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a b s t r a c t

We previously developed a respiratory tract vaccine candidate against Ebola virus (EBOV) based on human
parainfluenza virus type 3 (HPIV3), a respiratory paramyxovirus, expressing the EBOV GP envelope pro-
tein (HPIV3/GP) from an added gene. Two doses of this vaccine candidate delivered by the intranasal and
intratracheal route protected monkeys against intraperitoneal challenge with EBOV; however, concerns
exist that the vaccine candidate may have reduced immunogenicity in the adult human population due
to pre-existing immunity against HPIV3. Here we developed a new vaccine candidate (NDV/GP) based on
Newcastle disease virus (NDV), an avian paramyxovirus that is antigenically distinct from human viral
pathogens and is highly attenuated in monkeys. Following one intranasal and intratracheal inoculation
of Rhesus monkeys with NDV/GP, titers of EBOV-specific antibodies in respiratory tract secretions and
accine
onkey

ector
mmunization
ntibody
espiratory tract

serum samples determined by ELISA, as well as serum EBOV-neutralizing antibodies, were undetectable
or low compared to those induced by HPIV3/GP. A second immunization resulted in a substantial boost
in serum IgG ELISA titers, yet the titers remained lower than those induced by a second dose of HPIV3/GP.
In contrast, the ELISA IgA titers in respiratory tract secretions and, more importantly, the serum EBOV-
neutralizing antibody titers were equal to those induced after the second dose of HPIV3/GP. These data
suggest that NDV/GP can be effective for immunization against EBOV alone, or in combination with either

cine p
HPIV3/GP or another vac

. Introduction

Ebola virus (EBOV) causes severe hemorrhagic fever in humans
ith a fatality rate of up to 88% (species Zaire) of infected individ-
als [1]. There are currently no licensed vaccines against this virus,
ut continuing periodic outbreaks in central Africa and potential
se in bioterrorism necessitate their development. Early attempts
o develop vaccines based on inactivated viruses or purified anti-
ens were unsuccessful [2], while more recent studies suggested

he feasibility of approaches based on viral vectors or virus-like
articles [3–6]. We have been developing viral vectors based on
espiratory paramyxoviruses for immunization against common
espiratory viruses as well as for highly pathogenic emerging
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viruses, including EBOV. Respiratory infections with these vectors
result in robust systemic and mucosal immune responses. EBOV
can readily initiate infection by contact with mucosal surfaces, and
it might be advantageous to use a vector with a natural tropism for
the respiratory tract that elicits a local antibody response at that
site in addition to a robust systemic immune response [Reviewed
in Ref. [7]]. We therefore have been evaluating paramyxoviruses
that infect the respiratory tract as vaccine vectors [8–10].

Paramyxoviruses have a single non-segmented negative-sense
RNA genome that, for the paramyxoviruses in the present study,
is approximately 15 kb in length and contains six genes. These
are transcribed into individual mRNAs by sequential transcrip-
tion that initiates at the 3′ end and is guided by gene-start
and gene-end transcription signals that flank each gene. Replica-
tion involves a full-length positive-sense intermediate called the

antigenome. Foreign proteins can readily be expressed by engineer-
ing their coding sequences to be flanked by gene-start and gene-end
sequences, followed by insertion into the viral genome [7]. This
results in a replication competent vector that expresses the for-
eign gene(s) as a separate mRNA(s). This is the strategy followed in
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he present study. A second strategy that we and others have pur-
ued in other studies is to replace the vector surface proteins with
hose from the pathogen of interest, resulting in chimeric viruses
11,12].

