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Infection by Ebola virus causes rapidly progressive, often fatal, symptoms of fever, hemorrhage 
and hypotension. Previous attempts to elicit protective immunity for this disease have not met 
with success. We report here that protection against the lethal effects of Ebola virus can be 
achieved in an animal model by immunizing with plasmids encoding viral proteins. We analyzed 
immune responses to the viral nucleoprotein (NP) and the secreted or transmembrane forms of 
the glycoprotein (sGP or GP) and their ability to protect against infection in a guinea pig infec­
tion model analogous to the human disease. Protection was achieved and correlated with anti­
body titer and antigen-specific T-cell responses to sGP or GP. Immunity to Ebola virus can 
therefore be developed through genetic vaccination and may facilitate efforts to limit the spread 
of this disease. 

The Ebola viruses and the genetically related Marburg virus are 
filoviruses associated with outbreaks of highly lethal hemor­
rhagic fever in humans and primates in North America, Europe 
and Africa1

•
2

• Ebola viruses are negative-stranded RNA viruses 
comprised of four subtypes, including those described in the 
Zaire, Sudan, Reston and Ivory Coast episodes'. Although several 
subtypes have been defined, the genetic organization of these 
viruses is similar, each containing seven linearly arrayed genes. 
Among the viral proteins, the envelope glycoprotein exists in 
two alternative forms, a SO- to 70-kilodalton (kDa) secreted pro­
tein of unknown function encoded by the viral genome and a 
130-kDa transmembrane glycoprotein generated by RNA editing 
that mediates viral entry'·'. Other structural gene products in-

elude the nucleoprotein (NP), matrix proteins VP24 and VP40, 
presumed nonstructural proteins VP30 and VP3S, and the viral 
polymerase (reviewed in ref. 1). Although spontaneous variation 
of its RNA sequence does occur in nature, there appears to be less 
nucleotide polymorphism within Ebola subtypes than among 
other RNA viruses', suggesting that immunization may be useful 
in protecting against this disease. 

Following the initial report that injection of plasmid DNA into 
muscle could direct the synthesis of recombinant proteins•, the 
suggestion was made that this gene transfer approach may be 
useful for vaccination and was termed genetic immunization5

• 

This approach has been applied to different infectious diseases, 
including influenza•-', malaria8

•
9 and tuberculosis 10 and has also 
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Fig. 1 Expression of Ebola virus gene products in eukaryotic plasmid ex­
pression vectors. a, Expression vectors encoding the indicated viral gene 
products under regulation of the CMV immediate-early region 1 en­
hancer and promoter were prepared and transfected into 293 cells as 
previously described17

•
34

• Cell extracts were prepared and analyzed by 
western blot analysis for NP (left) or GP (right) by using relevant rabbit 
antiserum and a secondary antibody, horseradish peroxidase-conjugated 
donkey anti-rabbit lgG, at a dilution of 1 :5000. Incubation with primary 
antibody was for 30 min at room temperature, and for 30 min at room 
temperature with secondary antibody. lmmunocomplexes were then de-

13 14 IS 

tected by chemiluminescence using super signal 
substrate reagents according to manufacturer's in­
structions. b, Generation of antibody response in 
mice immunized with the indicated vectors and 
analyzed by western blot for NP, GP and sGP as 
shown. Antiserum from mice were tested at a dilu ­
tion of 1 :500 (NP), 1 :50 (GP) or 1 :50 (sGP), re­
spectively, and developed with a secondary 
antibody (sheep anti-mouse, 1 :5000) and chemi­
luminescence as in a. The control vector used for 
immunization represents the expression vector 
plasmid with no insert17

• 
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been used to modulate antibody and cell-mediated immune re­
sponses in autoimmune and allergic diseases"-14

• Previous at­
tempts to elicit protective immune responses against Ebola virus 
by using traditional active and passive immunization ap­
proaches have not succeeded'·''·16

• We therefore sought to de­
termine whether a genetic immunization approach might be 
useful in generating protection to this otherwise poorly im­
munogenic virus. 

