2 hours on coated
and blocked ELISA plates, and the bound immunoglobulins
were detected with horseradish peroxidase–conjugated goat
anti-mouse IgG secondary antibodies (Southern Biotechnology
Associates). The wells were developed with tetramethylbenzi-
dine (Sigma). The color reaction was stopped with hydrochloric
acid (0.2 N), and the absorbance at 450 nm was determined by
an ELISA reader. A standard curve was constructed by coating
each ELISA plate with serial 2-fold dilutions of purified mouse
IgG with known concentrations, and the concentrations of GP-
specific antibodies in serum samples were calculated using

Antibody Protection Against EBOV • JID 2015:212 (Suppl 2) • S399



obtained standard curves and expressed as the weight of anti-
gen-specific antibody per volume of serum sample.

Pseudovirion Neutralization Assay
Neutralizing antibodies against ZEBOV GP were analyzed by
means of a single-round infectivity assay that we used in our pre-
vious studies [28]. Briefly, 293T-cells were cotransfected with
Env-defective HIV backbone and ZEBOV GP in pCAGGS vec-
tor, using Fugene HD (Roche). Supernatants were harvested 48
hours after transfection, clarified, and filtered using a 0.45-μm-
pore filter. Pseudoviruses were titered by infecting JC53 cells
[29], which express β-galactosidase and luciferase under a tat-
activated promoter, causing infected cells turning blue with
X-Gal staining. Neutralization assays were performed as de-
scribed elsewhere [28], with minor modifications. Briefly, pseu-
doviruses were preincubated with dilutions of heat-inactivated
antisera and supplemented with heat-inactivated naive mouse
sera (Innovative Research) so that 5% of the total volume
was mouse serum. Pseudovirus-antiserum mixtures were then
added to 30% confluent JC53 cells and incubated for 48 hours.
Virus infection and neutralization was measured by a luciferase
reporter assay, and neutralization was measured as the decrease
in luciferase expression versus that for virus-only controls [29].
Neutralizing activity is expressed as the percentage reduction of
virus titers in sample wells, compared with titers in control wells
without mouse sera: [(virus titer in control well-virus titer in
sample well)/(virus titer in control well)] × 100%.

RESULTS

Immunization Study Design
The results from our recent studies indicate that anti-GP antibody
responses induced by ZEBOVGP and sGPDNAvaccines are qual-
itatively different with respect to their cross-reactivity to sGP [26].
In the present study, we sought to investigate whether immune re-
sponses induced by GP or sGP DNA immunizations might exhibit
different efficacies for protection against ZEBOV infection. As out-
lined in Figure 1, 7 groups of mice (5 per group) were used in this
study. Group 1 received 2 immunizations with sGP DNA vaccine,
group 2 received 3 immunizations with sGP DNA vaccine, and
group 3 received 2 immunizations with sGP DNA vaccine and
then a boosting immunization with GP DNA vaccine. On the
other hand, group 4 received 2 immunizations with GP DNA vac-
cine, group 5 received 3 immunizations with GPDNAvaccine, and
group 6 received 2 immunizations with GP DNAvaccine and then
a boosting immunization with sGP DNA vaccine, for comparing
with groups 1, 2, and 3, respectively. The control group (group
7) received 3 immunizations with the empty plasmid DNA vector
pCAGGS. Immunizations were performed by intramuscular
injection of 50 µg of DNA vaccines at 4-week intervals, and
blood samples were collected 2 weeks after the second and third
immunizations for analysis of antibody responses.

