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To determine whether intranasal inoculation with a paramyxovirus-vectored vaccine can induce protective
immunity against Ebola virus (EV), recombinant human parainfluenza virus type 3 (HPIV3) was modified to
express either the EV structural glycoprotein (GP) by itself (HPIV3/EboGP) or together with the EV nucleo-
protein (NP) (HPIV3/EboGP-NP). Expression of EV GP by these recombinant viruses resulted in its efficient
incorporation into virus particles and increased cytopathic effect in Vero cells. HPIV3/EboGP was 100-fold
more efficiently neutralized by antibodies to EV than by antibodies to HPIV3. Guinea pigs infected with a single
intranasal inoculation of 10°2 PFU of HPIV3/EboGP or HPIV3/EboGP-NP showed no apparent signs of
disease yet developed a strong humoral response specific to the EV proteins. When these animals were
challenged with an intraperitoneal injection of 10°> PFU of EV, there were no outward signs of disease, no
viremia or detectable EV antigen in the blood, and no evidence of infection in the spleen, liver, and lungs. In
contrast, all of the control animals died or developed severe EV disease following challenge. The highly effective
immunity achieved with a single vaccine dose suggests that intranasal immunization with live vectored vaccines
based on recombinant respiratory viruses may be an advantageous approach to inducing protective responses

against severe systemic infections, such as those caused by hemorrhagic fever agents.

Ebola virus (EV) is one of the most pathogenic viruses
known; it and another highly pathogenic agent, Marburg virus,
constitute the family Filoviridae (Order Mononegavirales). It
causes severe hemorrhagic fever in humans, with a mortality
rate of up to 88%, and lacks an approved vaccine or antiviral
therapy. The virus is easily transmitted from acutely infected
humans and animals by body fluids coming in contact with
mucosal surfaces or wounds, and safe handling of infectious
virus requires biosafety level 4 (BSL-4) containment (19, 28,
38). Following the first recorded outbreak in 1976, the Zaire
and Sudan species of EV have caused sporadic outbreaks of
human disease in Central Africa, but in the past decade the
incidence has increased to once every few years (33) and also
has involved endangered populations of great apes (37). The
source of these outbreaks is unknown, as the ecology (natural
host) of filoviruses remains a mystery (33).

Severe EV disease is characterized by virus replication
throughout the body, particularly in the spleen and liver, re-
sulting in a high virus load and prominent antigenemia (19, 28,
38). This widespread replication is facilitated by the expression
of viral genes that lead to immune evasion by blocking inter-
feron pathways (3), inducing apoptosis in lymphocytes (indi-
rectly) (1, 2, 17), and impairing maturation of antigen-present-
ing cells (5, 6, 18, 29). The genome of EV is a single-stranded
RNA of negative polarity of approximately 19 kb in length with
a gene order of 3'-NP-VP35(or P)-VP40(or M)-GP-VP30-
VP24-L-5" (40). Each gene is transcribed into a monocistronic
mRNA (39). The major surface glycoprotein (GP) is synthe-
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sized as the full-length 676-amino-acid type I membrane-an-
chored protein and as a C-terminally truncated 364-amino-acid
secreted version (sGP). Full-length GP is expressed from a GP
mRNA that is modified by cotranscriptional editing, involving
the insertion of a single A residue at a specific sequence motif
midway along the open reading frame (ORF), whereas sGP is
encoded by the unedited transcript (41, 50). Full-length GP
undergoes posttranslational proteolytic cleavage, at a multiba-
sic amino acid motif located at positions 497 to 501 of the
ORF, into two disulfide-linked fragments, GP1 and GP2 (52).
Expression of GP has been shown to be associated with en-
hanced cytopathic effect (CPE) in cell culture and is thought to
cause a vascular cytotoxicity during the acute phase of EV
infection (46, 55). However, another study, involving cynomol-
gus monkeys, demonstrated that EV infection does not exten-
sively disrupt the vascular endothelium (22).

Attempts to develop a protective vaccine against EV disease
have had limited success (reviewed in references 14 and 20).
Several recombinant candidate vaccines have shown promising
results in rodent models yet have failed to provide adequate
protection when tested in nonhuman primates, which present a
more stringent model due to their extreme susceptibility to EV
infection. Recently, however, two vaccines were found to be
effective in primate models: one involves a replication-defi-
cient adenovirus expressing EV GP or GP together with the
major nucleoprotein (NP), and the other involves a replica-
tion-competent vesicular stomatitis virus expressing GP in the
place of its own G glycoprotein (24, 45, 47). Intramuscular
injection of these viruses protected cynomolgus macaques
against subsequent challenge with EV.

Mucosal immunization against EV and other hemorrhagic
fevers has not been explored, yet immunization through the
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FIG. 1. Genome structures of recombinant HPIV3s expressing EV GP and NP. (A) Schematic diagrams of the genome of the HPIV3 vector,
with insertion sites indicated by arrows (top) and HPIV3 vectors containing a transcription cassette encoding EV GP (middle) or two separate
cassettes encoding GP and NP (bottom). The genomic length of each construct (in nucleotides) is indicated to the right. (B) Sequences flanking
the EV GP (top) and NP (bottom) ORFs in the HPIV3 genome, shown in antigenomic or positive sense. The boundaries of the GP and NP inserts
are indicated. HPIV3-specific gene start and gene end transcriptional signals are boxed, the three-nucleotide-long intergenic sequence is
designated IG, and the initiation and stop codons of the GP and NP ORFs are in boldface, with the remainder of each ORF indicated by three
dots. Restriction endonuclease sites used for cloning are indicated below their underlined sequences.

respiratory tract has been shown to be a highly effective means
of inducing both local and systemic immune responses against
respiratory viral infections. A live attenuated intranasal influ-
enza vaccine has recently become commercially available (re-
viewed in reference 25), and several live attenuated vaccines
against human respiratory syncytial virus (RSV) and human
parainfluenza viruses (HPIVSs) are currently in clinical trials
(30). In the case of EV, the respiratory tract appears to be a
possible portal of entry for EV infection (23, 42), and direct
stimulation of local immunity would be important in cases
where this occurs. In this study, the efficacy of intranasal mu-
cosal immunization against parenterally administered EV chal-
lenge was evaluated with a guinea pig model using HPIV
serotype 3 (HPIV3) as a vector for the expression of EV GP
and NP. This report shows that a single intranasal administra-
tion of this viral vector is capable of inducing highly effective
immunity, suggesting that paramyxoviruses have potential as

vectors for vaccinating humans. Although common human
pathogens such as HPIV3 probably would not be effective as
vectors in the adult population due to the prevalence of anti-
bodies against the vector, other nonhuman paramyxoviruses
are being developed as vectors for human use (8).