Mouse immune responses to Ebola virus proteins 
,To characterize immune responses to selected Ebola virus pro­
teins, eukaryotic expression vector plasmids were injected into 
mice. The cytomegalovirus (CMV) immediate early region 1 en­
hancer was used to stimulate transcription because it directs high 
levels of gene expression in muscle17

• cDNAs encoding an abun­
dant structural protein, the major viral nucleocapsid phospho-
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Fig. 2 Immune responses to NP and GP after 
genetic immunization in mice. a, Splenic lym­
phocytes from vector- or NP-plasmid immunized 
mice were isolated approximately 6 weeks after 
the initial immunization and sensitized in vitro for 
5 days with 1 0 U/ml hll-2. Renca-NP cells sensi­
tized splenocytes from vector-immunized or 
pCMV-NP immunized mice were used to detect 
CTL activity at the indicated effector: target (E/T) 
ratios on Renca or Renca-NP cells (left, middle) or 
with allogeneic effector cells with Renca-NP to 
show that they are susceptible to lysis (right). 
Allogeneic effector cells were generated by incu­
bating cells derived from mice with a C57BL/6 
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background (5 x 1 O' /ml) with irradiated BALB/c 
spleen cells (5 x 1 0'/ml) in the presence of IL-2 

(20 U/ml) for 5 days. The chromium release CTL assay with Renca-NP cells 
was performed in triplicate as previously described" . b, BALB/c female mice 
were immunized with the sGP plasmid expression vector and analyzed for 
their ability to lyse the syngeneic Renca cell line stably expressing GP. 
Isolation of stable transfectants, confirmation of expression, and CTL assay 
were performed as described (see the Methods section). Renca-GP- or sGP­
sensitized splenocytes from pCMV-sGP (b) or pCMV-GP (c) immunized 
mice were used to determine the specific killing of 51 Cr-labeled Renca-GP 
cells at the indicated E/T ratios. c, Mice immunized with GP were analyzed 
for their ability to lyse a syngeneic CT26 cell stably expressing GP or a 
CT26 vector control transduced line at the indicated E/T ratios. d, Cellular 
proliferative response in the indicated immunized mice. T cells, enriched 
or depleted (see Methods), were incubated at 1 O' cells/ml with sGP-con­
ditioned medium (25%). Background was determined with cells incu­
bated in medium from control transfected 293 cells and subtracted from 
proliferation seen in sGP-containing supernatants after measuring 
[ ' H]thymidine incorporation. 
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protein (NP), the secreted glycoprotein (sGP) or the membrane­
associated glycoprotein (GP) were inserted. Alternative forms of 
GP were chosen because it had been postulated that the trans­
membrane protein contained a protein sequence motif also 
found in oncogenic retroviruses that might suppress immune re­
sponses'B-22. Expression of the relevant proteins was confirmed 
after transfection of the human renal epithelial cell line, 293, by 
immunoblotting with antiserum to these gene products (Fig. la). 
For NP, the expected full-length 104-kDa protein normally pro­
duced by the virus was seen, together with lower molecular 
weight species likely generated from truncated protein or degra­
dation products described previously23. Similarly, expression of 
sGP and GP revealed a heterogeneous pattern whose sizes corre­
lated with the expected products of cleavage or posttranslational 
carbohydrate modification'. 

These plasmids were injected into mice to characterize their 
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ability to induce humoral and cellular immune responses to the 
relevant viral proteins. Three injections, each with 50 J.lg of plas­
mid DNA in saline (100 J.ll), were performed at 2-week intervals 
in BALB/c female mice (6-8 weeks old). Serum from immunized 
recipients were examined for antibody responses. An antibody 
response to the viral NP gene product was readily detectable (Fig. 
1b), with titers of ~1:16,000 by western blot analysis. The titer of 
antibody induced in response to injection with plasmids encod­
ing the viral glycoproteins was lower. After immu-

ARTICLES 

>1:25,000 (Table la). In these animals, nearly complete protec­
tion from lethal challenge was observed in GP (6/6), sGP (5/6) 
and NP (4/4) immunized subjects, in contrast to controls (0/6). 
In a second group, guinea pigs were challenged 4 months after 
the initial immunization (Table lb). As in the first group, all ani­
mals immunized with the control vector succumbed to infection 
within a week after virus challenge (n = 4). In this group, anti­
body titers were lower, and three of the four guinea pigs immu-

nization with GP, no antibody was detectable by 
western blotting, while immunization with sGP in­
duced an antibody response (Fig. 1b). The more sen­
sitive enzyme-linked immunosorbent assay 

Table 1 Protection against lethal challenge with Ebola virus after DNA 
immunization correlates with antibody titer in guinea pigs 

