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Filovirus-like particles as vaccines
and discovery tools

Kelly L Warfield, Dana L Swenson, Gretchen L Demmin and Sina Bavari'

Ebola and Marburg viruses are members of the family Filoviridae, which cause severe
hemorrhagic fevers in humans. Filovirus outbreaks have been sporadic, with mortality
rates currently ranging from 30 to 90%. Unfortunately, there is no efficacious human
therapy or vaccine available to treat disease caused by either Ebola or Marburg virus
infection. Expression of the filovirus matrix protein, VP40, is sufficient to drive spontaneous
production and release of virus-like particles (VLPs) that resemble the distinctively
filamentous infectious virions. The addition of other filovirus proteins, including virion
proteins (VP)24, 30 and 35 and glycoprotein, increases the efficiency of VLP production
and results in particles containing multiple filovirus antigens. Vaccination with Ebola or
Marburg VLPs containing glycoprotein and VP40 completely protects rodents from lethal
challenge with the homologous virus. These candidate vaccines are currently being
tested for immunogenicity and efficacy in nonhuman primates. Furthermore, the Ebola

and Marburg VLPs are being used as a surrogate model to further understand the
filovirus life cycle, with the goal of developing rationally designed vaccines and
therapeutics. Thus, in addition to their use as a vaccine, VLPs are currently being used as
tools to learn lessons about filovirus pathogenesis, immunology, replication and

assembly requirements.
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Ebola (EBOV) and Marburg (MARV) viruses
are the only members of the family Filoviri-
dae, and were named according to their fila-
mentous shape. EBOV and MARV cause
acute and rapidly progressive hemorrhagic
fever with mortality rates in humans of up to
90% [1,21. The reservoir for filoviruses is
unknown, although the consumption of mon-
key meat is often associated with onset of dis-
ease. Animals ranging from insects to mammals
have been analyzed in the hopes of identifying
a carrier, but to no avail [3]. After exposure, the
onset of clinical symptoms can be as short as
2days and as long as 21, although most
infected humans and nonhuman primates die
within 7-10 days of exposure [4]. In addition to
hemorrhage and bleeding, other symptoms of
filovirus infection include fever, headache, gen-
eralized myalgia, prostration, conjunctivitis,

Filoviruses are considered serious public
health threats, and are classified as biosafety
level (BSL)-4 agents and Category A bio-
threat agents by the US Centers for Disease
Control and Prevention [s,101]. Features that
characterize filoviruses as a significant global
health risk include high morbidity and mor-
tality rates, potential for person-to-person
transmission, relative stability in the envi-
ronment, and feasibility of large-scale pro-
duction. Additionally, the filoviruses have a
low infectious dose, an extremely rapid rate
of replication and can be easily transmitted,
including via aerosols [4,7,8]. Bolstering the
fear of their use as bioterrorism agents, sev-
eral hemorrhagic fever viruses have a history
of state-sponsored weaponization, including
EBOV and MARV [4,7.8]. These combined
factors make members of the family Filoviri-

rash, lymphadenopathy, pharyngitis and dae extremely dangerous from both a public
edema [s]. health and a bioweapon perspective. There
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Warfield, Swenson, Demmin & Bavari

are no vaccines available for preventing or treating EBOV or
MARV infections at this time; thus, they have the priority for
development of effective vaccines and therapeutics [a].

Biology of filovirus infections

Filoviruses are encoded by a 19 kb linear negative-sense RNA
genome (FIGURE 14). EBOV and MARV have simple genomes
that encode seven proteins, with the EBOV genome also
encoding for a single additional nonstructural protein [10-12].
Within the nucleocapsid of each virion, a single copy of the
viral genome is associated with the nucleoprotein (NP), virion
protein (VP)30 and VP35 (ricure1B). The nucleocapsid is
enclosed within a host-derived lipid bilayer containing the viral
glycoprotein (GP) and matrix proteins VP24 and VP40 [13-17].
Oligomers of VP40 associate with microtubules, suggesting
that VP40 traffics along microtubules to lipid rafts where
assembly occurs 18-211. VP40 alone is sufficient to drive virus-
like particle (VLP) budding from the rafts, although addition
of NP, VP24 and GP facilitates more efficient virion budding
[22]. GP is cleaved by a furin-like enzyme into two fragments
(GP; and GP,) to produce the mature GP, , [23-25]. The EBOV
nonstructural protein, secreted (s)GP, is an N-terminal frag-
ment lacking the transmembrane region required for mem-
brane insertion [23,26]. Large amounts of sGP are found in the

blood of infected animals and humans, but the exact role of
SGP in EBOV pathogenesis is unknown at this time; both sGP
and GP are thought to induce cytopathic changes, as well as
host immune suppression [27].

The filovirus genome is not infectious because the host cell
machinery is unable to support transcription or replication of the
negative-sense RNA genome; therefore, filoviruses must carry all
the necessary replication machinery within the virion [28,29]. The
RNA-dependent RNA polymerase protein (L), NP, VP30, and
VP35 form a ribonucleoprotein complex with the genomic RNA
@o]. The filovirus replication strategy is thought to be similar to
that of other negative-sensed RNA viruses, such as that of rhab-
dovirses and paramyxoviruses [31]. Antigen-presenting cells such
as monocytes, macrophages and dendritic cells (DCs), appear to
be the primary targets of filovirus infection, although filoviruses
are known to infect almost any cell type tested, except B-, T-, and
natural Killer (NK) cells [32-42]. Several cellular coreceptors have
been proposed to be involved in binding and entry of EBOV and
MARYV, including several C-type lectins such as dendritic
cell-specific intercellular adhesion molecule (ICAM)-3-grabbing
nonintegrin (DC-SIGN) [35,43-471. However, the exact nature of
and requirement for these cellular receptors is unknown, and it is
possible that the heavily glycosylated GP alone can bind and
mediate entry via multiple cell-surface lectins [48-51].

Figure 1. The genome and virus structure of the Filoviridae. (A) Linear representation of the filovirus genome. The Ebola and Marburg virus genomes
are encoded by a single, negative-sense, linear strand of RNA, which is approximately 19 kb long. Both genomes encode for seven structural proteins (in the
order NP, VP35, VP40, GP, VP30, VP24) and the L RNA-dependent RNA polymerase. Ebola virus also encodes for an additional nonstructural protein, secreted GP,
which is not shown. (B) Schematic of the filovirus virion. The trimeric GP and matrix proteins VP24 and VP40, are associated with a host-derived membrane. The
NP, VP30, VP35, and L associate with the viral RNA to form the ribonucleoprotein complex.

GP: Glycoprotein; L: Large RNA-dependent RNA polymerase; NP: Nucleoprotein; VP: Virion protein.
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Vaccine approaches for filoviruses

To date, no vaccine has been licensed for protection against any
of the EBOV or MARYV strains. Classic methods for vaccine
development have been tried, including producing and testing
attenuated and inactivated viral preparations. A plaque-picked
isolate of MARV that causes viremia, but not clinical signs or
lethal disease, can protect guinea pigs against an otherwise
lethal MARV challenge [521. However, an attenuated virus vac-
cine is undesirable for filoviruses due to the danger of reversion
to wild-type virulence. Similarly, a y-irradiated whole-virion
preparation has little potential for use in humans, as a single
virion is sufficient to cause lethal disease. Additionally, vaccina-
tion with inactivated EBOV or MARV vyields virus-specific
antibodies, but fails to completely protect nonhuman primates
from lethal challenge [53-59].