Initially, we evaluated human parainfluenza virus type 3
HPIV3), which is a common respiratory tract pathogen, as a vec-
or against EBOV. We found that two doses of HPIV3 expressing
he surface glycoprotein (GP) of EBOV as an additional gene (orig-
nally referred to as HPIV3/EboGP, referred to here as HPIV3/GP)
elivered by the combined intranasal (IN) and intratracheal (IT)
oute completely protected Rhesus monkeys from an intraperi-
oneal challenge with a highly lethal dose of EBOV [13]. A potential
rawback to this approach is that the majority of the adult human
opulation has pre-existing immunity to HPIV3 due to natural
xposure, which may neutralize the vaccine and thus reduce its
mmunogenicity. For example, pre-existing immunity has resulted
n reduced immunogenicity for other vectored vaccine candidates
uch as those based on vaccinia virus [14] and human adenovirus
ype 5 [15], including a vaccine candidate against EBOV based on a
uman adenoviral vector [16]. This concern may not hold for HPIV3,
ince a two dose regimen of HPIV3/GP appeared to be equally
mmunogenic in either HPIV3-immune or naive monkeys [17].
onetheless, we also have been investigating Newcastle disease
irus (NDV), an avian paramyxovirus that is antigenically distinct
rom common human pathogens, as an alternative human vaccine
ector [18].

NDV strains are categorized into three pathotypes based on
isease severity in birds: lentogenic strains of the virus cause
symptomatic or mild infections in the respiratory or alimentary
ract of birds; mesogenic strains cause infections of intermediate
everity; and velogenic strains cause severe infections associated
ith high mortality [19]. We previously demonstrated that NDV is
ighly attenuated in the respiratory tract of non-human primates
ue to host-range restriction of replication [20]. We also showed
hat IN/IT immunization of non-human primates with recombinant
DV-based vectors against the respiratory pathogens severe acute

espiratory syndrome-associated coronavirus [9] and H5N1 highly
athogenic avian influenza virus [10] protected against challenge
ith the respective viruses. In the present study, we have extended

his approach by generating a recombinant NDV expressing the GP
f EBOV (NDV/GP), thereby representing the first attempt to use an
DV-vectored vector to immunize against a systemic rather than
respiratory human pathogen. We assessed the immunogenicity

f NDV/GP in a non-human primate model following IN/IT admin-
stration of the vaccine candidate, in parallel with the previously
haracterized HPIV3/GP vaccine vector.

. Materials and methods

.1. Construction of the NDV-based vaccine candidates

Two NDV strains were used to make constructs expressing EBOV
P, namely Beaudette C and LaSota V.F. To construct the Beaudette
-based vaccine candidate, the open reading frame of EBOV-Zaire
ayinga strain GP from a previous HPIV3-based construct [21] was

mplified using PCR primers designed such that it was flanked on
he upstream side by a NDV gene junction, including gene-start
nd gene-end sequences and a 1-nucleotide intergenic region. The
DNA also was flanked on both sides with XbaI sites. The primers
lso were designed to ensure that the final antigenomic cDNA for

DV/GP would conform to the “rule of six”, whereby the genome
ucleotide length be an even multiple of six in order for efficient
NA replication to occur [22]. The EBOV GP PCR product was then
loned into an XbaI site that had previously been created in the
ntranslated region downstream of the P open reading frame of
e 29 (2011) 17–25

cDNA encoding the full-length antigenome of strain Beaudette C
(Fig. 1A) [20]. In this backbone, a second XbaI site that was originally
present in the L open reading frame had been disabled by introduc-
tion of a two silent nucleotide substitutions using the QuickChange
XL Site Directed Mutagenesis kit (Agilent Technologies, Santa Clara,
CA). This construction placed the inserted GP coding sequence
under a set of NDV transcription signals and positioned in the NDV
genome between the P and M genes. The LaSota V.F.-based con-
struct was made by replacement of its genomic cDNA subclone with
that from the strain LaSota with an XbaI site inserted into the same
place as in strain Beaudette C [20], followed by insertion of the
EBOV-GP PCR produce as above. Recovery, amplification, and titra-
tion of the two recombinant NDVs were performed as described
previously [23].