MATERIALS AND METHODS

Cells, viruses, and animals. Monkey kidney LLC-MK2, Vero, and Vero E6
cells (American Type Culture Collection [ATCC], Manassas, VA) were used for
growth and quantitation of HPIV3 strain JS and its derivatives (HPTV3/EboGP
and HPIV3/EboGP-NP), and Vero E6 cells were used for EV. A guinea pig-
adapted EV (Zaire species, 1976 Mayinga strain) was used to challenge immu-
nized animals (12). This virus is highly virulent for guinea pigs. In a previous
study, it was found that 1 PFU contains 400 50% lethal doses, and all infections
were lethal (unpublished data). All experiments involving infectious EV particles
were performed under BSL-4 containment at the CDC, Atlanta, GA. Most of the
experiments involving infectious HPIV3 bearing EV proteins were performed
under BSL-3 containment at the NIH, Bethesda, MD, or under BSL-4 contain-
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ment at the CDC, Atlanta, GA. However, when it was observed that HPIV3
expressing EV proteins did not cause illness in guinea pigs, a limited number of
in vitro experiments subsequently were performed at BSL-2 using face shields
and under conditions of increased infection control. These guidelines were ap-
proved by biosafety committees at the CDC and the NIH.

Construction of ¢cDNAs and production of recombinant viruses. A cDNA
encoding the HPIV3 antigenome was modified by the insertion, between the P
and M genes, of the EV GP ORF under the control of a set of HPIV3 gene start
and gene end signals (Fig. 1A). Specifically, a cDNA containing the full-length,
edited version of the EV GP ORF of the Zaire species, Mayinga strain, was
amplified by PCR from a cloned cDNA. The forward primer was GTATCATCC
ATGGGCGTTACAGGAATATT (the beginning of the ORF is underlined, and
an Ncol site is italicized), and the reverse primer was TACACTTAAGCTTAA
AAGACAAATTTGCATAT (the end of ORF and the stop codon are under-
lined, and a HindIII site is italicized). The GP PCR product was digested with
Ncol and HindIIl and cloned into the Ncol-HindIII window of the plasmid
pUC(GE/GS)p.\ (44). This placed the GP ORF downstream of a copy of an
HPIV3 gene junction (containing a set of HPIV3 gene end, intergenic, and gene
start sequences) and flanked by AfIII sites (Fig. 1B). The AflII fragment was
transferred by several cloning steps into the full-length HPIV3 antigenomic
c¢DNA (Fig. 1B) to yield the plasmid pHPIV3/EboGP. A second construct was
made in which pHPIV3/EboGP was modified by the additional insertion, be-
tween the HN and L genes, of the EV NP ORF under the control of a set of
HPIV3 gene start and gene end signals (Fig. 1A and B). Specifically, a cDNA
containing the NP ORF of the same EV strain was amplified by PCR from a
cDNA clone by using the forward primer TACACTTACGCGTGATGGATT
CTCGTCCTCAGAA (the beginning of the ORF is underlined, and an Mlul site
is italicized) and the reverse primer TACACTTTTCGAAGTCACTGATGA
TGTTGCAGGA (the end of the ORF and the stop codon are underlined, and
a BstBI site is italicized). The PCR product was digested with Mlul and BstBI
and cloned into the Mlul-BstBI window of the plasmid pHPIV3(XhoI-SphI)Stul
(43). This placed the NP ORF downstream of a copy of an HPIV3 gene junction
and flanked by Stul sites. The Stul fragment was transferred by several cloning
steps into the full-length HPIV3 antigenomic ¢cDNA (Fig. 1B) to yield the
plasmid pHPIV3/EboGP-NP. The GP and NP inserts in both constructs were
designed to comply with the rule of six and to have the inserted genes positioned
so as to initiate appropriately at the first position of their respective hexamers
without disturbing the start positions of the remaining genes (26).

Two recombinant viruses, HPIV3/EboGP and HPIV3/EboGP-NP, were gen-
erated by transfection of the respective antigenomic plasmid into BHK-21 cells
constitutively expressing the T7 polymerase (7) together with the N, P, and L
support plasmids (13). The viruses were propagated by two passages in LLC-
MK2 cells. The genomic regions containing the GP and NP inserts were ampli-
fied by reverse transcription-PCR and analyzed by sequencing the uncloned PCR
product. As described in Results, the first set of recovered viruses was found to
have nucleotide substitutions or deletions in a run of eight A residues that
constitutes part of the editing site of the GP ORF (Fig. 2). Therefore, the GP
c¢DNA was modified so that two of the A residues in this run were changed to G
residues without changing amino acid coding. This was done by site-directed
mutagenesis of a cDNA containing the full-length, edited version of the EV GP
OREF using the QuikChange II kit (Stratagene, La Jolla, CA), the forward primer
GGCCTTCTGGGAAACTAAGAAGAACCTCACTAGAAAAATTCG, and the
reverse primer CGAATTTTTCTAGTGAGGTTCTTCTTAGTTTCCCAGAAG
GCC (the mutagenized nucleotide residues are underlined) according to the man-
ufacturer’s recommendations. The modified GP ¢cDNA was used to remake the
HPIV3/EboGP and HPIV3/EboGP-NP viruses by the same strategy as described
above. Mutations were not observed in the GP or NP ORFs in the viruses recovered
using these further-modified plasmids.