Several virus-vectored vaccine approaches have been tested
for protection against filoviruses. Live vaccinia virus recom-
binant vaccines expressing EBOV sGP, GP, NP, VP35 or 40
were produced. Only the vaccine expressing EBOV GP pro-
tected guinea pigs, although vaccination with the vaccinia virus
expressing GP did not protect cynomolgus macaques [56,60].
Recently, a live vesicular-stomatitis virus vaccine expressing GP was
demonstrated to protect mice from lethal EBOV infection [s1]. Of
the most well-studied vectored vaccine approaches for filovi-
ruses are the Venezuelan equine encephalitis (VEE) replicon
particle (VRP), in which the antigen of interest is individually
inserted in place of VEE structural genes [59,60,62-65]. VRP vac-
cines encoding GP have been the most successful of the six
structural proteins tested, which also include NP, VP24, 30, 35
and 40 [1052,62,6365. The VRP vaccine encoding GP is suffi-
cient to completely protect nonhuman primates against MARV,
although these animals were only partially protected against
EBOV when vaccinated with 107 plaque-forming units (pfu)
[56,65]. Sequential administration of a DNA vaccine and more
than 10" pfu of a defective adenovirus-vectored vaccine
expressing both GP and NP, or the adenovirus vaccine alone,
protected nonhuman primates against an EBOV
challenge [ee-68]. Several virus-vectored filovirus vaccines are
candidates for further testing and evaluation, especially for
determining mechanisms, correlates and predictors of immu-
nity. However, questions regarding these strategies still remain,
including concerns about residual replication-competent virus
within vaccine preparations, acceptable vaccine doses, vaccine
safety, and the impact of prior immunity to the vaccine vector.

Several nonvectored approaches have also been tested as
filovirus vaccines. For EBOV and MARYV, a prime-boost strat-
egy with the DNA vaccine encoding GP and baculovirus-
produced GP, completely protected animals from a lethal viral
challenge [52,691. However, vaccinating guinea pigs or non-
human primates with either the baculovirus-produced GP, or
DNA vaccine alone is not completely efficacious [52,69,70].
Although most of the work on developing filovirus vaccines has
utilized virus vectors, it is clear from these studies that subunit
vaccines have the potential to safely and specifically provide
protection against lethal filovirus infection.

Ebola and Marburg virus-like particle vaccines

Figure 2. Virus-like particles are morphologically similar to authentic
filovirus virions. Electron micrographs of (A) Ebola or (B) Marburg virus
or virus-like particles from (C) Ebola or (D) Marburgat 12,000 x. Particles
were obtained by ultracentrifugation of the supernatants of VeroE6 cells
infected with Ebola or Marburg virus (A-B) or 293T-cells transfected with
both Ebola or Marburg glycoprotein and virion protein 40 (C-D). The
samples were negatively stained with uranyl acetate to reveal

the ultrastructure.

Generation of Ebola & Marburg virus-like particles

For many viruses, expression and production of the correct
structural proteins is sufficient for forming VVLPs. This is true
for both nonenveloped viruses, such as parvovirus, papilloma-
virus, rotavirus and Norwalk virus, as well as enveloped
viruses including influenza and HIV [71,72]. The generation of
VLPs for both EBOV and MARV have been described in
recent studies [15-17,20,21]. Morphologically, the filovirus-like
particles are difficult to differentiate from authentic EBOV or
MARYV by either electron microscopy (FIGURE 2) [15-17,20,21] OF
atomic force microscopy [42,73].

Expression of the matrix protein VP40 alone is sufficient to
drive formation of filamentous, enveloped VLPs which are
released from cells [15,74]. VP40 may be required for the forma-
tion of VLPs, as other filovirus structural proteins alone,
including GP, NP, VP24, 30 or 35, do not induce the forma-
tion of distinctly filamentous VLPs [uNPUBLISHED DATA]. How-
ever, optimal VLP formation and release requires the presence
of additional viral proteins, especially VP24, GP and
NP [17,20,21,74]. Release of both authentic filovirus virions and
VLPs is also dependent on the integrity of lipid raft micro-
domains 20]. The GP traffics to cellular lipid rafts by acylation of
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dual cysteine residues at the C-terminus of the transmembrane
domain of GP where budding of VP40 from the cell surface
through lipid rafts adorn the viral particle with GP spikes [20,75].

Structural requirements for filovirus assembly are only begin-
ning to be understood. EBOV GP can be incorporated onto
murine leukemia virus particles [76], and the authors of this
review have recently demonstrated that hybrid VLPs can be
constructed which contain EBOV GP and MARV VP40, or
MARV GP and EBOV VP40 [e0,771. These hybrid VLPs display
morphology similar to that of wild-type VLPs containing the
homologous proteins, and also to the authentic filoviruses [77].
Furthermore, GPs from multiple EBOV and MARV subtypes
can be incorporated onto Ebola VLPs using EBOV VP40 [7g].
Taken together, these data suggest that the incorporation of
viral proteins from different virus species and strains into VLPs
is somewhat promiscuous.

Virus-like particles as filovirus vaccines

VLPs have been generated for many viruses, including rota-
viruses, HIV, parvoviruses and human papillomavirus, by
expressing select viral proteins in insect or mammalian
cells [721. Since VLPs are morphologically similar to the repli-
cation competent virus from which they are derived, the viral
antigens are presented in a similar manner to the immune sys-
tem and are highly immunogenic [71,79,80]. VLPs potently
stimulate functional maturation and activation of DC, key
cells responsible for subsequent activation of both humoral
and cellular immune responses [81-83].

Ebola virus-like particles
Enveloped Ebola (e)VLPs have been generated in a mammalian
expression system, and the purified VLPs containing GP and
VP40 from Ebola used as vaccines [20,21]. Following eVLP vacci-
nation, BALB/c and C57BI/6 mice were protected from a range
of challenge doses (approximately — 10-1000 pfu or
300-30,000 LDgy) in the absence of adjuvant in a dose-depend-
ent manner [UNPUBLISHED DATA, 84]. Adding QS-21 or RIBI adju-
vant to the eVLP vaccine regimen completely protected mice and
guinea pigs from challenge, even after a single vaccine dose
[UNPUBLISHED DATA, 77]. Ebola VLP vaccination of mice and guinea
pigs completely prevented viremia (tested on day 7) and clinical
symptoms for at least 28 days following EBOV challenge [77,84,85].
Ebola VLPs are highly immunogenic, and in mice eVLP
injection activates B- and T-lymphocytes within a few days [s4].
Mice and guinea pigs vaccinated with eVLP produce EBOV-
specific antibodies, including neutralizing antibodies, and the
total serum antibody levels correlate with the vaccine
dosage [77,84-86]. Vaccination with eVLP activates CD4" and
CD8* T-cells in mice, and generates CD4* and CD8" EBOV-
specific T-cells [s4,85]. Splenocytes from VLP-vaccinated mice
secrete interferon (IFN)-y and not interleukin (IL)-4 in mixed
lymphocyte reactions, indicating that T-helper (Th)1-type
immune responses are generated in response to VLP vaccina-
tion [e5]. However, a significant rise in EBOV-specific antibodies
and the development of cytotoxic T-lymphocytes recognizing

NP, VP24 and 35 at 28 days after EBOV infection is observed
in surviving eVLP-vaccinated rodents [77,8485]. These data
indicate that eVLP vaccination does not induce sterilizing
immunity in rodents.