2.2. Propagation and titration of the vaccine candidates and
other viruses

NDV and the NDV/GP constructs were propagated in DF-1
chicken embryo fibroblast cell monolayers in DMEM medium
(Invitrogen, Carlsbad, CA) supplemented with 2.5% fetal bovine
serum and 4 mM l-glutamine, and titrated by plaque assay as pre-
viously described [9]. HPIV3 and the HPIV3/GP constructs were
propagated in LLC-MK2 (Rhesus monkey kidney) cell monolayers
in OptiMEM medium (Invitrogen) supplemented with 2.5% fetal
bovine serum and 4 mM l-glutamine and titrated either by plaque
assay with immuno-staining as previously described [13], or by
limiting dilution in LLC-MK2 cell monolayers. VSV�G/EBOV GP,
a recombinant vesicular stomatitis virus expressing EBOV GP as
its sole surface glycoprotein [11], provided by Dr. H. Feldmann
(National Institute of Allergy and Infectious Diseases), was prop-
agated in Vero (African green monkey kidney) cell monolayers in
OptiPro Medium (Invitrogen) supplemented with 4 mM glutamine,
and titrated by limiting dilution in Vero cell monolayers. In all
limiting dilution titrations, infection was scored based on visual
assessment of cytopathic effects, and titers were calculated using
the method of Reed and Muench [24] and expressed as 50% tissue
culture infectious dose (TCID50)/ml.

2.3. In vitro characterization of the vaccine candidates

To confirm expression of EBOV GP, DF-1 cells were infected
with each NDV/GP vaccine candidate at a multiplicity of infec-
tion (MOI) of 3 plaque forming units (PFU) per cell. Cell lysates
were collected at 24 h post infection, subjected to SDS-PAGE under
denaturing and reducing conditions, and analyzed by western blot
as described previously [25]. Guinea pig serum specific for EBOV
GP and sGP, provided by Dr. A. Sanchez (Centers for Disease Con-
trol and Prevention, Atlanta, GA), or a chicken polyclonal antibody
raised against NDV (Charles River Laboratories, Wilmington, MA)
were used as primary antibodies, and horseradish peroxidase-
labeled goat antibodies specific for guinea pig or chicken IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA) were used
as secondary antibodies. To evaluate whether EBOV GP is incor-
porated into the NDV/GP viral particles, the LaSota V.F.-vectored
vaccine candidate was purified on a sucrose gradient as previously
described [25] and analyzed by western blot under reducing and
denaturing conditions as above.

2.4. Immunization of Rhesus monkeys and sample collection
Adult Rhesus monkeys (Macaca mulatta) obtained from Morgan
Island, SC, were confirmed to be seronegative for NDV and HPIV3
by hemagglutination inhibition (HAI) assay using turkey or guinea
pig erythrocytes, respectively, as previously described [20]. On day
0, the animals were inoculated by the IN/IT route at 107 PFU per
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Fig. 1. Construction and characterization of NDV/GP. (A) An EBOV GP transcription cassette was inserted into the NDV genome between the P and the M genes and under the
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ontrol of a set of NDV-specific gene-end (GE) and gene-start (GS) transcriptional seq
DS-PAGE and western blot in comparison with the empty NDV vector. In the left pa
leavage product of the F protein. In the right panel, an EBOV GP-specific antibody w
leavage of the full-length GP protein [27].

ite with Beaudette C-based NDV/GP (monkeys 1–4) or HPIV3/GP
monkeys 5–6), as previously described [8]. On day 28, all animals
eceived a second inoculation that was identical to the initial inoc-
lation. Tracheal lavage (TL) and nasal wash (NW) samples were
ollected at the indicated time points as previously described [25]
o assess mucosal IgA responses and vector shedding. Serum sam-
les were collected at the indicated time points to assess immune
esponses.

.5. Analyses of the immune responses

Serum EBOV-specific IgA and IgG, and serum IgG titers and
vidity were determined by ELISA as previously described [10,13]
sing purified, gamma-irradiated EBOV-Zaire (kindly provided by
r. Anthony Sanchez) as antigen. Mucosal EBOV-specific IgA in NW
nd TL were analyzed by ELISA as previously described [25] using
he same EBOV antigen. The EBOV GP-specific serum neutraliz-
ng antibodies were analyzed with VSV�G/EBOV GP as previously
escribed [17].