Analysis of viral proteins. LLC-MK2 cells were infected with HPIV3, HPIV3/
EboGP, or HPIV3/EboGP-NP at an input multiplicity of infection (MOI) of 0.2
PFU per cell. At 24 h postinfection, lysates were prepared for the analysis of
cell-associated proteins. For the analysis of virion-associated proteins, virus par-
ticles were isolated as previously described (9) from the supernatant of cells
infected with HPIV3 or HPIV3/EboGP. As a control, medium from uninfected
cells was processed in parallel. Briefly, the medium was clarified by low-speed
centrifugation, layered onto a 30% to 60% (wt/vol) sucrose gradient, and cen-
trifuged at 130,000 X g for 90 min at 4°C, and the resulting band of virus particles
was isolated. Proteins from lysates of cells or purified virus preparations were
electrophoretically separated under denaturing and reducing conditions in 4 to
12% or 10% bis-Tris acrylamide gradient gels (NuPage protein electrophoresis
system; Invitrogen, Mountain View, CA) or 7.5% Tris acrylamide gels, as indi-
cated in the figure legends, and analyzed by Western blotting (WesternBreeze
immunodetection kit; Invitrogen) or silver staining (SilverQuest kit; Invitrogen),
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FIG. 2. Adventitious mutations detected in the editing site of the
EV GP OREF in recovered HPIV3/EboGP and HPIV3/EboGP-NP
viruses. The top line shows the positive-sense sequence of part of the
editing site in the unedited version of EV GP mRNA, with encoded
amino acids (a.a.) and their sequence positions in GP indicated and the
homo-oligomeric A tract underlined. The next line shows the edited
version of the mRNA containing a tract of eight A residues; this is the
version that initially was inserted into the HPIV3 vector but proved to
be unstable. The next four lines illustrate sequences from recovered
viruses containing a nucleotide substitution or a nucleotide deletion
that disrupts this run of eight A residues. The sequence at the bottom
is an engineered mutant version of the edited mRNA that contains two
A—G substitutions that interrupt the run of eight A residues without
affecting amino acid coding; this version was used to make the second
set of HPIV3/EboGP and HPIV3/EboGP-NP viruses that were used in
this study.

introduced silent mutations

all according to the manufacturer’s recommendations. Magic XP marker pro-
teins (Invitrogen) were electrophoresed in parallel as molecular weight markers.
Densitometer scanning of the protein bands was performed using a Molecular
Dynamics Personal Densitometer SI and the data analyzed using ImageQuant
software (both from Molecular Dynamics, Sunnyvale, CA).

Virus neutralization titration. HPTV3 or HPIV3/EboGP was diluted in Opti-
MEM medium (Invitrogen) containing 10% (vol/vol) of a commercial prepara-
tion of guinea pig complement (Cambrex Corporation, East Rutherford, New
Jersey). Replicate aliquots, each containing 10° PFU of virus, were mixed with
an equal volume of a 1:10 or 1:40 dilution of a preparation of rabbit hyperim-
mune serum that had been raised against purified HPIV3 particles or against
inactivated purified EV virions or were mixed with both sera. The mixtures were
incubated for 1 h at 37°C and then subjected to plaque titration in LLC-MK2 and
Vero cells to quantify residual infectious virus by counting the plaques following
immunostaining. For that purpose, the cell monolayers were fixed in cold 80%
methanol overnight, and the plaques were incubated sequentially with rabbit
anti-HPIV3 antibodies (mentioned above) at 1:2,000, alkaline phosphatase-con-
jugated mouse anti-rabbit antibody at 1:2,000, and alkaline phosphatase sub-
strate (both from Kirkegaard and Perry Laboratories, Gaithersburg, MD).

Guinea pig immunization. Three-month-old Hartley strain guinea pigs were
obtained from Charles River Laboratories, Wilmington, MA, and were con-
firmed to be seronegative for HPIV3. Blood was collected, and the animals in
groups of 9 or 10 were infected intranasally with 10>* PFU of recombinant
viruses in 100 pl of Leibowitz L-15 medium (Invitrogen) (50 pl inhaled into each
nostril). Twenty-eight days later, blood was collected and the animals were
challenged with an intraperitoneal injection of 10° PFU of guinea pig-adapted
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FIG. 3. Western blot analysis of cell-associated EV GP and NP expressed by the recombinant vectors. LLC-MK2 cells were infected with the
recombinant viruses, and total cell lysates were prepared 24 h later, separated by electrophoresis on 4 to 12% bis-Tris acrylamide gradient gels
under denaturing and reducing conditions, and subjected to Western blot analysis. Replicate blots were analyzed with rabbit anti-EV antibodies
(A), guinea pig anti-NP antibodies (B), and a mouse monoclonal antibody against actin as a loading control (C). Lanes: 1, molecular weight
markers; 2, HPIV3; 3, HPIV3/EboGP; 4, HPIV3/EboGP-NP; 5, mock infection. Molecular masses of the marker proteins (in kilodaltons) are
shown in the left margins, and the positions of EV GP1 (A) and NP (B) are indicated with arrows.

EV diluted in sterile Hanks buffered salt solution. Seven days after the challenge,
which is the peak time of the disease, blood was collected, four or five animals in
each group were euthanatized, and the lungs, liver, and spleen were isolated for
histologic analysis as described below. Among the remaining animals, those
experiencing EV disease were sacrificed in extremis or collected shortly after
death, and blood and tissues for histological analysis were collected. All remain-
ing animals were sacrificed 22 days postchallenge, and blood and tissues for
histological analysis were collected. During the immunization and challenge
phases of the efficacy study, the animals were observed for signs of disease and
weighed at 1- or 2-day intervals to assess their health. All procedures were
performed in accordance with protocols and guidelines approved by the CDC
Institutional Animal Care and Use Committee.