To examine the mechanisms of VLP-mediated protection,
knockout mice were vaccinated with VVLPs and then challenged
with EBOV. Severe combined immunodeficient (SCID) mice,
which lack all the components required for adaptive immunity,
do not develop EBOV-specific antibodies and are not protected
from EBOV challenge when vaccinated with eVLPs (TABLE 1).
B-cell-deficient JH mice vaccinated with eVVLPs were not pro-
tected from lethal EBOV challenge; in contrast, genetically
matched BALB/c mice were completely protected by eVLP vac-
cination. Similarly, eVLP-vaccinated T-cell-deficient mice suc-
cumbed to lethal EBOV challenge, and p2m-deficient mice,
which lack CD8" T-cells, were completely unprotected. How-
ever, eVLP vaccination of CD4"* T-cell-deficient mice partially
protected them from EBOV challenge. Protection induced by
eVLP vaccination required the presence of IFN-y, but not per-
forin. Therefore, the production of both CD8" T-cell and anti-
body responses after eVLP vaccination is required to mediate
protection against lethal EBOV infection [ss].

Marburg virus-like particles

Similar to eVLPs, Marburg (m)VLPs composed of the MARV
GP and matrix protein VP40 are produced spontaneously in
transfected mammalian cells [21. Guinea pigs vaccinated with
mature (m)VLPs in RIBI adjuvant develop high levels of serum
virus-specific and -neutralizing antibodies [ss]. Vaccinating
guinea pigs with mVLP elicits proliferative responses in vitro
after exposure to MARV, but not EBOV, and proliferation is
mediated by MARV-specific CD4" T-cells in vitro [ss]. Upon
challenge with MARV, mVLP-vaccinated guinea pigs are com-
pletely protected from clinical symptoms, viremia and death
[77,86]. Musoke-based mVLPs completely protect guinea pigs
against viremia and lethal disease after challenge with guinea pig-
adapted MARV-Musoke, -Ravn or -Ci67 [UNPUBLISHED DATA].
These data indicate that Musoke-based VLPs may be effective at
inducing broad immunity against multiple MARV strains.

Virus-like particles as a pan-filovirus vaccine

Considering the promiscuity of the filovirus proteins in
assembly, as well as the fact that MARV-Musoke-derived
VLPs were observed to protect against heterologous MARV
challenge, it was important to determine whether the VLPs
had the potential to protect against diverse filovirus strains. In
guinea pigs, eVLP vaccination induced high EBOV-specific
antibody responses, but only a small amount of heterologous
antibodies towards MARV [77,84,86]. Furthermore, eVLP vacci-
nation failed to crossprotect against MARV challenge in
guinea pigs [77,86]. Similarly, mVLP vaccination of guinea pigs
induced only minimal EBOV-specific antibodies and did not
protect them against EBOV challenge [77,86]. Hybrid VLPs,
containing various combinations of EBOV and MARV pro-
teins, provided an effective tool to examine the roles of GP
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Ebola and Marburg virus-like particle vaccines

/Table 1. Immune responses and survival of eVLP-vaccinated knockout mice.

Genotype* Immune deficiencies Vaccine* Geometric Survivors/total” MTD*
mean titer®

C57BI/6 Wild type eVLPs 317 18/20 N/A
PBS <33 0/20 7.8 +0.69

BALB/c Wild type eVLPs 32346 9/10 N/A
PBS <33 0/10 6.1+ 0.85

Scid (BALB/c) B- and T-cells eVLPs <33 0/10 55+0.52
PBS <33 0/10 56+ 0.53

Jh (BALB/c) B-cells eVLPs <33 0/10 62+044
PBS <33 0/10 6.1+0.32

BSTCR (C57) T-cells eVLPs 460 0/10 7.2 +£0.42
PBS <33 0/10 6.9 +0.57

CD4 (C57) CD4 T-cells eVLPs 5196 5/10 84 + 054
PBS <33 0/10 70+047

B2m (C57) CD8 T-cells eVLPs 15924 0/10 102+14
PBS <33 0/10 71+032

IFN-y (C57) [FN-y eVLPs 11523 2/15 96+11
PBS <33 0/15 700

Perforin (C57) Perforin eVLPs 36955 15/15 N/A
PBS <33 0/15 63+.073

*Genotype of mice used are indicated along with the strain background in parentheses.

*A total of 10 pg of eVLPs or PBS mixed with QS-21 adjuvant were administered on days 0 and 21.

$Geometric mean titer of EBOV-specific antibodies as measured by ELISA.

TAfter challenge with 1000 pfu of mouse-adapted EBOV 6 weeks following the last vaccination.

#MTD following EBOV challenge in days + standard deviation.

EBOV: Ebola virus; eVLP: Ebola VLP; IFN: Interferon; MTD: Mean time to death; PBS: Phosphate-buffered saline; Pfu: Plaque-forming unit; N/A: Not applicable.

and VP40 in protective immunity against filoviruses. Guinea pigs
vaccinated with VLPs containing the homologous GP were pro-
tected (> 90%) from filovirus challenge [771. For example, a single
injection of eVLP or hybrid VLPs containing EBOV GP and
MARYV VP40 administered concomitantly with RIBI adjuvant
significantly protected test subjects from EBOV challenge, but
not MARV challenge. Similarly, mVLP or hybrid VLPs contain-
ing MARV GP and EBOV VP40 completely protected MARV-
challenged, but not EBOV-challenged guinea pigs [771. Together,
these data indicate that GP is the critical protective antigen in the
VLPs, and that VP40 is likely required only for maintaining the
filamentous VLP structures. In addition, VP40-only VLPs did
not protect vaccinated mice from a lethal EBOV challenge,
which further substantiates these data [UNPUBLISHED DATA].
Hybrid VLPs did not provide broad protection against
both EBOV and MARV; however, coadministration of a mix-
ture of eVLP and mVLP did protect guinea pigs against
EBOV and MARYV challenge [771. Before challenge, the guinea
pigs vaccinated with both eVLP and mVLP developed high

antibody titers against both EBOV and MARYV, and the titers
generated to the homologous antigen were similar to those in
animals vaccinated with eVLP or mVLP alone [77]. Therefore,
vaccinating animals simultaneously with both antigens did not
interfere with their ability to initiate humoral responses to the
individual antigens [771. High levels of protection are observed
after vaccination with the mixture of eVLP and mVLR, similar to
the protection observed in the groups of animals vaccinated with
eVLP or mVLP alone and challenged with the homologous
virus [771. This work is the first demonstration of an effective pan-
filovirus vaccine, and justifies the further testing of VLPs as a
pan-filovirus vaccine in nonhuman primates. In addition, future
work will focus on testing the efficacy of VLPs that incorporate
multiple GP molecules onto VP40 from a single species.

Innate immune responses to virus-like particles

The key for developing effective adaptive immunity to patho-
gens is the rapid detection of the microbe and subsequent
activation of the host innate immune response. Monocytes,
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macrophages and DCs, also known as antigen-presenting cells,
are central in both the activation of innate immunity and initia-
tion of adaptive immunity. Antigen-presenting cells drive
immune responses by inducing cytokines and chemokines, anti-
gen presentation, interactions with B-, T- and NK cells, and
direct cytotoxic activity against target cells [s7,851. EBOV and
MARV readily infect monocytes, macrophages and DCs and rep-
licate rapidly within these cells to produce large amounts of prog-
eny Virus (FIGURE 3A) [32-34,36,37,89,90]. Filovirus-infected DCs fail
to undergo maturation or activation and do not initiate appro-
priate NK, B- and T-cell responses following EBOV or MARV
infection [34,89]. The demise of the innate immune system and
the failure to quickly activate adaptive immune responses likely
result in uncontrolled disseminated filovirus infection of the
host [34,37,89]. The activation of filovirus-infected macrophages
may also be impaired, although the response of monocytes and
macrophages to filovirus infection is controversial [32-34,36].