(ELISA)24
•
25 did allow detection of antibodies to both Plasmid 

GP and sGP at titers of 1:400 and 1:1200, respec- GP 
GP 

tively. Cytolytic T-cell (CTL) responses to these viral GP 
proteins were analyzed next. Despite the substantial GP 
humoral immune response to NP, minimal CTL ac- GP 
tivity was detected against syngeneic cells expressing GP 
this viral protein (Fig. 2a). In contrast, genetic im- SGP 
munization with sGP, which elicited a weaker anti- SGP 
body response, induced a marked cytolytic T-cell SGP 
response to cells expressing GP (Fig. 2b). SGP 

SGP 
Immunization with the GP plasmid also induced a SGP 
significant CTL response to GP (Fig. 2c). These data NP 
suggested that both the secreted and transmembrane NP 
forms of the protein could be processed for antigen NP 
presentation and that the transmembrane form was NP 
a target for recognition by these cytolytic T cells. Vector alone 
Finally, antigen-specific T-cell proliferation to sGP Vector alone 

Vector alone was also observed in mice injected with GP and sGP 
Vector alone 

but not with control plasmid (Fig. 2d). Vector alone 
The ability of antibodies detected in mouse serum vector alone 

after immunization to neutralize virus was tested in 
an in vitro infection assay13

• In no case was neutral­
ization of infectivity observed, even at titers of 1:10 
(data not shown), despite the documented presence 
of antibody after NP and sGP immunization by west­
ern blot analysis. Infectivity in vitro was thus not in­
hibited by Ebola-specific antibodies. 

Plasmid 
GP 
GP 
GP 
GP 
GP 
SGP 
SGP 
SGP 
SGP 
SGP 
NP 
NP 
NP 
NP 
Vector alone 
Vector alone 
Vector alone 
Vector alone 

Subject 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 

2 
3 
4 
1 
2 
3 
4 
5 
6 

Subject 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 

2 
3 
4 
1 
2 
3 
4 

a, Group I 
ELISA (Pre) ELISA (Post) 
>1 :25,600 1:12,800 
> 1:25,600 1:25,600 
>1:25,600 1:25,600 
1:25,600 1:6,400 
1:25,600 1:12,800 
1:25,600 1:25,600 
1:12,800 1:25,600 
1:6,400 1:25,600 
1:6,400 1:25,600 

1:25,600 1:25,600 
>1 :25,600 1:12,800 

1:1,600 Negative 
1:12,800 >1 :25,600 

>1:25,600 1:25,600 
1:12,800 1:12,800 
1:25,600 1:25,600 
Negative Negative 
Negative ND 
Negative Negative 
Negative Negative 
Negative ND 
Negative ND 

b, Group II 
ELISA(Pre) ELISA(Post) 
1:2,560 ND 
1:5,120 1:10,240 

1:10,240 1:10,240 
1:1,280 ND 
1 :5,120 1 :20,480 
1:2,560 ND 

1:10,240 1:5,120 
1:10,240 1:81,920 
1 :2,560 1 :5,120 
1:640 ND 

ND ND 
ND ND 
ND ND 
ND Negative 

Negative ND 
Negative ND 
Negative ND 
Negative ND 

Viral Ag 

+ 

+ 

+ 
+ 
+ 

+ 
+ 

Viral Ag 
+If 

+If 

+ 

+If 

+ 

Survival 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
No 
No 

Survival 
No 
Yes 
Yes 
No 

Yes (ill) 
No 
Yes 
Yes 
Yes 
No 

+ No 
+ No 
+ No 
+ Yes (ill)* 
+ No 
+ No 
+ No 
+ No 

Protection of guinea pigs against lethal viral challenge 
To determine whether the in vivo immune responses 
could protect against viral infection, virus was 
adapted to grow in guinea pigs. This species is not 
well-suited to analysis of immune function; how­
ever, infection in adult mice has not been successful. 
Moreover, infection in guinea pigs, used originally 
to propagate virus from infected humans, is a well­
established animal model for the human disease. 
Infection gives rise to a syndrome of hemorrhagic 
fever with levels of virus, organ pathology, and in­
fection of reticuloendothelial and mononuclear cells 
comparable to those in humans26

• 

Two groups of immunized guinea pigs were stud­
ied. Animals were injected intramuscularly with the 
relevant expression vector plasmids, and the re­
sponse to infection in groups immunized with sGP, 
GP, NP or control plasmids was observed. In the first 
group, animals were challenged within 2 months 
after the initial immunization, at which time the an­
tibody titers were high, ranging from 1:1,600 to 

