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Live attenuated recombinant vaccine protects nonhuman
primates against Ebola and Marburg viruses
Steven M Jones1,2,9, Heinz Feldmann1,3,9, Ute Ströher1,3, Joan B Geisbert4, Lisa Fernando1, Allen Grolla1,
Hans-Dieter Klenk5, Nancy J Sullivan6, Viktor E Volchkov7, Elizabeth A Fritz4, Kathleen M Daddario8,
Lisa E Hensley4, Peter B Jahrling4 & Thomas W Geisbert4

Vaccines and therapies are urgently needed to address
public health needs stemming from emerging pathogens
and biological threat agents such as the filoviruses Ebola
virus (EBOV) and Marburg virus (MARV). Here, we developed
replication-competent vaccines against EBOV and MARV based
on attenuated recombinant vesicular stomatitis virus vectors
expressing either the EBOV glycoprotein or MARV glycoprotein.
A single intramuscular injection of the EBOV or MARV vaccine
elicited completely protective immune responses in nonhuman
primates against lethal EBOV or MARV challenges. Notably,
vaccine vector shedding was not detectable in the monkeys
and none of the animals developed fever or other symptoms
of illness associated with vaccination. The EBOV vaccine
induced humoral and apparent cellular immune responses in
all vaccinated monkeys, whereas the MARV vaccine induced a
stronger humoral than cellular immune response. No evidence
of EBOV or MARV replication was detected in any of the
protected animals after challenge. Our data suggest that these
vaccine candidates are safe and highly efficacious in a relevant
animal model.
Ebola virus (EBOV) and Marburg virus (MARV) of the virus family
Filoviridae are emerging and reemerging pathogens that cause
hemorrhagic fever with high mortality rates in humans and nonhuman
primates1–3. The public health concern about filoviruses has increased
in recent years as a result of increased awareness and frequency of
cases in central Africa as evidenced by the current outbreak of MARV
in Angola4 and also because filoviruses are considered to be potential
agents of bioterrorism5. Currently, there are no EBOV or MARV
vaccines or therapies approved for human use. Recently, we generated live attenuated recombinant vesicular stomatitis viruses (rVSV)
expressing the transmembrane glycoprotein of Zaire ebolavirus (ZEBOV;
VSV ∴∆G/ZEBOVGP) and MARV (VSV∆G/MARVGP)6. Our study

evaluated the utility of these rVSV vectors as candidate vaccines for
EBOV and MARV using the cynomolgus macaque model.
Filovirus vaccine research has been extensively reviewed in the past
and has primarily focused on EBOV7,8. The first EBOV vaccine to protect
nonhuman primates was a DNA prime–adenovirus boost approach
using both the glycoprotein and nucleoprotein as target antigens9. This
approach required several months for immunity to develop, which
limited the utility of this strategy. More recently, an accelerated vaccine
was described. A single immunization of nonhuman primates with
2 × 1012 particles of an equal mixture of human adenovirus 5 vectors
carrying either the gene encoding ZEBOV glycoprotein or the gene
encoding ZEBOV nucleoprotein resulted in complete protection against
ZEBOV10. Despite the intriguing success of the adenovirus vaccine,
preexisting immunity rates of between 40 and 60% have been reported
to adenovirus in the human population and this may eventually limit
the utility of this approach11–13.
A smaller number of efforts have focused on developing vaccines
against MARV. Alphavirus replicons expressing MARV proteins protected
cynomolgus monkeys from homologous MARV challenge14. Subsequent
studies evaluating this platform as a vaccine for EBOV were less encouraging, as the EBOV counterpart of this alphavirus replicon platform was
unable to protect any animal against lethal EBOV challenge under similar
test conditions7. The ideal vaccine would protect humans from infection
from all four EBOV species (ZEBOV, Sudan ebolavirus (SEBOV), Reston
ebolavirus, Ivory Coast ebolavirus) and MARV. Although the adenovirusbased vaccine platform has completely protected nonhuman primates
against ZEBOV9,10, and the platform based on alphavirus replicons protected monkeys against MARV14, no platform has demonstrably protected nonhuman primates against both of these viruses.
Vaccines based on live attenuated rVSV have been highly effective
in animal models and are particularly attractive because they can be
mucosally administered15–18. Furthermore, VSV infections in humans
occur fairly rarely worldwide, mainly in the enzootic regions of the
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Figure 1 Immunization, challenge and
rechallenge of nonhuman primates. (a) Flow chart
of experimental design. Arrows indicate days of
sampling (blood and swabs), asterisk indicates
additional sampling days for the ZEBOV study.