Characterization of Antibody Responses Induced by Different
Prime-Boost Immunization Regimens With GP and sGP DNA
Vaccines
Serum samples collected after the second and third immuniza-
tions were analyzed for the levels of anti-GP and sGP antibody
responses by ELISA. As shown in Figure 2A, similar levels of
anti-GP antibodies were induced in mice after 2 immunizations
with GP or sGP DNA vaccine. Further, a third immunization
with sGP or GP DNA vaccine augmented the levels of anti-GP
antibodies in mice that had been primed by sGP or GP DNAvac-
cine. The highest levels of anti-GP antibody response were detect-
ed in group 5 mice, which received 3 immunizations with GP
DNA vaccine. In contrast, while sGP DNA vaccine also induced
high levels of anti-sGP antibodies, GP DNAvaccine only induced
low levels of anti-sGP antibodies, even after 3 immunizations (Fig-
ure 2B). Nonetheless, levels of anti-sGP antibodies were effectively
boosted by sGP DNAvaccine in mice that had been primed by GP
DNA vaccine (group 6), and boosting with GP DNA vaccine in
mice that had been primed by sGP DNA vaccine also augmented
the levels of anti-sGP antibodies to higher levels (group 3).

Serum samples collected after the third immunization were
also analyzed for their neutralizing activity against ZEBOV
GP–mediated pseudovirion infection, to determine whether ho-
mologous or heterologous boosting with sGP or GP DNA vac-
cines may further augment neutralizing antibody responses. As
shown in Figure 3, similar levels of neutralizing activities were
detected in sera from mice that had received 2 immunizations
with sGP or GP DNA vaccine (groups 1 and 4, respectively).
However, additional boosting by the same sGP or GP DNAvac-
cine only increased sera neutralizing activity slightly (groups 2
and 5, respectively). On the other hand, additional boosting by
the different DNA vaccine did not further enhance serum neu-
tralizing activities (group 3 and group 6). Nevertheless, the

Figure 1. Schematic diagram of immunization and challenge study de-
sign. Female Balb/c mice (groups of 5) were vaccinated at 4-week intervals
with different immunization regimens. Blood samples were collected 2
weeks after the second and third immunizations, and mice were chal-
lenged 12 weeks after the final immunization by 1000 plaque-forming
units (PFU) of mouse-adapted Ebola virus (EBOV). Abbreviations: GP, glyco-
protein; sGP, truncated Ebola virus glycoprotein isoform.
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differences in the neutralizing activity of sera from these differ-
ent groups were not statistically significant.

Protective Efficacy of Different Immunization Regimens Against
Lethal ZEBOV Challenge
After the final immunization and blood sample collection, mice
were sent to the TxBiomed and challenged by intraperitoneal
injection of 1000 plaque-forming units of mouse-adapted
ZEBOV 12 weeks after the third immunization in BSL-4 animal
facilities. Mice were monitored daily for 21 days after challenge
to record weight changes, disease symptoms, and survival rates.
As presented in Table 1, all control group mice (group 7) died
by day 5 after challenge. Only 1 of 5 mice in group 1 that re-
ceived 2 immunizations with sGP DNA survived the challenge,
whereas 3 mice died on day 5 after challenge and 1 mouse died
on day 8 after challenge, with a slightly delayed mean time to
death (5.3 days), compared with that for the control group.
All mice in other vaccinated groups survived the challenge.

However, weight loss and illness were observed in groups 2, 3,
and 4. In comparison, mice in groups 5 and 6 remained healthy
throughout the challenge period.

DISCUSSION

The mechanism for immune protection against EBOV has not
been clearly defined. Nonetheless, evidence suggests that induc-
tion of a strong antibody response against GP likely plays an im-
portant role on protection against EBOV infection. A number
of studies have shown that successful protection against
EBOV infection in NHPs can be achieved by vaccines that target
the EBOV GP antigen alone [8, 10, 11, 30, 31]. Moreover, anal-
ysis of EBOV vaccine efficacy in NHPs indicates that effective
protection correlates with the levels of anti-GP antibodies in-
duced by vaccination [15, 16]. Consequently, most vaccine strat-
egies focus on inducing immune responses against GP for
protection against EBOV infection. We showed in recent studies
that the ZEBOV sGP, which is the main viral GP product and is
efficiently secreted during virus infection, could profoundly
modulate the profiles of anti-GP antibody responses induced
by vaccination [26]. In this study, we further investigated the ef-
fect of modulation of anti-GP antibody responses by sGP on
protection against lethal challenge by ZEBOV, and our results
indicate that both the quality and levels of anti-GP antibody re-
sponses may affect the efficacy of protection.