Quantitation of humoral responses. HPIV3-specific serum antibody titers in
animals were determined using a hemagglutination inhibition (HAI) assay with
guinea pig erythrocytes (49). EV-specific immunoglobulin G titers were deter-
mined using an enzyme-linked immunosorbent assay (ELISA) in which dilutions
of animal sera were reacted with immobilized EV proteins. Specifically, a prep-
aration of concentrated EV particles on dry ice was inactivated with 4 millirads
of gamma irradiation by using a cobalt-60 high-energy gamma irradiator (MDS
Nordion, Ottawa, Ontario, Canada) and purified by pelleting through a 20%
(wt/vol) sucrose solution in Tris-buffered saline. The gamma irradiation step
followed a CDC standard operating procedure that originally was qualified by
titration on Vero cells. The preparation was treated with Tween 20 (Sigma, St.
Louis, MO), diluted in phosphate-buffered saline, and used to coat 96-well,
U-bottom polyvinyl chloride plates (Falcon 353911; Becton Dickinson, Franklin
Lakes, NJ). Specific antibody binding was detected using a goat anti-guinea
pig immunoglobulin G polyclonal serum conjugated with horseradish perox-
idase and ABTS (2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid) Peroxide
Substrate System (KPL, Gaithersburg, MD). Absorbance at 405 nm was
measured using a Tecan Spectrafluor fluorescence spectrophotometer (Tecan
Trading AG, Switzerland).

Histological analysis. Tissue samples were processed for antigen detection by
immunohistochemical (IHC) staining (56). Briefly, samples of spleen, liver, and
lung tissues were fixed in buffered 10% formalin for 5 days. Tissues on wet ice
were then exposed to gamma irradiation as described above to inactivate infec-

tivity and processed for paraffin embedding, sectioning, and IHC staining. Spe-
cific EV antigen staining was accomplished by treating tissue sections with the
following reagents in sequence: (i) an anti-EV serum that had been raised in
rabbits by hyperimmunization with inactivated purified EV virions, (ii) biotinyl-
ated mouse anti-rabbit antibody, (iii) streptavidin-conjugated alkaline phospha-
tase, and (iv) naphthol fast red substrate (reagents ii to iv are components of the
LSAB kit from Dako Corporation, Carpenteria, CA).

Electron microscopy. Virus particles from cultures of Vero E6 cells infected
with recombinant HPIV3 or EV were used to generate negative-stained images.
Formvar-carbon-coated nickel grids (300 mesh) were floated onto drops of tissue
culture fluid for 10 min, and adsorbed particles were stained with 2% methyl-
amine tungstate, pH 6.8 (Nanoprobes, Yaphank, NY). Stained viruses were
visualized and images digitally recorded using a FEI Tecnai 12 BioTwin trans-
mission electron microscope (FEI, Hillsboro, OR) operating at 100 to 120 kV.

RESULTS

Construction of HPIV3/EboGP and HPIV3/EboGP-NP. Re-
verse genetics was used to modify HPIV3 by inserting, between
the P and M genes, a transcription cassette containing the EV
GP ORF under the control of HPIV3 transcription signals,
resulting in HPIV3/EboGP (Fig. 1). A second version was
made to contain, in addition, a transcription cassette encoding
EV NP inserted between the HN and L genes, resulting in
HPIV3/EboGP-NP (Fig. 1). To confirm the sequences of the
inserted genes, viral RNA was isolated and the genome regions
containing the inserts were amplified by reverse transcription-
PCR and sequenced. Surprisingly, we found mutations in the
GP ORF editing site of every recovered virus. Specifically,
three independently recovered preparations each of HPIV3/
EboGP and HPIV3/EboGP-NP contained mutations in the
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FIG. 4. Incorporation of EV GP1 and GP2 into recombinant virus particles. Purified HPIV3 and HPIV3/EboGP were prepared by sedimen-
tation on discontinuous sucrose gradients, separated by electrophoresis on 4 to 12% (top panel A and panel B) or on 10% (bottom panel A)
bis-Tris acrylamide gradient gels under denaturing and reducing conditions, and subjected to Western blot analysis with guinea pig anti-GP
antibodies (top panel A) or rabbit hyperimmune serum that had been raised against inactivated purified EV virions (bottom panel A). A second
gel containing the same array of samples was analyzed by silver straining (B). Lanes: 1, molecular weight markers; 2, HPIV3; 3, HPIV3/EboGP.
Molecular masses of the marker proteins (in kilodaltons) are shown in the left margins, and positions of EV GP1, GP2, and the major HPIV3

proteins are shown in the right margins.

run of eight A residues that constitutes part of the editing
site (Fig. 2). These mutations involved either a single nu-
cleotide substitution that, in each case, resulted in a change
in amino acid coding or a deletion of a single nucleotide
resulting in an unedited ORF encoding sGP (Fig. 2). This
sequence instability probably is a result of aberrant replica-
tion of this homo-oligomeric sequence by the HPIV3 poly-
merase; notably, homopolymer tracts larger than seven nu-
cleotides do not otherwise occur in the HPIV3 genome.
Mutations were not found elsewhere in the EV GP gene
insert or in the EV NP gene insert of any recovered virus.

Since the changes in amino acid coding might adversely
affect the immunogenicity of the encoded GP, we made a
second set of HPIV3/EboGP and HPIV3/EboGP-NP viruses
by using a version of the GP ¢cDNA in which the run of eight
A residues was modified by introducing two silent A—G
substitutions (Fig. 2). Sequence analysis of this set of recov-
ered viruses showed the GP or NP gene inserts to be free of
mutations.

Expression of cell-associated EV GP and NP and incorpo-
ration of GP into the virus particles. LLC-MK2 cells were
infected with the recombinant viruses and harvested 24 h later
for Western blot analysis to examine the expression of cell-
associated EV GP and NP (Fig. 3). EV GP was identified in
cells infected with HPIV3/EboGP and HPIV3/EboGP-NP as a
broad, disperse band with an electrophoretic mobility of ap-
proximately 100 to 160 kDa (Fig. 3A). This size range would
encompass the previously described cell-associated forms of
GP: the 110-kDa endoplasmic reticulum-specific form, the
160-kDa Golgi-specific form, and the 140-kDa GP1 subunit
(52). In cells infected with HPIV3/EboGP-NP, a protein of
approximately 90 kDa that corresponds to EV NP was identi-
fied (Fig. 3B). The vector-expressed GP1 and NP proteins

comigrated with their counterparts from EV virus particles
(see Fig. 9).