(b) Kaplan-Meier mortality chart of the EBOV
vaccine study. Dotted line, animals immunized
with VSV∆G/MARVGP and challenged with
ZEBOV; solid line, animals immunized with
VSV∆G/ZEBOVGP, challenged with ZEBOV and
rechallenged with SEBOV. (c) Kaplan-Meier
mortality chart of the MARV vaccine study. Dotted
line, animals immunized with VSV∆G/ZEBOVGP
and challenged with MARV (strain Musoke); solid
line, animals immunized with VSV∆G/MARVGP,
challenged with MARV (strain Musoke) and
rechallenged with MARV (strain Popp).

c

Americas and consequently global preexisting immunity is negligible19.
Preliminary immunization studies in mice6 and guinea pigs (S.M.J.,
unpublished data) indicated the usefulness of VSV∆G/ZEBOVGP as a
vaccine delivery system against ZEBOV. But rodent models are not generally predictive for efficacy of vaccines and antiviral drugs against filoviral
infections in nonhuman primates7. Thus, in this study, we tested the protective efficacy of the replicating rVSV vector in nonhuman primates.
We used 12 cynomolgus macaques, of which 6 were immunized by
intramuscular injection with a single dose of VSV∆G/ZEBOVGP (animal
#105, #332, #480, #508, #725, #790) and the remaining 6 with a single dose
of VSV∆G/MARVGP (animal #190, #338, #462, #652, #770, #831). The
animals were monitored closely for clinical symptoms, shedding of rVSVs
and viremia (Figs. 1 and 2). After vaccination, none of the nonhuman primates showed any signs of clinical symptoms, indicating that the rVSVs
are apathogenic for these animals. All 12 animals were subsequently challenged on day 28 after immunization by intramuscular injection with
a high dose (1 × 103 plaque-forming units (p.f.u.)) of either ZEBOV
(animal #105, #332, #462, #508, #652, #725) or MARV (strain Musoke;
animal #190, #338, #480, #770, #790, #831). The two VSV∆G/MARVGP-
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immunized animals (#462, #652), which served as controls in the ZEBOV
challenge, started to show clinical signs of disease on day 3 after challenge
and died on day 6. In contrast, none of the VSV∆G/ZEBOVGP-immunized macaques became sick and all four animals were fully protected
against the ZEBOV challenge. The two VSV∆G/ZEBOVGP-immunized
animals (#480, #790), which served as controls for the MARV challenge,
showed first signs of disease on day 4 after challenge and both died on
day 9. In contrast, none of the VSV∆G/MARVGP-immunized macaques
became sick, and all four animals were fully protected against the MARV
challenge. None of the protected animals in either challenge experiment
showed any clinical signs or visual symptoms of EBOV or MARV disease.
Results of blood chemistry and hematology did not differ substantially
from values obtained before challenge and historical controls (data not
shown).
To determine whether viremia or shedding of the rVSVs occurs after
immunization, we analyzed whole blood and swab samples. We detected
a mild viremia on day 2 after immunization by virus isolation (Fig. 2a,c)
and RT-PCR (data not shown) in all six VSV∆G/ZEBOVGP-immunized
monkeys and four of the six VSV∆G/MARVGP-immunized monkeys.
Virus was undetectable in all remaining blood
and swab samples, with the exception of virus
detected using RT-PCR on a single blood
and single nasal swab sample taken on day 6
Figure 2 Viremia levels in nonhuman primates
after immunization and challenge. VSV viremia
levels were determined after immunization with
VSV∆G/ZEBOVGP (a) or VSV∆G/MARVGP (c) and
ZEBOV and MARV viremia levels after challenge
with ZEBOV (b) or MARV (strain Musoke) (d)
from plasma taken at the indicated time points
(Fig. 1a). Animals MKY #105, MKY #508, MKY
#332 and MKY #725 were vaccinated with
VSV∆G/ZEBOVGP, whereas animals MKY #462
and MKY #652 served as the controls in this
study and were vaccinated with VSV∆G/MARVGP;
all were challenged with ZEBOV. Animals MKY
#190, MKY #338, MKY #770, and MKY #831
were vaccinated with VSV∆G/MARVGP, whereas
animals MKY #790 and MKY #480 served as the
controls in this study and were vaccinated with
VSV∆G/ZEBOVGP; all were challenged with MARV
(strain Musoke). Asterisks indicate sample was not
available because the animal had died.