To analyze cellular immune responses, PBMC were isolated on
ays 0, 10, 28, 38, and 56 as previously described [9] and imme-
iately cryopreserved. Once all time points had been collected,
ells were thawed and stimulated overnight with a pool of pep-
ides (Mimotopes, Clayton, Victoria, Australia) spanning the entire
BOV GP sequence, consisting of 167 15-mers with an 11 residue
verlap between adjacent peptides. The final composition for each
ell stimulation reaction was 106 PBMCs, 1.5 mM of each peptide,
�g/ml anti-CD28 (BD Biosciences, San Jose, CA), 1 �g/ml anti-
D49d (BD Biosciences), and 1 �l/ml GolgiPlug (BD Biosciences) in a
nal volume of 200 �l. Following a 13-h stimulation, the cells were
xed, permeabilized, and stained using the Cytofix/Cytoperm sys-
em (BD Biosciences). Cells were stained with optimized dilutions
f the following antibodies (all BD Biosciences): anti-human CD8

abeled with fluorescein isotyocyanate, anti-human CD4 labeled

ith peridinin-chlorophyll, anti-human CD3 labeled with phyco-
rythrin, and either anti-human IFN� labeled with allophycocyanin
r similarly labeled anti-human TNF�. Flow cytometry was per-
ormed using a FACSCalibur flow cytometer (BD Biosciences) and
s (boxed). (B) The NDV/GP virus was purified on a sucrose gradient and analyzed by
n anti-NDV polyclonal antibody was used that detected the NDV HN, NP, and the F1
d for detection of the 140 kDa GP1 protein, which is generated by post-translational

analysis was performed using FlowJo version 7.4 software (Tree
Star, Inc., Ashland, OR).

3. Results

3.1. Construction and recovery of NDV/GP

Two NDV strains were used to make constructs expressing EBOV
GP: (i) the mesogenic strain Beaudette C, which produces infec-
tious virus in vitro without the need for added trypsin, and (ii)
strain LaSota V.F., which is a version of the lentogenic strain LaSota
in which the F protein cleavage site has been replaced with that
from Beaudette C in order to eliminate the requirement for exoge-
nous protease to produce infectious virus in tissue culture [26]. In
these constructs, the open reading frame for EBOV GP was placed
under the control of a set of NDV gene-start and gene-end transcrip-
tion signals and inserted into the NDV genome as an added gene
between the P and M genes (Fig. 1A). As described previously, the
GP coding sequence had been modified by the introduction of two
silent mutations into the editing site containing eight consecutive A
residues, resulting in increased gene stability in the paramyxovirus
vector [21]. Both NDV/GP constructs were recovered as previously
described [23] and amplified in DF-1 chicken fibroblast cells. We
did not see any noticeable increase in cytopathology due to NDV-
mediated GP expression in cell culture (not shown). The integrity
of the GP inserts were confirmed by sequencing, and GP expression
was confirmed by western blot analysis of DF-1 cells infected with
the viruses (data not shown).

In the present study, the LaSota V.F.-based construct was used
in one experiment investigating incorporation of EBOV GP into the
NDV particle (Fig. 1B), an experiment in which pathotype differ-
ences should be irrelevant. The Beaudette C-based construct was
used for all other experiments involving immunization of non-

human primates. It is worth noting that we previously showed that
strains Beaudette C, LaSota, and LaSota V.F. are similarly attenu-
ated and immunogenic as vectors in non-human primates [9,10,20].
Hereafter, we will not distinguish between the Beaudette C-based
and LaSota V.F.-based constructs and will refer to both as NDV/GP.
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Table 1
Shedding of NDV/GP or HPIV3/GP from the respiratory tract of monkeys following
their inoculation by the combined IN and IT routea.

Vaccine Monkey Nasal washes Tracheal lavages

Day 2 Day 4 Day 2 Day 4

NDV/GPb

1 <0.7 <0.7 <0.7 1.3
2 <0.7 <0.7 0.7 1.3
3 <0.7 0.7 1.5 <0.7
4 <0.7 <0.7 <0.7 <0.7

HPIV3/GPc 5 4.5 2.2 5.1 5.2
6 3.2 3.7 2.0 3.7

a Monkeys were inoculated on day 0 with NDV/GP or HPIV3/GP by the combined
IN and IT routes with 107 PFU per site. TL and NW samples were harvested on days
2 and 4 and titered on DF-1 cells (NDV/GP) or MK-2 cells (HPIV3/GP) to quantify
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Fig. 2. Serum vector-specific antibody responses determined by HAI assay using
(A) turkey erythrocytes for NDV-specific antibodies or (B) guinea pig erythrocytes
ector shedding. Shedding was not detected following the second inoculation (not
hown).

b Titers are expressed as Log10 PFU/ml.
c Titers are expressed as Log10 TCID50/ml.