In contrast to live EBOV and MARYV, Ebola and Marburg
VLPs are highly immunogenic in rodents and primate species
(FIGURE 3B), potently activating in vitro murine bone marrow-
derived DCs, human monocyte-derived DCs and human
monocytes [84,91,92]. In order to determine whether initiation of
these rapid innate immune responses were sufficient for protec-
tion, mice were administered eVLPs shortly before injection
with a lethal dose of EBOV. Mice injected intraperitoneally or
intramuscularly with a single dose of eVLP 1-3 days before
challenge demonstrated 80-100% protection, indicating that
eVLPs induced potent innate immune responses [42].

The rapid immunity caused by eVLP injection required
NK cells, as demonstrated by antibody depletion of NK cells
of normal mice and NK cell-knockout mice [42]. Since NK
cells do not become activated and are specifically depleted
from the blood of EBOV infected-monkeys and mice, this
study further explored the role of NK cells in EBOV infec-
tions [UNPUBLISHED DATA 42,93]. In contrast to live EBOV, NK
cells treated with VLPs exhibit enhanced cytokine secretion
and cytolytic activity [42). Furthermore, adoptive transfer of
NK cells treated with eVLPs protects naive mice against
EBOV infection and the mechanism of this protective innate
immunity requires perforin, but not IFN-y [42]. Interestingly,
VP40 VLPs are sufficient to induce NK cell responses and to
provide protection from infection in the absence of the viral
GP [421. The specific receptor(s) and signals required by NK
cells to respond to VLPs are currently being investigated by
the authors of this review.

The immunogenicity of Ebola and Marburg VLPs in
human and murine DCs and NK cells already described
points toward their role in understanding filovirus inter-
actions with multiple components of the host immune
response. Understanding the differences between the
responses to VLPs and live filoviruses could lead to the tar-
geted development of strategies to control filovirus infections.
Therefore, this work may ultimately lead to identifying novel
and effective immunotherapeutics against these and other
devastating and highly pathogenic viruses.

Dissecting the filovirus life cycle using virus-like particles

There are certain advantages to using VLPs for viral life cycle
studies compared with live filoviruses. Studies involving
VLPs can be conducted in Biosafety Level (BSL)-2 condi-
tions as opposed to working with live EBOV or MARV in
BSL-4 laboratories, which significantly decreases the practi-
cal difficulties and allows for a broader variety of techniques
to be applied when investigating questions regarding the filo-
virus life cycle. Current safety protocols require EBOV- and
MARV-infected cells to be treated with harsh fixation meth-
ods, and irradiation before immunomicroscopy may be per-
formed. These treatments result in less than optimal cellular
morphology, making specific cellular compartments difficult
to distinguish. In contrast, mild detergents for fixation or
live studies can be performed when examining cells either
producing or exposed to VLPs.

Current understanding of filoviral entry will probably be
improved using VLPs, as they closely resemble filoviruses
and could identify the receptor for viral entry. Pseudotyped
vesicular stomatitis or HIV viruses incorporating GP into
their envelope have been used to study the binding and
entry mechanisms of EBOV and MARYV [76,94]. However, it
has been suggested that filoviral entry and budding is con-
text-dependent and may require cofactors present in the
filoviral envelope, as well as the correct confirmation of GP on
the virion surface [75,95]. The envelope and virion structure of
pseudotyped viruses is probably different to that of filoviruses,
whereas VVLPs appear to maintain the morphology of authentic
filovirus particles. VLPs can be generated with multiple and
different combinations of viral proteins, and are a useful tool
for determining which viral or host cell proteins enhance fusion
and entry into the cell. Additionally, as VLPs do not carry any
viral RNA into the cell, studies using VLPs may provide valua-
ble insights into early events required for initial infection. The
use of VVLPs likely better represents the initial infectious process
because the effects of virion-associated proteins and nascent
protein expression are eliminated.

Development of therapeutics and vaccines can be facili-
tated by identifying key host cell proteins involved in repli-
cation and the viral life cycle. For example, proteomics
could be used to identify host cell proteins involved in the
entry, assembly, and release of the virion. It has been dem-
onstrated that EBOV and MARYV require lipid rafts for the
efficient assembly of virus particles [20]. A comparison of the
lipid rafts of cells transfected with select viral proteins and
VLPs could, therefore, be used to determine the host cell
and viral membrane composition following expression of
viral proteins during filovirus assembly budding. Further-
more, determining the signaling events within the mem-
branes by studying protein modifications within the lipid
rafts, such as acylation and phosphorylation, would identify
further host cell proteins critical for supporting viral replica-
tion. These studies might help determine binding and entry
mechanisms, replication requirements, as well as identify the
viral (co)-receptor(s).
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Figure 3. Model of innate and adaptive immune responses following exposure to filoviruses or filovirus-like particles. (A) Poor immune responses occur
in individuals that succumb to filovirus infections. EBOV or MARV infection of monocytes, macrophages and dendritic cells (also known as professional antigen-
presenting cells) results in the production of large amounts of virus. Critical members of the innate immune responses such as macrophages, dendritic cells, and
NK cells fail to appropriately respond to filovirus infections. Without direction from the innate immune response, B- and T-cells do not become fully alerted and
EBOV- and MARV-specific adaptive responses lag behind the rapid viral spread. Furthermore, widespread lymphocyte apoptosis (specifically

NK and T-cells) occurs within lymphoid tissues. (B) Ebola and Marburg VLPs induce strong innate and adaptive immune responses. Exposure to VLPs induces mat-
uration and activation of macrophages, dendritic cells, and NK cells. Induction of antigen presentation, expression of costimulatory molecules, and cytokine and
chemokine secretion directs the subsequent B and T-cell responses, resulting in the production of Ebola and Marburg virus-specific antibodies, CD4* and CD8*
T-cells. Additional crosstalk occurs via cytokine secretion and physical contact between multiple cell types including NK and dendritic cells, as well as

B- and T-cells, to further direct and control the immune response.

EBOV: Ebola virus; IFN: Interferon; IL: Interleukin; MARV: Marburg virus; NK: Natural killer; TNF: Tumor necrosis factor; VLPs: Virus-like particles.

At present, Ebola and Marburg VLPs are used most fre- both viral proteins and cellular components that are
quently for studying the mechanisms of virus assembly. required for the viral assembly process. These studies have
Recent studies using VLPs have revealed contributions of been reviewed thoroughly, and an in-depth discussion is
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beyond the scope of this review [22,75]. Studies to understand
the life-cycle mechanisms will provide critical information
about the host and viral proteins important for these proc-
esses, thereby providing promising targets for novel viral
therapies and vaccines.

Filovirus-like particles as a diagnostic tool

Several accurate diagnostic tests are available for EBOV and
MARYV including virus isolation, immunoglobulin (1g)G and
IgM antibody tests, immunofluorescent antibody tests, anti-
gen-capture enzyme-linked immunosorbent assay (ELISA)
along with western blot confirmation, radioimmunoprecipi-
tation assays (RIPAs), reverse transcriptase PCR, and fluoro-
genic 5”-nuclease assay [4]. Although virus isolation is consid-
ered to be a necessary stage in the confirmation of a filovirus
outbreak, isolation of filoviruses can take up to 2 weeks, and
requires a BSL-4 facility; furthermore, the sample must be
correctly preserved using a cold chain. An antigen-capture
ELISA together with western blot is quick, easy and robust,
and adaptable to large numbers of samples. VLPs can be
quickly, safely and easily produced as antigens for use in
ELISA and western blotting assay for the detection of EBOV
and MARYV infections in the field.