Several instances have been reported where foreign viral
transmembrane proteins were incorporated into the envelopes
of negative-strand viral vectors (36). To investigate whether
GP was incorporated into the virion of the HPIV3 vector, we
purified HPIV3 and HPIV3/EboGP virions by banding on dis-
continuous sucrose gradients and subjected them to Western
blot analysis with antibodies against GP. As shown in Fig. 4A,
GP1 and GP2 were detected in the preparation of HPIV3/
EboGP and were absent, as expected, from the HPIV3 prep-
aration. To evaluate the abundance of EV GP1 in the viral
preparations, we subjected them to electrophoresis on a second
gel that was analyzed by silver staining (Fig. 4B). Although the
EV GP1 was not as abundant as the major HPIV3 structural
proteins phosphoprotein  (P), hemagglutinin-neuraminidase
(HN) and N, and F1, it was clearly seen as an additional band.
Densitometric analysis of the gel indicated that the EV GP band
was approximately 13% as abundant as the HPIV3 HN protein.
In addition, this comparison indicates that the presence of EV GP
in the vector particle did not have any apparent effect on the
content of the HPIV3 proteins, which was confirmed by densi-
tometer analysis (not shown).

We also compared HPIV3, HPIV3/EboGP, HPIV3/EboGP-
NP, and EV by electron microscopy using negative staining
(Fig. 5). This showed that the virion morphologies of HPIV3/
EboGP (Fig. 5B) and HPIV3/EboGP-NP (Fig. 5C) were es-
sentially indistinguishable from that of HPIV3 (Fig. 5A) but
were distinct from that of EV (Fig. 5D).

Expression of EV GP alters the CPE of the HPIV3 vector in
cell culture. Since the expression of EV GP is known to cause
increased CPE in cell culture (46), we examined whether ex-
pression of GP by HPIV3 was associated with a change in viral
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FIG. 5. Electron microscopy of virus particles. Shown are negative-
stained images of HPIV3 (A), HPIV3/Ebo-GP (B), HPIV3/EboGP-NP
(C), and EV (D). Glycoprotein peplomers are seen as a fringe along the
outer edge of all virus particles, and extruding nucleocapsid is evident in
panel B. Representative images are shown; in general, consistent differ-
ences between HPIV3 and its derivatives with EV gene inserts were not
evident.

CPE. This was investigated in both LLC-MK?2 cells, which are
widely used for propagation of HPIV3, and Vero cells, which
effectively support replication of EV. The cultures of LLC-
MK2 and Vero cells were infected with the recombinant vi-
ruses. In LLC-MK?2 cells infected with HPIV3, extensive syn-
cytium formation with some cell rounding was observed by day
2 to 3, while infection with HPTV3/EboGP or HPIV3/EboGP-NP
produced a massive cell rounding and detachment with little
or no syncytium formation (Fig. 6) (infection with HPIV3/
EboGP-NP is not shown since it was indistinguishable from
that with HPIV3/EboGP). In Vero cells infected with HPTV3,
little CPE was observed until 5 to 6 days after infection, when
some cell rounding started to appear (not shown). However, in
cells infected with HPIV3/EboGP or HPIV3/EboGP-NP, sig-
nificant cell rounding was observed starting on day 2 (not
shown), and by day 3, 50% to 70% of the cell monolayer
consisted of round cells (Fig. 6). These studies demonstrated
that insertion of a EV GP gene into the HPIV3 genome results
in altered CPE characterized by cell rounding and detachment,
consistent with previously published observations (55).
Anti-HPIV3 antibodies inhibit growth of HPIV3/EboGP but
are incompletely neutralizing. The incorporation of EV GP
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into the virus particle had the potential to alter the neutraliza-
tion and infectivity characteristics of the HPIV3 vector. To
examine this question, 10° PFU of HPIV3 or HPIV3/EboGP
was mixed with an HPIV3-neutralizing antiserum, an EV-neu-
tralizing antiserum, a mixture of both sera at dilutions of 1:10
and 1:40, or diluent (no antibody) in the presence of guinea pig
complement and incubated for 1 h at 37°C, and the residual
infectious virus was quantified by plaque titration in LLC-MK2
cells and Vero cells (Table 1). The monolayers were observed
daily, and on day 7 the plaques were immunostained and
counted. Incubation of HPIV3 with the HPIV3-specific anti-
bodies resulted in a complete neutralization of infectivity, and
plaque formation was observed in the samples without the
antibodies. For HPIV3/EboGP, a reduced number of plaques
appeared in all of the samples that had received the HPIV3-
specific antibodies, indicating that HPIV3/EboGP, in contrast
to HPIV3, was only partially neutralized by the HPIV3-specific
antibodies. Incubation of HPIV3 with EV-specific antibodies
did not result in a significant reduction of infectivity, whereas
for HPIV3/EboGP, a strong reduction or a complete loss of
infectivity was observed at the higher antibody concentration.
Incubation of HPIV3/EboGP with mixture of the two antibod-
ies resulted in loss of infectivity similar to that achieved with
the EV antibodies alone. Thus, HPIV3-specific antibodies re-
tarded, but did not completely inhibit, the spread of HPIV3/
EboGP in cell culture, while EV-specific antibodies demon-
strated a high level of neutralization of the virus.

HPIV3/EboGP and HPIV3/EboGP-NP are attenuated in cell
culture. We compared the multistep growth kinetics of the
recombinant viruses in LLC-MK?2 cells and Vero cells (Fig. 7).
The growth kinetics of HPIV3/EboGP and HPIV3/EboGP-NP
were reduced compared to those of the parental virus, HPIV3,
an effect that was more pronounced in LLC-MK2 cells than in
Vero cells and was more pronounced with HPIV3/EboGP-NP
than with HPIV3/EboGP. This is consistent with our previous
findings that the insertion of additional transcriptional units
into the HPIV3 genome results in reduced replication in cell
culture and that this effect is increased with increasing length
and number of inserts (43, 44). It also is possible that expres-
sion of GP contributed an attenuating effect, as was observed
with a recombinant EV that was engineered to express an
increased level of GP (53).