Guinea pigs in group I were immunized on days 1, 14, 28, 42 and challenged on day 62 and those in 
group 11 on days 1, 14, 42 and 112 and challenged on day 122. Ag, antigen; ND, not determined. ELISA 
determinations were made before viral challenge (pre) or at least 7 days after (post) infection, respec­
tively. Viral Ag denotes the presence of virus determined by immunohistochemistry" performed on 
spleen, liver, lung, kidney and heart tissues; the +symbol denotes widespread systemic involvement of 
the mononuclear phagocyte system and to a lesser extent endothelial and parenchymal cells; +/f Indi­
cates focal involvement (seen in the spleen of SGP 2, the liver and spleen of GP 1, and the lung of GP 4) 
where rare sites of anti-Ebola antibody staining were detected.; - denotes no Ebola virus antigen de­
tected in tissues 
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*The surviving NP immunized animal (4) was found to have significant levels of virus in major organs by 
immunohistochemistry, and more than 5 logs of virus was detected in the serum and spleen, in con­
trast to GP and sGP animals in which no virus was detected. 
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nized with NP succumbed to infection, with the single survivor 
appearing severely ill after 1 week, in contrast to the protective 
response with NP at the earlier time point after immunization in 
group I. More effective protection was seen in animals immu­
nized with vector expressing GP. Protection was noted in four of 
five animals challenged, with one survivor appearing weak but 
surviving the viral challenge. Similarly, three of the five animals 
immunized with sGP showed no ill effects following viral chal­
lenge. Protection in this group again correlated with the ability 
to sustain an effective immune response to GP or sGP. Together, 
all guinea pigs immunized with vectors expressing GP or sGP 
that had titers greater than 1:5120 were resistant to infection 
(11/11) compared with 0/10 controls (P = 0, by Fisher's exact 
test). Twelve of 14 animals; with antibody titers ~2560 

survived viral challenge compared with controls 
(P = 0.00003, by Fisher's exact test). 

Immunopathologic analysis of guinea pig response 
As did immunized mice, guinea pigs injected with GP or sGP 
plasmids were able to generate cell-mediated immune responses 
to the viral glycoprotein in addition to the antibody response. 
These responses were antigen-specific and T cell-dependent, as 
detected in sGP antigen-dependent spleen cell proliferation and 
T-cell growth factor assays (Fig. 3, a--c). Thus, the ability to gen­
erate and sustain significant cellular immune responses in vivo 
correlated with protection from infection. Though antibody titer 
correlated with protection, cell-mediated immunity appeared 
necessary for protection, because passive transfer of antibody to 
GP does not confer protection 1

•
16 and antiserum from protected 

guinea pigs did not inhibit virus replication in vivo (n = 3) or at a 
1:10 dilution in vitro (data not shown). Since the Hartley guinea 
pig to which the virus has been adapted for growth is outbred, 
cellular adoptive transfer studies could not be performed. 
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Fig. 3 Immunization with sGP or GP expression plasmids induces T-cell 
responses to sGP in guinea pigs. Cell-mediated immunity in guinea pigs 
was analyzed by performing assays to detect cell proliferation to control, 
NP, or GP antigen (a) orT-cell growth factor production in response to the 
indicated antigens. The culture supernatants containing these antigens 
were prepared as previously described"·" and included at a final concen­
tration of 10% (vol/vol). In a, cell numbers refer to the concentration of 
spleen cells per milliliter in the ['H]thymidine proliferation assay. 
b, Supernatants from a, harvested at the time of the peak proliferative re­
sponse to sGP, were incubated with primary guinea pig T cells maintained 
in 200 U/ml of human ll-2. The percent maximal response refers to the 
magnitude of stimulation in response to the indicated stimuli relative to su­
pernatants from 24-h concanavalin A-stimulated cells (2 f.lg/ml). c, T lym­
phocytes are required for the proliferative response to sGP, performed as 
described in Methods at a cell concentration of 1 (f /mi. 

Pathologic analysis of animals challenged with virus revealed 
widespread tissue necrosis and dissemination of virus by im­
munohistochemistry, as is seen in human disease. Virus load cor­
related with susceptibility to infection with titers of ~105 in 
infected animals compared with undetectable levels in immu­
nized survivors. In infected animals, the liver, lung and spleen 
showed evidence of significant viral antigen by immunohisto­
chemistry (Fig. 4, Table 1), and both reticuloendothelial and 
mononuclear phagocytic involvement was observed. 