Summary & conclusions

Members of the family Filoviridae cause severe and rapidly
progressive hemorrhagic fever, resulting in high mortality
rates. Unfortunately, there are currently no vaccines or treat-
ment options available for filovirus infections. A number of
experimental vaccination strategies are being explored,
including soluble viral proteins, DNA vaccines, replicons and
a combination of DNA and replication-deficient adenovirus
preparations. Given the importance of both the cellular and
humoral immune response for protection against filoviruses,
VLPs represent an excellent vaccine candidate [60,64,70,96].
Studies in rodents have demonstrated that vaccination with
EBOV or MARV VLPs provides almost uniform protection
from lethal homologous challenge. Although neither homo-
logous nor hybrid VLPs crossprotect against heterologous
challenge, simultaneous vaccination with both EBOV and
MARV VLPs can protect against either EBOV or MARV
infection. These candidate vaccines are currently being tested
for immunogenicity and efficacy in nonhuman primates. Pre-
liminary data indicate that both eVLPs and mVLPs are highly
immunogenic in monkeys and stimulate virus-specific
humoral and cellular responses [UNPUBLISHED OBSERVATIONS].
Besides their use as vaccines, VLPs are being used to better
understand the immune responses to filoviruses, with the aim
of developing immunotherapeutics for treating EBOV and
MARYV infections. In addition, the EBOV and MARV VLPs
are being used to investigate the life cycle of these viruses with
the ultimate goal of developing rationally designed thera-
peutics. Thus, in addition to their use as a vaccine, VLPs are a
tool for the dissection of filovirus pathogenesis, immunology,
replication and assembly requirements.

Expert commentary

A variety of vaccine approaches have been used against lethal
filovirus infections. The most successful vaccines so far are
based on viral vectors, including adenovirus, VEE and vesic-
ular stomatitis virus. It appears that proper presentation of
viral proteins, as well as vaccine dose, are critical qualities
for successful filovirus vaccines. Induction of both antibod-
ies, to stave off the early virus infection, and cytotoxic
T-cells, to destroy virus-infected cells, are required for
immunity against filoviruses. The VLPs are a promising can-
didate vaccine, probably due to the proper presentation of
viral proteins to the immune system. The filovirus-like par-
ticles possess several advantages over other candidate vac-
cines, including presentation of antigen in its native form,
lack of interference by a vector backbone, absence of prior
immunity to the vector and, potentially the absence for the
need of adjuvant. For manufacturing purposes, VLPs are
safe and easy to produce in large quantities. The VLPs have
proven to be successful vaccines for filovirus infection in
rodent models, but their efficacy in nonhuman primates has
yet to be demonstrated. It is possible that incorporation of
additional filovirus proteins into VLPs may further improve
the immunogenicity of the particles, especially across genet-
ically diverse primates and humans. Vaccination with com-
binations of filovirus GP and NP have protected honhuman
primates against EBOV and MARV infections, and NP is
known to induce strong cytotoxic T-cell responses
[64-66,68,70,96,97]; therefore, adding NP to a VLP-based vac-
cine may further expand the CTL repertoire and stimulate
more robust CTL responses. The role of the other viral pro-
teins, including VP24, 30 and 35, is unknown, and
although they are immunogenic, their protective effects are
less robust [64,65,96]. Based on their safety profile, immuno-
genicity, and success to date, the VLPs are a strong candidate
for use as a filovirus vaccine in humans.

Five-year view

The results obtained thus far for EBOV and MARV VLPs pro-
vide the groundwork for future studies to evaluate the efficacy
of VLPs for protection against both MARV and EBOV in non-
human primates. Work to identify mechanisms of pathogenesis
and immunity in mice is ongoing. These studies should help
identify the protective T-cell epitopes against filovirus proteins
and identify possible surrogates of immunity for VLP vaccines.
Within the next few years, studies with eVLPs and mVLPs will
be performed against all the diverse strains of EBOV and
MARV to evaluate their vaccine potential, determine the best
vaccination route, establish correlates of immunity, and under-
stand the role of different arms of the immune system in pro-
tective immunity against these viruses. Work performed in
rodents will need to be expanded to nonhuman primates, and
ultimately to humans, and these studies are already beginning
to take place. Efficacy testing of VLPs delivered intranasally and
orally are also a priority, and mucosal administration would
provide an option for needleless delivery, especially for use in
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Africa. Tests of monovalent and multivalent VVLP vaccines for
filoviruses will be performed in nonhuman primates within the
next 5 years. A clear profile regarding the minimal level of pro-
tective T-cell and antibody responses, as well as any other corre-
lates of protection, will have to be developed in order to deter-
mine the level and duration of protection conferred by the
vaccine before FDA approval will be obtained. The develop-
ments will pave the way for producing a safe, multiagent filovi-
rus-like particle-based vaccine for use in humans.

Ebola and Marburg virus-like particle vaccines
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Key issues

Filovirus virus-like particles containing several filovirus proteins can be produced easily and efficiently in mammalian cells.
The filovirus virus-like particles effectively interact with cells of the innate immune system, including dendritic cells, natural killer

cells and macrophages, and may be used to understand how authentic filoviruses escape detection.

mice and guinea pigs against lethal filovirus challenge.

Virus-like particles induce virus-specific humoral and cell-mediated immunity following virus-like particle vaccination and protect

The efficacy of a filovirus vaccine cannot be ethically evaluated in humans; thus, studies to determine the protective capabilities

of virus-like particle vaccines will have to be performed in surrogate models, such as rodents and nonhuman primates.

particles may also permit their use in immunocompromised individuals.

being developed as a diagnostic tool for filovirus infections.

Virus-like particle vaccines have been well-tolerated and are effective in healthy, human volunteers. The safety profile of virus-like

Virus-like particles have uses other than as vaccines, and are currently being used to learn about the virus life cycle, as well as

References 8

Papers of special note have been highlighted as:
« of interest

e« 0of considerable interest

1

»7

»9
Feldmann H, Klenk HD, Sanchez A.
Molecular biology and evolution of
filoviruses. Arch. Virol. Suppl. 7, 81-100
(1993).

Feldmann H, Klenk HD. Marburg and Ebola
viruses. Adv. Virus Res. 47, 1-52 (1996).

Peterson AT, Carroll DS, Mills JN, Johnson
KM. Potential mammalian filovirus
reservoirs. Emerg. Infect. Dis. 10(12),
2073-2081 (2004).

Borio L, Inglesby T, Peters CJ et al.
Hemorrhagic fever viruses as biological

weapons: medical and public health
management. JAMA 287(18), 2391-2405 P12
(2002).

The most definitive report on managing
patients with viral hemorrhagic fevers.

» 10

> 11

Peters CJ, Khan AS. Filovirus diseases. Curr.
Top. Microbiol. Immunol. 235, 85-95 (1999). 13

Biosafety in Microbiological and Biomedical
Laboratories, US Dept. of Health and

Human Services, Centers for disease

Control and Prevention, National Institutes

of Health (1999). > 14

Bray M. Defense against filoviruses used as
biological weapons. Antiviral Res. 57(1-2),
53-60 (2003).

Peters C. Are hemorrhagic fever viruses > 15
practical agents for biological terrorism?

Emerg. Infect. 4, 201-209 (2000).