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from animal #190, which had been vaccinated with VSV∆G/MARVGP;
however, the same specimens were negative by virus isolation. Thus,
inoculation led to transient viremia in most of the animals and probably
resulted from localized virus replication at as yet undetermined sites.
There is no compelling evidence to suggest that occasional virus shedding would lead to transmission. The inoculation dose was high (107
p.f.u.) and three logs greater than the doses successfully used to immunize mice6 and guinea pigs (S.M.J., unpublished data) against ZEBOV.
Thus, it seems feasible to reduce or even avoid transient viremia by using
a lower immunization dose.
ZEBOV and MARV replication and shedding was analyzed from
the blood and swab samples taken after the challenges (Fig. 2b,d). The
two control animals of the ZEBOV challenge study developed high
EBOV titers in blood (up to ∼104 p.f.u./ml) by day 3 (Fig. 2b) and
organs (104–108 p.f.u./g) after death (data not shown). Similarly, the
controls of the MARV challenge experiment showed high viremia levels
(106–108 p.f.u./ml by days 6 and 9; Fig. 2d) and organ titers
(103–109 p.f.u./g; data not shown). In contrast, neither ZEBOV or MARV
viremia (blood; Fig. 2b,d) nor ZEBOV or MARV shedding (data not
shown) was detectable in the protected animals, which were immunized
with VSV∆G/ZEBOVGP and VSV∆G/MARVGP, respectively.
By the day of ZEBOV challenge (day 0) all VSV∆G/ZEBOVGP-immunized animals had developed low- to moderate-level IgG antibody titers
against ZEBOV glycoprotein (Fig. 3a). Notably, neutralizing antibody
titers to ZEBOV were not detectable before challenge but became positive (1:80 to 1:320) 14 and 28 d after challenge (Fig. 3b). It remains
unclear why the neutralizing antibody titers in two animals decreased
after an initial rise. This has been seen in previous studies in nonhuman primates infected with ZEBOV (T. W. G., unpublished observation). By the day of MARV challenge (day 0) all animals vaccinated
with VSV∆G/MARVGP had developed moderate IgG antibody titers
against the MARV glycoprotein (Fig. 3c). We only detected neutralizing
antibody titers to MARV (1:80) in two animals (Fig. 3d). The cellular
responses in the VSV∆G/ZEBOVGP-immunized animals of this study
mirrored the neutralizing antibody responses, as the specific production of interferon (IFN)-γ and tumor necrosis factor (TNF)-α was not
detectable before ZEBOV challenge (Fig. 4). After challenge, all VSV∆G/
ZEBOVGP-immunized animals responded positively, ranging between
0.05 to 6% IFN-γ– or TNF-α–positive CD8 cells and 0.02 to 0.4% positive CD4 cells. It should be noted that some subjects (e.g., animal #508;
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Figure 3 Humoral immune response in
nonhuman primates to ZEBOV and MARV
before and after challenge. (a) IgG response
to ZEBOV. (b) ZEBOV neutralizing antibodies.
(c) IgG response to MARV. (d) MARV neutralizing
antibodies. IgG responses were measured using
an established ELISA. Titers are presented as
endpoint dilutions. Neutralizing antibodies were
detected using a plaque reduction neutralization
assay (PRNT80). Titers are presented as endpoint
dilutions. –, days before challenge; 0, day of
challenge. Asterisks indicate sample was not
available because the animal had died.

Fig. 4) showed a strong cellular response. In
animals immunized with the glycoprotein- and
nucleoprotein-expressing adenovirus vaccine,
the highest cellular response detected was
approximately 1.5% of CD8 cells producing
IFN-γ using an identical assay10. This indicates that the VSV∆G/ZEBOVGP seems to be
a potent stimulator of cellular immunity.
Consistent with results in the ZEBOV portion of this study, the cellular responses in the MARV-immunized animals initially mirrored their
neutralizing antibody responses, as the specific production of IFN-γ and
TNF-α were not detectable before MARV challenge. In contrast to the
ZEBOV results (Fig. 4), no evidence of a cellular immune response was
detected after MARV challenge (data not shown). This indicates that
protection of these animals against MARV might be caused by indices
other than cellular immunity or neutralizing antibodies and may be
partly associated with non-neutralizing antibodies.