Comparison of immune response induced by immunization
with sGP or GP DNA vaccines showed that similar levels of
anti-GP antibody responses, as well as neutralizing activity

Figure 3. Neutralization of Ebola virus (EBOV) glycoprotein (GP)–medi-
ated pseudovirion infection. Neutralizing activity of immune sera collected
after the third immunization was determined by incubating 500 plaque-
forming units (PFU) of GP-pseudotyped virus with a 1:900 dilution of
serum samples from mice that received different immunization regimens,
shown in Figure 1. Neutralization was measured as the decrease in lucif-
erase expression, compared with virus-only controls, after 48 hours, as de-
scribed in “Materials and Methods” section. Results reported are means
and standard deviations for samples from individual animals of each group.

Figure 2. Antibody response induced by different regimens of Ebola
virus (EBOV) glycoprotein (GP) and truncated EBOV GP isoform (sGP)
DNA vaccines. Groups of mice were vaccinated by intramuscular injection
with 50 µg of DNA (25 µg/leg) according to the schedule shown in Figure 1.
A, Antibody response against GP. B, Antibody response against sGP. The
levels of antibody response induced by EBOV GP DNA constructs in mice
were measured by an enzyme-linked immunosorbent assay, using purified
histidine-tagged GP or sGP proteins as coating antigen. The antibody con-
centration was determined from a standard curve. Results are mean values
and standard deviations for samples from individual animals of each group.
Abbreviation: IgG, immunoglobulin G.
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against GP-mediated pseudovirion infection, were induced after
2 immunizations. However, only 1 of 5 mice that received 2 im-
munizations with sGP DNA survived lethal ZEBOV challenge,
whereas all 5 mice that received 2 immunizations with GP
DNA survived the challenge. These results indicate that, despite
induction of similar levels of antibody responses to GP, the
immune responses induced by sGP or GP DNA vaccines are
not equally protective against ZEBOV infection. On the other
hand, it was also observed that an additional boosting immuni-
zation with either sGP or GP DNAvaccine effectively augmented
anti-GP antibody responses to higher levels in mice that had re-
ceived 2 immunizations with the sGP DNA vaccine and protect-
ed these mice against lethal ZEBOV challenge. This observation
is in agreement with a previous study that showed protection of
guinea pigs against ZEBOV infection by immunization with
an sGP DNA vaccine [32], indicating that protection against
ZEBOV infection can be obtained by immunization with the
sGP DNA vaccine in small-animal models. Moreover, an addi-
tional boosting immunization by the sGP DNA vaccine in
mice that had received 2 immunizations with the GP DNA vac-
cine was shown to augment anti-GP antibody responses but not
neutralizing activities to higher levels, and the vaccinated mice
were effectively protected against ZEBOV infection, with no dis-
ease symptoms or weight loss. Taken together, these results show
that the qualitative limitation of sGP-induced immune responses
may be overcome by induction of higher levels of anti-GP anti-
body responses and that induction of higher levels of anti-GP an-
tibodies by sGP or GP DNA vaccine correlates with improved
protection against lethal EBOV challenge. Nonetheless, protec-
tion against ZEBOV infection requires the induction of a higher
level of anti-GP antibody response by sGP DNA vaccine than
by GP DNAvaccine. We have shown in previous studies that an-
tibody responses induced by sGP and GP DNA vaccines are
qualitatively different, with antibodies induced by sGP DNA

exhibiting preferential reactivity to sGP [26]. It is possible that
sGP–cross-reactive antibodies induced by sGP DNA vaccines
are more readily absorbed by sGP proteins produced during
ZEBOV infection, and as a result it will require the presence of
a larger amount of such antibodies to control virus infection.