.2. EBOV is incorporated into the NDV/GP particles

Foreign transmembrane envelope proteins encoded by non-
egmented negative strand viruses may or may not be incorporated
nto the recombinant viral particles [7]. Incorporation is thought
o have the desirable property of increasing immunogenicity,
lthough this has not been clearly demonstrated. We previously
howed that EBOV GP expressed by HPIV3 was incorporated into
he HPIV3/GP particles [21]. In the case of recombinant NDV-
ectored vaccine candidates, incorporation of foreign proteins has
een detected in most, but not all cases [9,18,25]. To determine
hether GP was incorporated into the NDV/GP viral particles, we
reformed western blot analysis of purified strain LaSota V.F.-
ased NDV/GP virions (Fig. 1B). EBOV GP, a type I transmembrane
rotein, is cleaved into two disulphide-linked subunits that are
ound in EBOV GP particles: the amino-terminal 140 kDa GP1 con-
aining most of the ectodomain, and the 26 kDa GP2 containing
he transmembrane domain and cytoplasmic tail [27]. In puri-
ed NDV/GP particles, GP1 was easily detectable as an abundant
pecies of Mr > 100 kDa (Fig. 1B). GP2 was not detectable by the
nti-EBOV guinea pig serum used in this analysis, which is consis-
ent with our previous study [21]. These data suggest that EBOV
P is incorporated into the virus particles and therefore is likely
resent on the surface, as we have previously demonstrated for
BOV GP expressed by HPIV3 [12,21] or the H5N1 influenza virus
A expressed by NDV [25].

.3. NDV/GP is highly attenuated for replication in the respiratory
ract of Rhesus monkeys

Four Rhesus monkeys (animal numbers 1–4) were immunized
y the combined IN/IT route with 107 PFU per site of NDV/GP. We
lso immunized an additional two monkeys (5 and 6) by the same
oute with 107 PFU (which is equal to 106.8 TCID50, reference 12)
er site of HPIV3/GP. HPIV3/GP was previously shown to protect
ompletely against lethal EBOV challenge [13], and thus provided
positive control to predict the potential protective efficacy of the
DV-based vaccine candidate. On day 28, all monkeys were given a

econd dose of the respective viruses. Immunized monkeys did not
xhibit any signs of clinical illness due to any vaccination. In order
o evaluate replication of the vaccine candidates, we collected TL
nd NW samples on days 2 and 4 after the initial immunization and

ssayed for infectious virus. Very little or no shedding was detected
fter immunization with NDV/GP (Table 1), consistent with previ-
us studies [10,17,20,25,28]. In contrast, and also consistent with
ur previous studies [13,17], both HPIV3/GP-immunized monkeys
emonstrated substantial virus shedding from both the upper and
for HPIV3-specific antibodies. The individual value for each monkey as well as the
group mean (horizontal line) is plotted. The limit of detection (2 log2) is indicated
by a dotted line. Sera with a titer below the detection limit were assigned a titer of
1 log2 for calculation of the mean.

lower respiratory tracts at both time points tested. These data indi-
cate that NDV/GP is substantially more attenuated than HPIV3/GP
in the respiratory tract of monkeys.

3.4. Vector-specific antibody responses

We initially tested the vector-specific serum antibody responses
in immunized monkeys by NDV-specific and HPIV3-specific HAI
(Fig. 2A and B). All of the monkeys that were immunized with

NDV/GP developed a substantial NDV-specific serum HAI antibody
response (Fig. 2). On day 28 following the first dose, the mean
serum HAI titer against NDV was 1:16, which was substantially
lower than that induced by HPIV3/GP, 1:360. Twenty-eight days
following the second dose (day 56), the NDV-specific antibody titer
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Fig. 3. EBOV GP-specific mucosal IgA response. TL samples were collected at the
indicated time points, concentrated, and tested for EBOV GP-specific IgA antibodies
by ELISA. The individual value for each monkey as well as the group mean (horizontal
line) is plotted. The dotted line indicates the limit of detection (2.5 log2). Samples
below this titer were assigned a value of 2 log2 for calculation of the mean. Mucosal
J.M. DiNapoli et al. /