Burnett J, Henchal EA, Schmaljohn A,

Bavari S. The evolving field of biodefence:
therapeutic developments and diagnostics.
Nat. Rev. Drug. Disc. 4, 281-297 (2005).

Wilson JA, Bray M, Bakken R, Hart MK.
Vaccine potential of Ebola virus VP24,
VP30, VP35, and VP40 proteins. Virology
286(2), 384-390 (2001).

Sanchez A, Kiley MP, Holloway BP,

Auperin DD. Sequence analysis of the

Ebola virus genome: organization, genetic
elements, and comparison with the genome

of Marburg virus. Virus Res. 29(3), > 17
215-240 (1993).

Volchkov VE, Becker S, Volchkova VA et al.
GP mRNA of Ebola virus is edited by the
Ebola virus polymerase and by T7 and
vaccinia virus polymerases. Virology 214(2),
421-430 (1995).

Becker S, Muhlberger E. Co- and
posttranslational modifications and
functions of Marburg virus proteins. Curr.
Top. Microbiol. Immunol. 235, 23-34
(1999).

Becker S, Rinne C, Hofsass U, Klenk HD,
Muhlberger E. Interactions of Marburg

virus nucleocapsid proteins. Virology
249(2), 406-417 (1998).

» 16

» 18

> 19

20

Harty RN, Brown ME, Wang G,
Huibregtse J, Hayes FP. A PPxY motif
within the VP40 protein of Ebola virus
interacts physically and functionally

with a ubiquitin ligase: implications for
filovirus budding. Proc. Natl Acad. Sci. USA
97(25), 13871-13876 (2000) .

First paper to characterize filovirus
budding driven by VP40.

Han Z, Boshra H, Sunyer JO, Zwiers SH,
Paragas J, Harty RN. Biochemical and
functional characterization of the Ebola
virus VP24 protein: implications for a role
in virus assembly and budding.

J. Virol. 77(3), 1793-1800 (2003).

Licata JM, Johnson RF, Han Z, Harty RN.
Contribution of Ebola virus glycoprotein,
nucleoprotein, and VP24 to budding of
VP40 virus-like particles.

J. Virol. 78(14), 7344-7351 (2004).

Ruthel G, Demmin GL, Kallstrom GH
et al. Association of Ebola Virus Matrix
Protein VP40 with Microtubules.

J. Virol. 79(8), 4709-4719 (2005).

Panchal RG, Ruthel G, Kenny TA et al.

In vivo oligomerization and raft localization
of Ebola virus protein VP40 during
vesicular budding. Proc. Natl Acad. Sci.
USA 100(26), 15936-15941 (2003).

Bavari S, Bosio CM, Wiegand E et al. Lipid
raft microdomains: a gateway for

www.future-drugs.com

437



Warfield, Swenson, Demmin & Bavari

compartmentalized trafficking of Ebolaand P32

Marburg viruses. J. Exp. Med. 195(5),
593-602 (2002).

es Clearly demonstrates that filoviruses
require lipid rafts for infection and reports
Ebola virus-like particle production.

»21  Swenson DL, Warfield KL, Kuehl K et al.
Generation of Marburg virus-like particles
by co-expression of glycoprotein and matrix
protein. FEMS Immunol. Med. Microbiol.
40(1), 27-31 (2004).

e First demonstration of production of
Marburg virus-like particles (VLPs).

P22 Jasenosky LD, Kawaoka Y. Filovirus
budding. Virus Res. 106(2), 181-188 (2004).

23 Sanchez A, Yang ZY, Xu L, Nabel GJ, Crews
T, Peters CJ. Biochemical analysis of the
secreted and virion glycoproteins of Ebola
virus. J. Virol. 72(8), 6442—6447 (1998).

»24  Volchkov VE, Feldmann H, Volchkova VA, ™35

Klenk HD. Processing of the Ebola virus
glycoprotein by the proprotein convertase
furin. Proc. Natl Acad. Sci. USA 95(10),
5762-5767 (1998).

»25  Volchkov VE, Volchkova VA, Stroher U et
al. Proteolytic processing of Marburg virus
glycoprotein. Virology 268(1), 1-6 (2000).

»26 Dolnik O, Volchkova V, Garten W et al.
Ectodomain shedding of the glycoprotein
GP of Ebola virus. Embo. J. 23(10),
2175-2184 (2004).

27 Feldmann H, Volchkov VE, Volchkova VA,
Klenk HD. The glycoproteins of Marburg
and Ebola virus and their potential roles in
pathogenesis. Arch. Virol. Suppl. 15,
159-169 (1999).

28 Muehlberger E. Genome organization,
replication, and transcription of filoviruses.
In: Ebola and Marburg Viruses: Molecular
and Cellular Biology. Klenk HD, Feldmann
H (Eds). Horizon Biosciences, Norfolk,
UK, 369 (2004).

29  Muhlberger E, Weik M, Volchkov VE,
Klenk HD, Becker S. Comparison of the
transcription and replication strategies of
Marburg virus and Ebola virus by using
artificial replication systems. J. Virol. 73(3),
2333-2342 (1999).

»30 Huang Y, Xu L, Sun 'Y, Nabel GJ. The
assembly of Ebola virus nucleocapsid
requires virion-associated proteins 35 and
24 and posttranslational modification of
nucleoprotein. Mol. Cell. 10(2), 307-316
(2002).

e Characterizes the viral proteins
required for assembly of the Ebola
virus nucleocapsid.

31 Feldmann H, Kiley MP. Classification,
structure, and replication of filoviruses. Curr.
Top. Microbiol. Immunol. 235, 1-21 (1999).

Gupta M, Manhanty S, Ahmed R, Rollin P.  »42
Monocyte derived human macrophages and
peripheral blood mononuclear cells infected

with Ebola virus secrete MIP-1-o. and TNF-

o and inhibit Poly-1C induced IFN-a in

vitro. Virology 284(20), 20-25 (2001). .

Stroher U, West E, Bugany H, Klenk HD,
Schnittler HJ, Feldmann H. Infection and
activation of monocytes by Marburg and » 43
Ebola viruses. J. Virol. 75(22), 11025-11033
(2001).

Bosio CM, Aman MJ, Grogan C et al. Ebola

and Marburg viruses replicate in monocyte- P44
derived dendritic cells without inducing the
production of cytokines and full maturation.

J. Infect. Dis. 188(11), 1630-1638 (2003).
Reports that dendritic cells may be the key

to deficient immune responses following
filovirus infections. 45

Simmons G, Reeves JD, Grogan CC et al.
DC-SIGN and DC-SIGNR bind Ebola
glycoproteins and enhance infection of
macrophages and endothelial cells. Virology p ¢
305(1), 115-123 (2003).

Gibb TR, Norwood DA Jr, Woollen N,

Henchal EA. Viral replication and host gene
expression in alveolar macrophages infected

with Ebola virus (Zaire strain). Clin. Diagn. 47
Lab. Immunol. 9(1), 19-27 (2002).

Geisbert TW, Hensley LE, Larsen T et al.
Pathogenesis of Ebola hemorrhagic fever in
cynomolgus macaques: evidence that
dendritic cells are early and sustained targets
of infection. Am. J. Pathol. 163(6), » 43
2347-2370 (2003).

The most definitive characterization of
Ebola virus pathogenesis in cynomolgous
macaques, the most frequently used model
for filovirus vaccine development.

Connolly BM, Steele KE, Davis KJ et al.
Pathogenesis of experimental Ebola virus
infection in guinea pigs. J. Infect. Dis.
179(Suppl.1), S203-217 (1999).
Characterization of the most widely used
guinea pig model for testing vaccines and
therapeutics for Ebola virus.