A single intranasal inoculation of guinea pigs with HPIV3/
EboGP or HPIV3/EboGP-NP does not cause disease and in-
duces a high-level EV-specific antibody immune response. The
guinea pig model was selected to evaluate the safety, immu-
nogenicity, and protective efficacy of the recombinant viruses.
Guinea pigs are highly permissive to infection by and replica-
tion of HPIV3, although they do not exhibit overt HPIV3
disease. This experimental animal also is permissive to infec-
tion by and replication of a guinea pig-adapted strain of EV,
and the infection results in extensive weight loss followed by
death in essentially all animals (12, 51). Two-month-old guinea
pigs seronegative for HPIV3 were immunized by a single in-
tranasal inoculation of 10°® PFU of HPIV3, HPIV3/EboGP,
or HPIV3/EboGP-NP, using 9 or 10 animals per group (Table 2).
All of the animals appeared to be completely healthy, and all
groups exhibited a steady increase in weight (Fig. 8A). On day
28 following immunization, high titers of antibody to the
HPIV3 vector were detected in the blood of all three groups
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Mock HPIV3 HPIV3/EboGP

LLC-MK2

Vero

FIG. 6. CPE produced by the indicated recombinant viruses on day 3 after infection in LLC-MK2 and Vero cell cultures. Infections were
performed at an input MOI of 0.2 PFU per cell. Infection with HPIV3/EboGP-NP produced CPE indistinguishable from that with HPIV3/EboGP
and therefore is not shown.

(Table 2). On this admittedly indirect basis, the three immu- Since the EV antigen used to detect an EV-specific response
nizing viruses seemed to have replicated to comparable levels. consisted of EV particles capable of detecting an antibody
Animals immunized with either of the two HPIV3/Ebo viruses, response to GP and other virion proteins, the specificity of the
but not HPIV3, developed high titers of EV-specific serum response to initial immunization was further characterized to
antibodies measured by ELISA (Table 2). confirm that HPIV3-vectored GP and NP EV antigens were

TABLE 1. Neutralization of HPIV3 and HPIV3/EboGP with anti-HPIV3 and/or anti-EV antibodies

Amt of infectious virus (log,, PFU) following neutralization with”:

Virus Cells Antibody : , Anti-HPIV3
Anti-HPIV3 Anti-EV + anti-EV

HPIV3 LLC-MK2 1:10 <12 3.9 <12

1:40 <1.2 ND” <12

No antibody 4.7 4.6 4.6

Vero 1:10 <12 39 <1.2

1:40 <1.2 ND <1.2

No antibody 4.8 4.8 4.7

HPIV3/EboGP LLC-MK2 1:10 32 <1.2 1.2

1:40 3.7 2.1 2.6

No antibody 4.7 4.7 4.7

Vero 1:10 3.6 1.7 1.9

1:40 3.9 2.3 2.7

No antibody 49 5.1 52

“ The indicated viruses (10>? PFU) were incubated with the indicated dilution of anti-HPIV3 antibodies, anti-EV antibodies, or their mixture in the presence of
complement. After the incubation, the residual infectivity was determined on day 7 by plaque titration in the indicated cell lines.
> ND, not determined.
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FIG. 7. Multistep growth kinetics of the indicated recombinant viruses in LLC-MK2 and Vero cells. Cell monolayers were infected with the
indicated viruses at an input MOI of 0.001 PFU per cell. Supernatants were harvested at 24-h intervals and flash frozen, and virus titers were
determined in LLC-MK?2 cells and expressed as PFU per milliliter. Mean values and standard error from triplicate samples are shown. These data
are from a representative experiment out of a total of two independent experiments.

immunogenic. This was done by Western blot analysis using
the purified HPIV3/Ebo viruses or EV as sources of antigen
(Fig. 9). An anti-GP response from an animal immunized
with HPIV3/EboGP-NP (Fig. 9C) was detected with EV GP
antigen using concentrated HPIV3/EboGP (lane 3), HPIV3/
EboGP-NP (lane 4), and EV (lane 5). An anti-NP response
(Fig. 9C) was detected with EV NP antigen from concentrated
EV (lane 5) but not HPIV3/EboGP-NP (lane 4), since EV NP
is not present in the viral particles of the construct. Serum from
a control animal immunized with HPIV3 reacted with neither
of the two EV antigens (Fig. 9B).

The immunization is highly protective against EV challenge.
At 28 days following immunization, all of the animals were
challenged intraperitoneally with 10> PFU of guinea pig-
adapted EV, a dose that is highly lethal. All of the animals that
had been immunized with the HPIV3 control virus developed
an EV infection that was accompanied by weight loss (Fig. 8B).
These animals demonstrated high-level viremia and high levels
of EV antigen in blood (Table 2); in spleen, liver, and lungs
(Fig. 10); and, in one case, in gallbladder. All of the animals in

this group died 8 to 10 days after the challenge. In the groups
that had been immunized with HPIV3/EboGP or HPIV3/
EboGP-NP, there was no significant weight loss (Fig. 8B) or
signs of illness, and EV or EV antigen was not detected in the
blood on day 7 or 22 after the challenge (Table 2) or in lung,
liver, and spleen tissue harvested on day 7 (Fig. 10) or 22 (data
not shown). All of the animals were alive and healthy when
sacrificed at 7 or 22 days postinfection (Table 2; Fig. 8B).

Animals that had been immunized with HPIV3/EboGP or
HPIV3/EboGP-NP had some increases in EV-specific serum
antibodies on day 22 postchallenge (Table 2). The possible
explanations of this phenomenon are the following: (i) a con-
tinued rise in the titer due to immunization; (i) a boosting
effect of the EV antigen present in the challenge virus; (iii)
limited, undetected, asymptomatic replication of EV after the
challenge; or (iv) a combination of these factors.