Finally, we tested the protective efficacy against a rechallenge with
a heterologous virus strain. All animals that were protected from the
lethal ZEBOV (strain Kikwit) challenge were rechallenged with 1 × 103
p.f.u. of SEBOV (strain Gulu) 234 d after initial challenge (Fig. 1a,b).
Three of the four animals died of the SEBOV infection on days 6 and 7
after rechallenge, with viremias ranging from 107–108 p.f.u./ml. Only
one animal survived the rechallenge, showing transient viremia of ∼103
p.f.u./ml on day 6 (data not shown). This single survivor cannot necessarily be attributed to vaccine protection because the SEBOV macaque
model is not uniformly lethal (T. W. G., unpublished data). The lack of
cross-protection was not unexpected, as the EBOV species differ from
one another by 37–41% at the nucleotide and amino acid levels20. All
VSV∆G/MARVGP-immunized macaques, which were protected against
the lethal MARV (strain Musoke) challenge, were rechallenged with 1 ×
103 p.f.u. of MARV (strain Popp) 113 d after initial challenge (Fig. 1a,c).
In contrast to the SEBOV rechallenge, all four animals remained healthy
and survived the rechallenge without showing clinical symptoms. The
rechallenge results indicated that cross-protection can only be achieved
against heterologous strains from the same virus species. Indeed, the
MARV strains used in this study are genetically similar. Homology
between nucleotide sequences of these two strains is 93.9%21.
Although protection of monkeys by the rVSV EBOV vaccine seemed
to be associated with humoral and cellular immune responses (Fig. 3a,b
and Fig. 4), protection of monkeys by the rVSV MARV vaccine seemed to
be primarily associated with the humoral immune response (Figs. 3c,d).
Notably, neutralizing antibodies were poorly induced, suggesting that
protection may result from rather higher levels of non-neutralizing antibodies in these animals. It is possible that the in vitro neutralization assay
is not detecting the same neutralizing antibodies required to neutralize
the ability of MARV or ZEBOV to infect their primary in vivo targets.
But the MARV results in the current study are not without precedent.
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Figure 4 Cellular immune response in nonhuman primates before and after challenge with ZEBOV. (a) IFN-γ. (b) TNF-α. Intracellular levels of IFN-γ
and TNF-α were determined in CD4+ and CD8+ T-cell populations. Cellular responses after restimulation with a glycoprotein peptide library were seen
in all animals after challenge. One animal (MKY #508) had relatively high levels of circulating CD8+ T cells producing IFN-γ and TNF-α on day 14 after
challenge. ND, no data (assay not performed).

In similar studies to evaluate alphavirus replicons expressing MARV
genes including those encoding glycoprotein, cynomolgus monkeys
were protected from homologous MARV challenge despite the absence
of neutralizing antibody titers in prechallenge sera14. The potential
importance of non-neutralizing antibodies to protection against
MARV has also been noted in another study. Specifically, neutralizing
antibodies were not detected in Rhesus monkeys immunized with an
inactivated whole virion preparation. Although cellular responses were
not detected in these animals, three of these six monkeys survived a
lethal MARV challenge22. Notably, the investigators were unable to
associate protection with the humoral or cellular immune response
and concluded that protective immunity is determined by the indices
of nonspecific immunity22.
This current study is the first to show that nonhuman primates can
be protected with a single-dose immunization using a vector expressing
solely the ZEBOV glycoprotein. In addition, this is the first vaccine platform to show the ability to protect nonhuman primates against EBOV
and MARV, which is an important first step toward developing a vaccine
that will be effective against all filoviruses. Protection is dependent on
immunization with an attenuated, replication-competent virus, which
may raise questions regarding the safety of live attenuated vectors. There
has been no evidence of pathogenicity in four species of animals (mouse,
guinea pig, goat, nonhuman primate) tested so far (S.M.J. & H.F., unpublished data). Most notably, we showed here that despite a short-term viremia, rVSV replication and shedding were not detectable in nonhuman
primates and that the animals did not develop fever or other symptoms,
nor were there changes in blood chemistry or hematology.
The use of replicating rVSV-based vectors, shown here for EBOV
and MARV, has proven to be a potent and promising concept for
future vaccine development against these aggressive pathogens, and
may be equally applicable to other lethal emerging and reemerging
viruses.