Determination of antibody response in animals that survived 
virus challenge revealed increases in the immune response to 
viral proteins when initial titers were lower (Table 1). Less consis­
tent increases in antibody titers were observed in the NP immu­
nized animals. These data suggest that Ebola virus infection may 
stimulate immunity in survivors of a viral challenge when im­
mune responses are not optimal. 

Discussion 
In this article, we report our analysis of the immune response to 
selected Ebola virus proteins after genetic immunization in mice 
and testing of their ability to protect against lethal infection in a 
susceptible animal model, the guinea pig. The immune analyses 
performed in different species suggest similar patterns of re­
sponse, though the specific peptides that may be recognized by 
the immune system to confer protection in the guinea pig could 
differ from those for the mouse. Because the principles of major 
histocompatibility complex (MHC) antigen presentation and 
recognition apply broadly across species27

-
29

, the finding that 
protection was observed in different members of an outbred 
strain and that similar immune responses were seen in different 
species is not unexpected and suggests that this approach may be 
applicable to humans. 

Immunization with plasmids encoding distinct viral proteins 
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Fig. 4 Immunohistochemical analysis of Ebola virus antigens in liver, lung 
and spleen from representative protected (GP-animal 3) or infected (vector­
animal 2) guinea pigs. Magnification: liver, x40; lung,x20; spleen, x20. 

induced different antibody and cytolytic T-cell responses. The 
broadest immune response was conferred by GP and sGP, which 
induced both cellular and humoral immunity to the membrane­
associated GP. In guinea pigs challenged with doses of virus that 
are otherwise lethal, sGP provided nearly equivalent protection 
to GP, with no significant difference between these groups. The 
ability of vectors expressing GP to confer immunity may be ex­
plained by the generation of lower molecular weight degrada­
tion products (Fig. lb), which could provide sufficient protein 
for antigen presentation to induce detectable, cellular and hu­
moral immune responses in guinea pigs. 

Despite the fact that plasmid DNA injection has been shown 
to affect the immune response to different antigens in infectious 
and autoimmune diseases, the ability of individual gene prod­
ucts to protect against disease in vivo is not readily predictable. In 
particular, the rapid rates of Ebola virus replication and the poor 
immunogenicity of its proteins had previously rendered it 
resistant to immune interventions. Several attempts to confer 
protection with passive transfer of immunoglobulin were unsuc­
cessful'·'6, in agreement with the finding here that antiserum 
from protected animals fails to neutralize virus replication in 
vitro. Previous studies using formalin-fixed virus or purified viral 
proteins for immunization have also not proven effectiveus. 

It is likely that traditional immunization approaches using 
protein antigens, vaccinia virus or inactivated virus do not allow 
for appropriate uptake and presentation of viral antigens by den­
dritic or other antigen-presenting cells to induce protective im­
mune responses. It has been shown recently that the genetic 
immunization leads to production of recombinant protein(s) in 
muscle, which are delivered to bone marrow-derived antigen­
presenting cells3

" - '
2

• Synthesis of Ebola glycoprotein after gene 
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transfer apparently allows more efficient processing and presen­
tation and the generation of immune responses not seen with 
virus or with viral vectors. GP is a large molecule that contains 
both T- and B-cell epitopes. Although antibody levels provide a 
surrogate marker of protection, the fact that passive transfer of 
antibody did not confer protection implies that immunoglobu­
lin switching and synthesis is reflective of the T-helper response 
to GP. Genetic immunization stimulates T-helper cells to gener­
ate both CTL and B-ee!! antibody responses to the virus. 
Although antibody production confirms effective immuniza­
tion, a productive T-cell response, involving Thl cell stimulation 
as shown by the T-cell proliferation and CTL assays (Fig. 3), is 
likely needed for effective immunity. Taken together, these stud­
ies suggest that transcription and translation of viral genes in 
host cells by genetic immunization induces alternative, more ef­
fective, processing and antigen presentation, which better stim­
ulates immunity to Ebola virus. Because there are as yet no 
effective antiviral agents, the ability to generate protective im­
munity by vaccination may prove useful in selected high-risk 
populations, particularly in regions of ongoing outbreaks, and 
among medical and laboratory personnel exposed to the virus. 
Although it remains important to identify agents for treating 
acute infection, genetic immunization may help to limit the 
spread of this highly lethal, infectious disease. 