DISCUSSION

This is the first study demonstrating that intranasal immu-
nization with a live respiratory virus vector expressing a pro-
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TABLE 2. Immunogenicity and protective efficacy of HPIV3/EboGP and HPIV3/EboGP-NP in guinea pigs

Response to immunization
(reciprocal log, = SE)*

Response to challenge with EV
(mean = SE)”

Immunizing virus

(no. of animals) Antibodies to

Antibodies to

EV antigen in blood

EV titer in blood, Antibodies to EV

HPIV3 (HAI) EV (ELISA) (ELISA, reciprocal ~ (PFU/ml, reciprocal =~ Mortality, % (ELISA, reciprocal log,)

Day0 Day28 Day0  Day?28 log,), day 7 log,p), day 7 Day 7 Day 22

HPIV3 (9) <20 77=x02 <76 <7.6 13903 6.7 £0.2° 100 <7.67 ND¢
HPIV3/EboGP (10) <20 6.6*01 <76 13.6=0.0 <43 <1.0 0 142+03 16.0= 0.3
HPIV3/EboGP-NP (9) <20 73*x02 <76 139x02 <4.3 <1.0 0 14103 17203

@ Animals were immunized on day 0 with a single intranasal inoculation of 103 PFU of the indicated virus. Reciprocal log, of serum endpoint dilutions are indicated.
> Animals were challenged on day 28 (day 0 of the challenge) with 10*> PFU of EV administered intraperitoneally.

¢ For the animals that had EV titers in blood exceeding 7.2 X 107 PFU/ml, that value was assigned for calculation of the mean.

@ Antibody levels were below the detection limit in all animals except for a single animal (animal 7), in which a titer of EV-specific antibodies at the level of 1:1,280

was detected.

¢ ND, not determined. The animals in this group developed EV infection and died on days 8 to 10 postchallenge.

tective antigen of an agent of severe viral hemorrhagic fever
can induce a systemic protective immunity against a lethal dose
of that agent. Remarkably, there was no evidence of EV in-
fection in animals previously immunized with HPIV3/EboGP
or HPIV3/EboGP-NP. The lack of EV in the blood and the

A

target organs (liver, spleen, and lungs) of HPIV3/Ebo-immu-
nized animals indicates that a high level of protection was
achieved, although there may have been a low level of chal-
lenge virus replication that was below the level of detection of
our assays. However, evaluation of the constructs in nonhuman
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FIG. 8. Mean body weights of the guinea pigs in the experimental groups that received the indicated recombinant viruses following the initial
immunizing infection (A) and following the EV challenge on day 28 (B). The mean weights are plotted as percentages relative to the mean weights
on the day of immunization (A) or challenge (B). Of the five animals in the control (HPIV3-vaccinated) group that were not sacrificed on day 7
postchallenge, two animals died on day 8, one animal on day 9, and two animals on day 10.
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FIG. 9. Specificity of guinea pig serum antibodies following the
initial immunization. The following samples were separated in three
replicate 7.5% SDS-polyacrylamide gels: mock-purified virus from un-
infected cells (lane 1), purified HPIV3 (lane 2), purified HPIV3/
EboGP (lane 3), purified HPIV3/GP-NP (lane 4), and purified EV
(lane 5). One replicate gel was stained with Coomassie blue (A), and
the other two were subjected to Western blot analysis with antiserum
from a representative individual guinea pig taken on day 28 after
immunization with HPIV3 (B) or HPIV3/EboGP-NP (C). The posi-
tions of EV GP1 and NP are shown by stars and circles, respectively,
in panels A and C. The poor detection of GP1 in lane 5 of panel A
probably reflects inefficient reactivity of the glycoprotein with the Coo-
massie stain due to the high density of the carbohydrate side chains.
The lack of NP in lane 4 of panel C indicates that EV NP is not
incorporated into the HPIV3 vector particles.
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primates will be necessary, since protective immunity induced
in rodent models does not guarantee a similar outcome when
tested in monkeys (21, 35). It is noteworthy that the expression
of EV GP and NP by HPIV3 was not associated with disease in
an animal model that is permissive to replication by both vi-
ruses and is very sensitive to EV disease. While it will be
important to examine infection by HPIV3/EboGP and HPIV3/
EboGP-NP more fully, including monitoring virus titers and
tissue distribution, the available evidence indicates that expres-
sion of these EV proteins in vivo did not confer EV-specific
pathogenicity to the HPIV3 vector. We believe that the present
study would have provided for sensitive detection of any EV-
specific pathogenicity conferred to the HPIV3 vector, because
the 50% lethal dose of this strain of EV in guinea pigs was
approximately 0.0025 PFU (see Materials and Methods) and
the HPIV3-based vectors were administered at the much
higher dose of 5.3 log,, PFU.

This study shows that the EV GP protein is necessary and
sufficient for induction of protective immunity against the vi-
rus, which is consistent with previously published data with the
guinea pig model (34, 54) and the primate model (24, 47). The
second EV protein, NP, was previously shown to induce a
short-term protective response in guinea pigs (54) and contrib-
uted to a protective immune response in primates through the
induction of cytotoxic T lymphocytes (45). However, in our
study the possible contribution of NP in HPIV3/EboGP-NP to
the induction of a protective immunity was obscured by the
high level of protection induced by the GP protein. Therefore,

T et

FIG. 10. EV antigen detection in internal organs of guinea pigs on day 7 after the challenge. Shown are representative examples of IHC staining
of spleen (A and D), liver (B and E), and lung (C and F) tissues from a control animal immunized with HPIV3 (A, B and C) and from an animal
immunized with HPIV3/EboGP-NP (D, E and F). Areas of the section containing EV antigen are stained red. Bar, 100 pum.
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the relative contributions of the antibody response and cyto-
toxic T-cell response to the individual EV proteins after im-
munization with HPIV3/EboGP and HPIV3/EboGP-NP will
be examined in a separate study.