Gibb TR, Bray M, Geisbert TW et al.
Pathogenesis of experimental Ebola Zaire
virus infection in BALB/c mice. J. Comp.
Pathol. 125(4), 233-242 (2001).

Ryabchikova El, Kolesnikova LV, Luchko
SV. An analysis of features of pathogenesis in
two animal models of Ebola virus infection.
J. Infect. Dis. 179(Suppl.1), S199-S202
(1999).

Davis KJ, Anderson AO, Geisbert TW et

al. Pathology of experimental Ebola virus .
infection in African green monkeys.
Involvement of fibroblastic reticular cells.

Arch. Pathol. Lab. Med. 121(8), 805-819
(1997).

» 52

Warfield KL, Perkins JG, Swenson DL et al.
Role of natural killer cells in innate
protection against lethal Ebola virus
infection. J. Exp. Med. 200(2), 169-179
(2004).

Demonstration of critical role of natural
killer cells in the outcome of Ebola

virus infections.

Chan SY, Empig CJ, Welte FJ et al. Folate
receptor-o is a cofactor for cellular entry by
Marburg and Ebola viruses. Cell 106(1),
117-126 (2001).

Simmons G, Rennekamp AJ, Chai N,
Vandenberghe LH, Riley JL, Bates P. Folate
receptor-o. and caveolae are not required for
Ebola virus glycoprotein-mediated viral
infection. J. Virol. 77(24), 13433-13438
(2003).

Becker S, Spiess M, Klenk HD. The
asialoglycoprotein receptor is a potential
liver-specific receptor for Marburg virus. J.
Gen. Virol. 76 (Pt 2), 393-399 (1995).

Alvarez CP, Lasala F, Carrillo J, Muniz O,
Corbi AL, Delgado R. C-type lectins DC-
SIGN and L-SIGN mediate cellular entry by
Ebola virus in cis and in trans. J. Virol.
76(13), 6841-6844 (2002).

Lasala F, Arce E, Otero JR, Rojo J, Delgado
R. Mannosyl glycodendritic structure
inhibits DC-SIGN-mediated Ebola virus
infection in cis and in trans. Antimicrob.
Agents Chemother. 47(12), 3970-3972
(2003).

Feldmann H, Will C, Schikore M, Slenczka
W, Klenk HD. Glycosylation and
oligomerization of the spike protein of
Marburg virus. Virology 182(1), 353-356
(1991).

Jeffers SA, Sanders DA, Sanchez A. Covalent
modifications of the Ebola virus
glycoprotein. J. Virol. 76(24), 12463-12472
(2002).

Lin G, Simmons G, Pohlmann S et al.
Differential N-linked glycosylation of
human immunodeficiency virus and Ebola
virus envelope glycoproteins modulates
interactions with DC-SIGN and DC-
SIGNR. J. Virol. 77(2), 1337-1346 (2003).

Gupta M, Mahanty S, Greer P et al.
Persistent infection with ebola virus under
conditions of partial immunity. J. Virol.
78(2), 958-967 (2004).

Hevey M, Negley D, Vanderzanden L et al.
Marburg virus vaccines, comparing classical
and new approaches. Vaccine 20, 586-593
(2002).

A thorough study of multiple vaccine
approaches for Marburg virus.

Ignatev GM, Streltsova MA, Agafonov
AP, Zhukova NA, Kashentseva EA,

438

Expert Rev. Vaccines 4(3), (2005)



54

56

» 58

» 60

» 63

Vorobeva MS. The immunity indices of
animals immunized with the inactivated
Marburg virus after infection with
homologous virus. Vopr. Virusol. 39(1),
13-17 (1994).

Ignatev GM, Agafonov AP, Streltsova MA °*
et al. A comparative study of the
immunological indices in guinea pigs
administered an inactivated Marburg virus.
Vopr. Virusol. 36, 421-423 (1991).

Ignatyev GM, Agafonov AP, Streltsova MA,
Kashentseva EA. Inactivated Marburg virus
elicits a nonprotective immune response in
Rhesus monkeys. J. Biotechnol. 44(1-3),
111-118 (1996).

Geishert TW, Pushko P, Anderson K, Smith
J, Davis KJ, Jahrling PB. Evaluation in
nonhuman primates of vaccines against
Ebola virus. Emerg. Infect. Dis. 8(5),
503-507 (2002).

Lupton HW, Lambert RD, Bumgardner
DL, Moe JB, Eddy GA. Inactivated
vaccine for Ebola virus efficacious in
guineapig model. Lancet 2(8207),
1294-1295 (1980).

Rao M, Bray M, Alving CR, Jahrling P,
Matyas GR. Induction of immune
responses in mice and monkeys to Ebola
virus after immunization with liposome-
encapsulated irradiated Ebola virus:
protection in mice requires CD4(+) T cells.
J. Virol. 76(18), 9176-9185 (2002).

Geisbert T, Jahrling P. Towards a vaccine
against Ebola virus. Expert Rev.Vaccines
2(6), 77-789 (2003).

Hart MK. Vaccine research efforts for
filoviruses. Int. J. Parasitol. 33, 583-595
(2003).

Garbutt M, Liebscher R, Wahl-Jensen V
et al. Properties of replication-competent
vesicular stomatitis virus vectors expressing
glycoproteins of filoviruses and
arenaviruses. J. Virol. 78(10), 5458-5465
(2004).

Pushko P, Geisbert J, Parker M, Jahrling P, 74
Smith J. Individual and bivalent vaccines
based on alphavirus replicons protect
guinea pigs against infection with Lassa and
Ebola viruses. J. Virol. 75(23),
11677-11685 (2001).

Pushko P, Bray M, Ludwig GV et al.
Recombinant RNA replicons derived from
attenuated Venezuelan equine encephalitis ¢
virus protect guinea pigs and mice from
Ebola hemorrhagic fever virus. Vaccine
19(1), 142-153 (2000).

Wilson JA, Hart MK. Protection from Ebola
virus mediated by cytotoxic T lymphocytes
specific for the viral nucleoprotein. J. Virol.
75(6), 2660-2664 (2001).

» 66

» 69

» 73

» 75

» 77

Ebola and Marburg virus-like particle vaccines

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(1), 28-37 (1998).

First demonstration of filovirus vaccine
efficacy in nonhuman primates.

Sullivan NJ, Sanchez A, Rollin PE, Yang ZY,
Nabel GJ. Development of a preventive
vaccine for Ebola virus infection in primates.
Nature 408(6812), 605609 (2000).

First demonstration of an

efficacious Ebola virus vaccine in
nonhuman primates.

Nabel GJ. Vaccine for AIDS and Ebola
virus infection. Virus Res. 92(2), 213-217
(2003).

Sullivan NJ, Geisbert TW, Geisbert JB et al.
Accelerated vaccination for Ebola virus
haemorrhagic fever in non-human
primates. Nature 424(6949), 681-684
(2003).

Riemenschneider J, Garrison A, Geisbert J
et al. Comparison of individual and
combination DNA vaccines for B.
anthracis, Ebola virus, Marburg virus and
Venezuelan equine encephalitis virus.
Vaccine 21(25-26), 4071-4080 (2003).

Hevey M, Negley D, Geisbert J, Jahrling P,
Schmaljohn A. Antigenicity and vaccine
potential of Marburg virus glycoprotein
expressed by baculovirus recombinants.
Virology 239(1), 206-216 (1997).