4

METHODS
Vaccine vectors and viruses. The recombinant VSV expressing the glycoproteins of
ZEBOV (strain Mayinga) and MARV (strain Musoke) were generated as described
recently using the infectious clone for the VSV Indiana serotype (provided by J. Rose,
Yale University School of Medicine)6. Briefly, the appropriate open reading frames
for the genes encoding the glycoproteins were generated by PCR, cloned into the
VSV genomic vectors lacking the VSV gene for glycoprotein, sequenced confirmed
and originally rescued using the method described earlier6,23. ZEBOV (strain Kikwit)
was isolated from a patient of the 1995 EBOV outbreak in Kikwit24 whereas SEBOV
(strain Gulu) was isolated from a patient of the 2000 EBOV outbreak in Gulu25.
MARV strain Musoke was isolated from a human case in 1980 in Kenya26 and strain
Popp was isolated from a patient of the first MARV outbreak in 1967 (ref. 21).
Animal studies. We used 12 4–6 kg healthy adult cynomolgus macaques
(Macaca fascicularis) for these studies. For the EBOV portion of this study, we
intramuscularly immunized four animals with 107 p.f.u. of VSV∆G/ZEBOVGP
(#105, #332, #508, #725) and two animals with ∼5 × 107 p.f.u. of VSV∆G/MARVGP
(#462, #652; controls). We intramuscularly challenged these six cynomolgus
macaques 28 d after the single-dose immunization with 1 × 103 p.f.u. of ZEBOV.
For the MARV portion of this study, we intramuscularly immunized four animals
with ∼5 ×107 p.f.u. (#190, #338, #770, #831) and two animals with 107 p.f.u. of
VSV∆G/ZEBOVGP (#480, #790; controls). We intramuscularly challenged these six
cynomolgus macaques 28 d after the single-dose immunization with 1 × 103 p.f.u.
of MARV (strain Musoke). The rechallenge of the VSV∆G/ZEBOVGP-immunized
animals, which were protected against the challenge with ZEBOV (#105, #332,
#508, #725), was performed intramuscularly 234 d after initial challenge with 1 ×
103 p.f.u. of SEBOV. We performed the intramuscular rechallenge of the VSV∆G/
MARVGP-immunized animals (#190, #338, #770, #831), which were protected
against the challenge with MARV (strain Musoke) 113 d after initial challenge with
1 × 103 p.f.u. of MARV (strain Popp). Swab samples (oral, nasal, rectal, vaginal)
and blood were taken as indicated (Fig. 1a). Animal studies were performed in
biosafety level 4 biocontainment at United States Army Medical Research Institute
of Infectious Diseases (USAMRIID) and approved by the USAMRIID Laboratory
Animal Care and Use Committee. Animal research was conducted in compliance
with the Animal Welfare Act and other federal statues and regulations relating to
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the Guide for the Care and Use of Laboratory Animals by the US National Research
Council. The facility used is fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International.
Virus detection. RNA was isolated from blood and swabs using appropriate
RNA isolation kits (QIAGEN). For the detection of VSV we used a RT-PCR
assay targeting the matrix gene (nucleotides 2,355–2,661). ZEBOV and MARV
RNA were detected using primer pairs targeting the L genes (ZEBOV: RT-PCR,
nucleotides13,344–13,622; nested PCR, nucleotides 13,397–13,590; MARV:
RT-PCR, nucleotides 1,966–2,243; nested PCR, nucleotides 2,017–2,213). We
performed virus titration by plaque assay on Vero E6 cells from all blood and
selected organ (adrenal, ovary, lymph nodes, liver, spleen, pancreas, lung, heart,
brain) and swab samples24. Briefly, 10g10 dilutions of the serum were adsorbed
to Vero E6 monolayers in duplicate wells (0.2 ml per well); thus, the limit for
detection was 25 p.f.u./ml.
Immune responses. IgG antibodies against ZEBOV and MARV were detected
with ELISA using purified virus particles as an antigen source10. Neutralization
assays were performed by measuring plaque reduction in a constant virus-serum
dilution format as previously described27. Briefly, we incubated a standard amount
of ZEBOV or MARV (∼100 p.f.u.) with dilutions (1:10, 1:20, 1:40, 1:80, 1:160, 1:320
and 1:640) of the serum sample for 60 min. We used the mixture to inoculate Vero
E6 cells for 60 min. Cells were overlayed with an agar medium, incubated for 8 d,
and plaques were counted 48 h after neutral red staining. We determined endpoint
titers by the dilution of serum, which neutralized 80% of the plaque reduction
neutralization test (PRNT80).