In summary, the present results provide further support for
the correlation between protection against ZEBOV infection
and levels of anti-GP antibody responses induced by each vac-
cine. We have also shown in previous studies that immunization
of mice with 2 different doses of ZEBOV VLPs induced differ-
ent levels of antibodies against GP, and vaccination of mice with
the high dose ZEBOV VLP vaccine induced higher levels of an-
tibodies against GP and protected mice against lethal ZEBOV
challenge [27]. Of note, immunization with the low-dose
ZEBOV VLP in mice induced levels of anti-GP antibodies com-
parable to those induced by 2 immunizations with the GP DNA
vaccine in the present study but failed to protect mice from le-
thal ZEBOV challenge. Similar observations have also been
made in other studies comparing protective efficacies of differ-
ent vaccine approaches. In an early study, it was observed that
immunization with ZEBOV VLPs but not inactivated ZEBOV
virions conferred complete protection against lethal EBOV
challenge in mice, despite induction of a similar level of anti-
body responses against GP by both vaccines [33]. Further, stud-
ies with recombinant adenovirus replicon–based vaccines
showed that more-effective protection against ZEBOV infection
was achieved in NHPs by immunization with a replicon ex-
pressing membrane-bound GP than by immunization with a
replicon expressing a transmembrane domain–truncated GP
[31]. A more recent study with a recombinant rabies virus vac-
cine also showed that, while similar levels of antibody responses
were induced by 2 immunizations with the live virus vaccine or
2 immunizations with the inactivated recombinant rabies virus
vaccine, complete protection of NHPs was achieved only by

Table 1. Protective Efficacy Against Lethal Challenge by Mouse-Adapted Ebola Virus

Group Immunization Regimen
Animals With Weight Loss,

No.a (n = 5)
Animal With Illness,

No.b (n = 5)
Animals That Survived,

No.c (n = 5)

1 sGP DNA (2 doses) 5 5 1
2 sGP DNA (3 doses) 1 5 5

3 sGP DNA (2 doses) + GP DNA (1 dose) 2 5 5

4 GP DNA (2 doses) 2 4 5
5 GP DNA (3 doses) 0 0 5

6 GP DNA (2 doses) + sGP DNA (1 dose) 0 0 5

7 pCAGGS (3 doses) 5 5 0

Abbreviations: GP, Ebola virus glycoprotein; sGP, truncated Ebola virus glycoprotein isoform.
a Weight changes were monitored daily after challenge. Weight loss was defined a decrease of >5% in body weight from day 0.
b Mice were monitored after challenge for disease signs, such as ruffled fur or hunched back, or lack of activity. They were considered to be ill if any of these
symptoms were observed.
c Mice that exhibited severe disease symptoms or a body weight loss of >25% from day 0 were euthanized in accordance with institutional animal care and use
committee guidelines.

S402 • JID 2015:212 (Suppl 2) • Li et al



immunization with the live virus vaccine [11]. Thus, the mech-
anism of immune protection against EBOV infection is likely to
be complex, and the correlates for protection may vary for dif-
ferent vaccine approaches. Together, the results from these
studies indicate that a certain threshold of immune response,
with contributions from both antibody and T-cell responses,
will be required for achieving an effective protection against
EBOV infection. However, as each vaccine approach will be dif-
ferent with respect to its ability to induce antibody or T-cell re-
sponses, such a threshold will be different for different vaccine
approaches. On the other hand, the levels of antibody responses
against GP by each vaccine approach represent an important in-
dicator for the overall immune responses induced by vaccina-
tion and therefore may serve as a useful correlate for immune
protection against EBOV infection. Furthermore, future studies
to define the targets of protective antibody responses induced
by sGP and GP DNA vaccines, as well as their required dosages
for protection against EBOV infection, will also advance our
understanding of the critical role of antibody response for pro-
tection against EBOV infection and provide valuable informa-
tion for development of more effective EBOV vaccines.
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