Boisgerault F, Moron G, Leclerc C. Virus-
like particles: a new family of delivery
systems. Expert Rev. Vaccines 1(1), 101-109
(2002).

Noad R, Roy P. Virus-like particles as
immunogens. Trends Microbiol. 11(9),
438-444 (2003).

Feldmann H, Jones S, Klenk HD,
Schnittler HJ. Ebola virus: from discovery
to vaccine. Nat. Rev. Immunol. 3(8),
677-685 (2003).

Kallstrom G, Warfield KL, Swenson DL et
al. Analysis of Ebola virus and VLP release
using an immunocapture assay. J. Virol.
Methods 127(1), 1-9 (2005).

Aman MJ, Bosio CM, Panchal RG, Burnett
JC, Schmaljohn A, Bavari S. Molecular
mechanisms of filovirus cellular trafficking.
Microbes Infect. 5(7), 639—-649 (2003).

Wool-Lewis RJ, Bates P. Characterization of
Ebola virus entry by using pseudotyped
viruses: identification of receptor-deficient
cell lines. J. Virol. 72(4), 3155-3160
(1998).

Swenson DL, Warfield KL, Negley DL,
Schmaljohn A, Aman MJ, Bavari S. Virus-
like particles exhibit potential as a pan-

» 78

79

» 80

> 31

82

83

> g4

85

» 86

» g7

filovirus vaccine for both Ebola and
Marburg viral infections. Vaccine 23(23),
3033-3042 (2005).

Compares the efficacy of several VLP
formulations as panfilovirus vaccines.

Watanabe S, Watanabe T, Noda T et al.
Production of novel Ebola virus-like
particles from cDNAs: an alternative to
Ebola virus generation by reverse
genetics. J. Virol. 78(2), 999-1005
(2004).

Estes MK, Ball JM, Crawford SE et al.
Virus-like particle vaccines for mucosal
immunization. Adv. Exp. Med. Biol. 412,
387-395 (1997).

Johnson JE, Chiu W. Structures of virus
and virus-like particles. Curr. Opin. Struct.
Biol. 10(2), 229-235 (2000).

Lenz P, Day PM, Pang YY et al.
Papillomavirus-like particles induce acute
activation of dendritic cells. J. Immunol.
166(9), 5346-5355 (2001).

Beyer T, Herrmann M, Reiser C, Bertling
W, Hess J. Bacterial carriers and virus-like-
particles as antigen delivery devices: role of
dendritic cells in antigen presentation.
Curr. Drug Targets Infect. Disord. 1(3),
287-302 (2001).

Bachmann MF, Lutz MB, Layton GT et al.
Dendritic cells process exogenous viral
proteins and virus-like particles for class |
presentation to CD8+ cytotoxic T
lymphocytes. Eur J. Immunol. 26(11),
2595-2600 (1996).

Warfield KL, Bosio CM, Welcher BC et
al. Ebola virus-like particles protect from
lethal Ebola virus infection. Proc. Natl
Acad. Sci. USA 100(26), 15889-15894
(2003).

First documented protection against
Ebola virus infection in mice following
VLP vaccination.

Warfield KL, Olinger GG, Deal EM et al.
Induction of humoral and CD8" T cell
responses are required for protection
against lethal Ebola virus infection. J.
Immunol. 175(16) (2005)

Thorough characterization of Ebola
VLP-mediated mechanisms of immunity
in mice.

Warfield KL, Swenson DL, Negley DL,
Schmaljohn AL, Aman MJ, Bavari S.
Marburg virus-like particles protect
guinea pigs from lethal Marburg virus
infection. Vaccine 22(25-26), 3495-3502
(2004).

Liu YJ. Dendritic cell subsets and
lineages, and their functions in innate
and adaptive immunity. Cell 106(3),
259-262 (2001).

www.future-drugs.com

439



Warfield, Swenson, Demmin & Bavari

88 Steinman RM. Dendritic cells and the peripheral blood T lymphocytes and NK  Affiliations
control of immunity: enhancing the cells during the course of Ebola o Kelly L Warfield
efficiency of antigen presentation. Mt hemorrhagic Fever in cynomolgus United States Army Medical Research Institute of
Sinai J. Med. 68(3), 106-166 (2001). macaques. Viral Immunol. 17(3), Infectious Diseases,
89 Mahanty S, Hutchinson K, Agarwal S, 390-400 (2004) Fort Detrick, MD 21702-5011, USA
McRae M, Rollin PE, Pulendran B. P94 Wiatson DJ, Kobinger GP, Passini MA, TeI.:. +1301 619 3414
Cutting edge: impairment of dendritic Wilson JM, Wolfe JH. Targeted transduction ESI)I( \Tvir?i(e)lldg)ldgetzfniede armymil
cells and adaptive immunity by Ebola patterns in the mouse brain by lentivirus . Dary{a L Swenson ' -army.
and Lassa viruses. J. Immunol. 170(6), vectors pseudotyped with VSV, Ebola, United States Army Medical Research Institute of
2797-2801 (2003). Mokola, LCMV, or MuLV envelope proteins. Infectious Diseases,
»90 Hensley LE, Young HA, Jahrling PB, Mol. Ther. 5(5 Pt 1), 528-537 (2002). Fort Detrick, MD 21702-5011, USA
Geisbert TW. Proinflammatory response P95  Yasuda J, Nakao M, Kawaoka Y, Shida H. Tel.: +1 301 619 5112
during Ebola virus infection of primate Nedd4 regulates egress of Ebola virus-like Fax: +1 301 619 2348
models: possible involvement of the particles from host cells. J. Virol. 77(18), dana.swenson@det.amedd.army.mil
tumor necrosis factor receptor 9987-9992 (2003). *  Gretchen Demmin
superfamily. Immunol. Lett. 80(3), 9 Wilson JA, Bosio CM, Hart MK. Ebola United States Army Medical Service
169-179. (2002). virus: the search for vaccines and treatments. Cor.ps’umted Sta.t * Army Medical Resea.r ch
»91 Bosio CM, Moore BD, Warfield KL et al. Cell. Mol. Life Sci. 58(12-13), 1826-1841 :CI“D't;;e%fz'_”;ﬁ'f“;'g:eases’ Fort Detrick,
Eb(_)la and Marburg vi_rus-like pgrticles (2001). Tel.: +1 301 619 é731
activate human myeloid dendritic cells. g7  \anderzanden L, Bray M, Fuller D et al. Fax: +1 301 619 2290
Virology 326(2), 280-287 (2004). DNA vaccines expressing either the GP or gretchen.demmin@det.amedd.army.mil
»92  Wahl-Jensen V, Kurz SK, Hazelton PR et NP genes of Ebola virus protect mice from »  Sina Bavari
al. Role of Ebola virus secreted lethal challenge. Virology 246(1), 134-144 Target Identification and Translational Research
glycoproteins and virus-like particles in (1998). United States Army Medical Research Institute of
activation of human macrophages. J. Infectious Diseases, Fort Detrick, MD
Virol. 79(4), 2413-2419 (2005). Website 21702-5011, USA
e  Characterizes macrophage responses to . Tel.: +1.301 619 3414
the glycoprotein on Ebola VLPs. 101 Category A agents. (_:enters for Disease Fax: +1301 619 2348 _
Control and Prevention. sina.bavari@det.amedd.army.mil or
»93  Reed DS, Hensley LE, Geisbert JB, www.bt.cdc.gov/agent/agentlist.asp. bavaris@ncifcrf.gov
Jahrling PB, Geisbert TW. Depletion of (Accessed May 2005)
440 Expert Rev. Vaccines 4(3), (2005)