Cellular immune responses. The method for assessment of T-cell responses to
EBOV was previously published10. Briefly, peripheral blood mononuclear cells
were isolated from samples of whole blood from cynomolgus macaques by separation over Ficoll. Approximately 1 × 106 cells were stimulated in 200 µl RPMI
medium (GIBCO) for 6 h at 37 °C with antibodies specific for CD28 and CD49d
and either dimethylsulfoxide or a pool of 15-nucleotide coding sequences for peptides spanning the open reading frames for the genes encoding ZEBOV glycoprotein
(Mayinga strain) or the MARV glycoprotein (Musoke strain) in the presence of
brefeldin A. The peptides were 15 amino acids in length, overlapping by 11, and
were used at a final concentration of 2 µg/ml. We fixed cells and permeabilized them
with FACS lyse (Becton Dickinson) supplemented with Tween-20, and stained
them with a mixture of antibodies against lineage markers (CD3-phycoerythrin,
CD4-peridinin chlorophyll protein, CD8-FITC) and either TNF-α–APC or IFNγ–allophycocyanin. We ran samples on a FACSCalibur and analyzed them using the
software FlowJo. Positive gating for lymphocytes using forward versus side scatter
was followed by CD3+ CD8– and CD3+ CD4– gating, and specific populations were
further defined by antibodies specific for CD4 and CD8 positivity, respectively.
Cytokine-positive cells were defined as a percentage within these individual lymphocyte subsets, and at least 200,000 events were analyzed for each sample.
Accession numbers. The GenBank accession number for the vesicular stomatitis
Indiana virus complete genome is NC_001560, for the Zaire ebolavirus (strain
Mayinga) complete genome, AF272001 and for Marburg virus genomic RNA
of L gene, X68494.
ACKNOWLEDGMENTS
The authors thank D. Braun, D. Dick, F. Feldmann and C. Rice for technical
assistance and assistance with animal care. We are grateful to G. Nabel, US National
Institutes of Health Vaccine Research Center, for support and discussions. The
study was supported by a grant from the Canadian Institute of Health Research
(CIHR – MOP – 43921) awarded to H.F., Health Canada. The study was supported
in part by the Medical Chemical/Biological Defense Research Program, US
Army Medical Research and Material Command (project number 04-4-7J-012).
Opinions, interpretations, conclusions and recommendations are those of the
authors and are not necessarily endorsed by the US Army.

NATURE MEDICINE ADVANCE ONLINE PUBLICATION

LETTERS

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.
Received 4 February 2004; accepted 10 May 2005
Published online at http://www.nature.com/naturemedicine/
1. Sanchez, A. et al. Filoviridae: Marburg and Ebola Viruses. in Fields Virology (eds. Knipe,
D.M. & Howley, P.M.) 1279–1304 (Lippincott Williams & Wilkins, Philadelphia, 2001).
2. Feldmann, H., Jones, S., Klenk, H.D. & Schnittler, H.J. Ebola virus: from discovery to
vaccine. Nat. Rev. Immunol. 3, 677–685 (2003).
3. Geisbert, T.W. & Jahrling, P.B. Exotic emerging viral diseases: progress and challenges.
Nat. Med. 10 suppl. 12 Suppl, S110–S121 (2004).
4. Centers for Disease Control and Prevention (CDC). Outbreak of Marburg virus hemorrhagic
fever–Angola, October 1, 2004-March 29, 2005. MMWR Morb. Mortal. Wkly. Rep. 54,
308–309 (2005).<
5. Borio, L. et al. Hemorrhagic fever viruses as biological weapons: medical and public health
management. J. Am. Med. Assoc. 287, 2391–2405 (2002).
6. Garbutt, M. et al. Properties of replication-competent vesicular stomatitis virus vectors expressing glycoproteins of filoviruses and arenaviruses. J. Virol. 78, 5458–5465
(2004).
7. Geisbert, T.W. et al. Evaluation in nonhuman primates of vaccines against Ebola virus.
Emerg. Infect. Dis. 8, 503–507 (2002).
8. Geisbert, T.W. & Jahrling, P.B. Towards a vaccine against Ebola virus. Expert Rev. Vaccines
2, 777–789 (2003).
9. Sullivan, N.J., Sanchez, A., Rollin, P.E., Yang, Z.Y. & Nabel, G.J. Development of a preventive vaccine for Ebola virus infection in primates. Nature 408, 605–609 (2000).