Expression of GP in cell culture in the absence of the other
EV proteins was previously shown to result in increased CPE
(46). This also was observed in the present study for GP ex-
pressed from HPIV3. However, this was not associated with
increased virulence in the guinea pig model, and this is not the
first time that we have observed a lack of correlation between
CPE in vitro and virulence in vivo. For example, repositioning
of the fusion F glycoprotein of RSV to be promoter proximal
increased its expression and CPE in vitro, but a change in
virulence was not observed in mice (27). Also, when the ex-
pression of all RSV genes (including F) was increased through
deletion of the M2-2 regulatory protein, a considerable in-
crease in CPE was observed in vitro, but this recombinant RSV
was highly attenuated in chimpanzees (4, 48). Human meta-
pneumovirus in which the cleavage site of the F protein was
modified to be trypsin independent (which for biosafety rea-
sons was evaluated in an attenuated background) exhibited
greater CPE in vitro with no change in virulence in hamsters
(S. Biacchesi, B. R. Murphy, P. L. Collins, et al., unpublished
data). It perhaps is not surprising that CPE in vitro does not
necessarily predict virulence in vivo, since infected cells in vivo
are killed in any event, either by viral factors such as syncytium
formation, by apoptosis, or by host immunity. The increased
CPE observed in vitro was accompanied by a decrease in rep-
lication of HPIV3/EboGP and HPIV3/EboGP-NP compared
to that of HPIV3.

Expression of GP by HPIV3 resulted in a low level of incor-
poration of the foreign glycoprotein into the HPIV3 virus
particle, whereas NP was not detected in HPIV3/EboGP-NP
virions. Since EV GP mediates both attachment and penetra-
tion, it had the potential to initiate infection by the HPIV3
vector independently of the HN and F proteins of the vector,
and thus it was possible that HPIV3 virion-associated GP
might be able to mediate infection in the presence of neutral-
izing antibodies to HPIV3. Indeed, this seemed to occur: the
HPIV3-neutralizing antibodies that completely neutralized the
HPIV3 vector only weakly neutralized HPIV3/EboGP infec-
tivity due to the presence of EV GP in the virions. Surprisingly,
the EV antibodies were highly efficient in neutralizing the
infectivity of HPIV3/EboGP. Thus, virions containing both HN
and F glycoproteins of HPIV3 and GP of EV were more
efficiently neutralized by EV antibodies than HPIV3 despite
the greater amount of the HPIV3 glycoproteins than EV GP.
The reason for this observation remains to be understood. In
any event, the presence of HPIV3 and EV glycoproteins in the
virions did not detectably alter the pathogenesis of HPIV3 in
vivo. This was reassuring but not unexpected. The cellular
receptor for HPIV3, sialic acid, is widely distributed, and thus
HPIV3 infection and tissue tropism probably are not limited by
receptor availability. In addition, HPIV3 can readily dissemi-
nate systemically from the lungs to other organs in experimen-
tal animals that have been immunosuppressed (15, 16). Thus,
HPIV3 already has the capability to spread widely from the
respiratory tract.

We chose HPIV3 as a model to evaluate the potential of
respiratory viruses as a vector against EV because HPIV3
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readily infects and induces immune responses in guinea pigs
and rhesus monkeys, which are appropriate experimental ani-
mals for evaluating EV infection and disease. HPIV3 is a
common cause of respiratory infections in infants and children,
and a series of cDNA-derived HPIV3 mutants are being de-
veloped and evaluated as candidate pediatric vaccines against
HPIV3 (30). Thus, an attenuated version of HPIV3 could be
appropriate for use as a pediatric vaccine vector for EV and
other pathogens. However, most of the adult human popula-
tion is seropositive for HPIV3 due to natural exposure. The
prevalence of immunity to the HPIV3 vector would restrict its
replication (11), resulting in a reduced immune response to the
expressed foreign antigen. This problem would occur for any
vector that is based on a common human pathogen, such as
adenovirus type 5 vector. On the other hand, reinfection with
HPIV3 in adults is common (10), suggesting that at least a
limited level of viral replication can occur in seropositive
individuals. Moreover, incorporation of EV GP into HPIV3/
EboGP virus particles and the infectivity of the virus in cell
cultures in the presence of anti-HPIV3 antibodies suggest that
HPIV3/EboGP may have some effectiveness in HPIV3-sero-
positive hosts. This issue will be explored in a separate study
using HPIV3-seropositive guinea pigs. An alternative strategy
is to develop vectors based on nonhuman paramyxoviruses that
are antigenically unrelated to major human pathogens and for
which the human adult population is seronegative, such as the
avian Newcastle disease virus (31, 32). We recently showed
that this virus is highly attenuated in nonhuman primates and
induced a strong immune response against an expressed for-
eign antigen (8) and therefore represents a promising vaccine
vector.

Paramyxovirus-vectored intranasal vaccines against hemor-
rhagic fever viruses such as EV and Marburg virus could prove
useful to contain outbreaks of these diseases and to protect
health care workers. This type of vaccine would have several
important advantages. First, since aerosols of EV are known to
be infectious (23, 42) and might be used in an act of bioter-
rorism, the systemic and mucosal immunity induced by an
intranasal vaccination could provide rapid and effective pro-
tection against such public health threats. Second, intranasal
immunization would not require highly trained medical per-
sonnel, and immunization of large numbers of individuals in
outbreak settings could be more readily accomplished by this
route than by parenteral immunization. Third, intranasal im-
munization precludes the spread of blood-borne pathogens,
which can occur during parenteral immunization. Fourth, most
of the paramyxoviruses can grow well in Vero suspension cell
cultures, which would make their manufacturing economically
feasible. This is in contrast to some other vector systems, such
as those based on replication-deficient adenoviruses, which
require costly helper cell lines and high-dose immunizations.
In addition, intranasal immunization can be used to boost
immune response after parenterally administered vaccine, such
as that based on adenovirus or vesicular stomatitis virus (24,
45, 47). In any case, it would be valuable to have several
platforms for vector-based vaccines in order to control out-
breaks of various emerging pathogens, since development of
an immune response against one particular vector would prob-
ably make it inefficient for subsequent vaccination of the same
individual.
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