Methods 
Plasmids. Plasmids containing the GP, sGP or NP cDNAs (ref. 22) were 
used to subclone the relevant inserts into CMV expression vectors, which 
utilized the bovine growth hormone polyadenylation sequence". Briefly, 
for GP, plasmid pGEM-3Zf(-)-GP was digested with fcoRI, treated with 
the Klenow fragment of Escherichia coli DNA polymerase, and digested 
with BamHI. The GP fragment was then inserted into the pCMV expres­
sion vector plasmid digested with Bg/11 Klenow fragment and BamHI. For 
sGP, the plasmid pCRII-sGP was digested with EcoRI and treated with 
Klenow enzyme, and the resulting fragment was inserted into the 
BamHI/Bg/11 CMV plasmid, which had been incubated with Klenow frag­
ment and calf intestinal phosphatase (CIP), and phenol chloroform ex­
tracted. For the NP expression vector, plasmid pSP64-NP2 (ref. 23) was 
digested with £coRI/8amHI, and treated with Klenow enzyme. The NP in­
sert was cloned into CMV treated with BamHI, Klenow enzyme, followed 
by heat inactivation and Bg/11 digestion. 

Transient transfection and western blot analysis. Expression vectors 
encoding the viral gene products under regulation of the CMV immedi­
ate-early region 1 enhancer and promoter were prepared and transfected 
into 293 cells as previously described"·,._ Cell extracts were prepared and 
analyzed by western blot analysis for NP or GP by using relevant rabbit 
antiserum and a secondary antibody, horseradish peroxidase-conjugated 
donkey anti-rabbit lgG, at a dilution of 1 :5000. Incubation with primary 
antibody was for 30 min at room temperature, and for 30 min at room 
temperature with secondary antibody. lmmunocomplexes were then de­
tected by chemiluminescence using super signal substrate reagents 
(Pierce, Rockford, IL) according to manufacturer's instructions. 

Antiserum samples from mice were tested at a dilution of 1:500 (NP), 
1 :50 (GP) or 1 :50 (sGP), respectively, and developed with a secondary an­
tibody (sheep anti-mouse, 1 :5000; Amersham Life Science, Little 
Chalfont, Buckinghamshire, UK) . 

Cell lines and transfectants. For stable transfectants, the relevant cDNAs 
were transfected into Renca or CT26 which was syngeneic to BALB/c mice 
by using calcium phosphate and selected in 0.7 or 1 mg/ml G418 for 
2-6 weeks. Expression of GP, sGP or NP from these vectors in Renca or 
CT26 cells was also confirmed by western blot analysis (data not shown). 

Cell proliferation assay. Spleen cells from male Hartley guinea pigs or 
BALB/c female mice (8-1 0 weeks, Charles River Laboratories, Wilmington, 
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MA) immunized with the indicated plasmid expression vectors were incu­
bated with sGP or vector control supernatants (25% vol/vol) from trans­
fected 29 3 cells at the indicated cell concentrations. T -cell depletion was 
performed by using the CT5 monoclonal antibody" (Biosource, Camarillo, 
CA) for guinea pigs or anti-Thy 1.2 antibody in the mouse by using im­
munomagnetic microbeads (Miltenyi Biotec, Inc., Auburn, CA). 

Viral challenge In guinea pigs. Animals were immunized by injection of 
100 Jll (0.5 mg/ml) in each hind leg (two injections at each time point) with 
the indicated plasmid expression vectors. Animals were challenged by inoc­
ulation with a stock of Ebola virus (Zaire, 1976) that had been passaged 
once in Vero E6 cells and serially passaged by intraperitoneal injection of 
spleen homogenates in Hartley guinea pigs seven times. Immunized guinea 
pigs were injected intraperitoneally with 0.5 ml of a 1:1000 dilution of 
spleen cell homogenate in Hanks' balanced salt solution 122 days after the 
initial plasmid DNA injection (1 000 plaque-forming units). Survival was de­
termined 1 0 days later at which times animals were killed for serologic and 
pathologic analysis. ELISA, enzyme-linked immunosorbent assay21

•
22 on in­

fected cell supernatants and enriched viral extracts containing GP, sGP or 
NP were performed as previously described. 
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