10. Sullivan, N.J. et al. Accelerated vaccination for Ebola virus haemorrhagic fever in nonhuman primates. Nature 424, 681–684 (2003).
11. Brandt, C.D. et al. Infections in 18,000 infants and children in a controlled study of
respiratory tract disease. I. Adenovirus pathogenicity in relation to serologic type and
illness syndrome. Am. J. Epidemiol. 90, 484–500 (1969).
12. Piedra, P.A., Poveda, G.A., Ramsey, B., McCoy, K. & Hiatt, P.W. Incidence and prevalence
of neutralizing antibodies to the common adenoviruses in children with cystic fibrosis: implication for gene therapy with adenovirus vectors. Pediatrics 101, 1013–1019
(1998).
13. Schulick, A.H. et al. Established immunity precludes adenovirus-mediated gene transfer in
rat carotid arteries. Potential for immunosuppression and vector engineering to overcome
barriers of immunity. J. Clin. Invest. 99, 209–219 (1997).
14. Hevey, M., Negley, D., Pushko, P., Smith, J. & Schmaljohn, A. Marburg virus vaccines
based upon alphavirus replicons protect guinea pigs and nonhuman primates. Virology
251, 28–37 (1998).
15. Roberts, A., Buonocore, L., Price, R., Forman, J. & Rose, J.K. Attenuated vesicular stomatitis viruses as vaccine vectors. J. Virol. 73, 3723–3732 (1999).
16. Roberts, A. et al. Vaccination with a recombinant vesicular stomatitis virus expressing an
influenza virus hemagglutinin provides complete protection from influenza virus challenge.
J. Virol. 72, 4704–4711 (1998).
17. Schlereth, B., Rose, J.K., Buonocore, L., ter Meulen, V. & Niewiesk, S. Successful vaccine-induced seroconversion by single-dose immunization in the presence of measles
virus-specific maternal antibodies. J. Virol. 74, 4652–4657 (2000).
18. Rose, N.F. et al. An effective AIDS vaccine based on live attenuated vesicular stomatitis
virus recombinants. Cell 106, 539–549 (2001).
19. Wagner, R.R. & Rose, J.K. Rhabdoviridae: The Viruses And Their Replication. in Fields
Virology, Vol. 1 (eds. Knipe, D.M. & Howley, P.M.) (Lippincott Williams & Wilkins,
Philadelphia, 1996).
20. Sanchez, A., Trappier, S.G., Mahy, B.W., Peters, C.J. & Nichol, S.T. The virion glycoproteins
of Ebola viruses are encoded in two reading frames and are expressed through transcriptional editing. Proc. Natl Acad. Sci. USA 93, 3602–3607 (1996).
21. Bukreyev, A.A., Volchkov, V.E., Blinov, V.M., Dryga, S.A. & Netesov, S.V. The complete
nucleotide sequence of the Popp (1967) strain of Marburg virus: a comparison with the
Musoke (1980) strain. Arch. Virol. 140, 1589–1600 (1995).
22. Ignatyev, G.M., Agafonov, A.P., Streltsova, M.A. & Kashentseva, E.A. Inactivated Marburg
virus elicits a nonprotective immune response in Rhesus monkeys. J. Biotechnol. 44,
111–118 (1996).
23. Schnell, M.J., Buonocore, L., Kretzschmar, E., Johnson, E. & Rose, J.K. Foreign glycoproteins expressed from recombinant vesicular stomatitis viruses are incorporated efficiently
into virus particles. Proc. Natl Acad. Sci. USA 93, 11359–11365 (1996).
24. Jahrling, P.B. et al. Evaluation of immune globulin and recombinant interferon-alpha2b for
treatment of experimental Ebola virus infections. J. Infect. Dis. 179 Suppl 1, S224–S234
(1999).
25. Sanchez, A. et al. Analysis of human peripheral blood samples from fatal and nonfatal
cases of Ebola (Sudan) hemorrhagic fever: cellular responses, virus load, and nitric oxide
levels. J. Virol. 78, 10370–10377 (2004).
26. Smith, D.H. et al. Marburg-virus disease in Kenya. Lancet 1, 816–820 (1982).
27. Jahrling, P.B. Filoviruses and Arenaviruses. in Manual of Clinical Microbiology (ed. Murray,
P.R.) 1125–1136 (ASM Press, Washington, DC, 1999).

5