ncreased to 1:54, which was still lower than that induced on the
ame day by HPIV3/GP: 1:1450. While it is not clear how directly the
alues from the NDV- and HPIV-specific HAI assays compare, the
ower level of the vector-specific antibodies induced by NDV/GP,
s compared to HPIV3/GP, is consistent with the highly restricted
eplication of NDV/GP in the respiratory tract of monkeys (Table 1).
ince UV-inactivated HPIV3/GP delivered by the respiratory tract
s poorly immunogenic [29], the immunogenicity of HPIV3/GP, and

ost likely NDV/GP, is dependent on their replication in the respi-
atory tract. Therefore, the increase in the vector-specific antibody
esponses following the second dose suggests some replication of
oth the NDV- and HPIV3-based vectors occurred, despite vector-
pecific immunity induced by the first dose.

.5. NDV/GP elicits EBOV GP-specific mucosal IgA antibodies

To analyze the local antibody response against EBOV GP, we
ested the GP-specific IgA antibody titer in respiratory tract secre-
ions from the immunized monkeys. NW and TL samples were
oncentrated and GP-specific IgA antibody titers were determined
y isotype-specific ELISA. We did not detect substantial EBOV GP-
pecific antibody titers in NW samples from any monkey after the
rst or the second dose (not shown); however, we were able to
etect them in TL samples (Fig. 3A). Twenty-eight days after the
rst dose, GP-specific IgA antibodies were detected in one of four
DV/GP-immunized monkeys (1:23) and one of two HPIV3/GP-

mmunized monkeys (1:32). After the second dose (day 56), all
onkeys had detectable GP-specific IgA in TL, with a mean titer

f 1:27 in NDV/GP-immunized animals and 1:64 in HPIV3/GP-
mmunized animals (Fig. 3A). We also normalized the GP-specific
gA to total IgA in the respiratory secretions determined by ELISA,

hich resulted in similar IgA values for the two vaccine can-
idates (Fig. 3B). This analysis also showed that the detected
P-specific ELISA titers were independent of the total IgA content

n each sample (i.e., some samples with undetectable GP-specific
gA had high total IgA content), demonstrating the specificity of
he GP ELISA. These results suggest that respiratory tract immu-
ization with NDV/GP induces a local antibody response in the
espiratory tract at a level comparable to that that achieved fol-
owing vaccination with HPIV3/GP. These antibodies may play
n important role in protection against aerosol exposure to
BOV.

.6. NDV/GP induces EBOV-specific serum antibody titers that are
ssociated with protection against EBOV challenge

We next assessed serum antibody responses against EBOV GP
Fig. 4). For comparison, we included three additional sera (ani-

als 7, 8, and 9, Fig. 4A and B) from a previously published study
n which monkeys were immunized with HPIV3/GP similarly to
hose in the current study and which demonstrated complete pro-
ection against a subsequent lethal EBOV challenge [13]. All four
DV/GP-immunized monkeys had detectable GP-specific IgG titers

ollowing the initial immunization, which were boosted following
he second dose (Fig. 4A). However, the titers were somewhat lower
han those in monkeys immunized with HPIV3/GP at both time
oints tested, with a range of 1:64–1:256 versus 1:1024–1:4096,
espectively, after the initial immunization (day 28 sera), and
:1024–1:4096 versus 1:4096–1:131,072, respectively, after the
econdary immunization (day 56 sera).

We also assessed the quality of the antibody response by ana-

yzing the avidity of EBOV GP-specific serum antibodies (Fig. 4B).

e found that after the first dose of NDV/GP, the avidity was much
ower than that seen after the first dose of HPIV3/GP. Following the
econd dose, the GP-specific antibody avidity in NDV/GP immu-
ized monkeys significantly increased, and became close to that
IgA titers are shown that were uncorrected (A) or were normalized based on the total
IgA content in each sample (B). Statistical significance for the assay was calculated
using a 2-way ANOVA with a Bonferroni post-test. *, P < 0.05 relative to day 0 value.

observed after vaccination with HPIV3/GP. Since we did not have
day 56 sera from a one-dose group, it remains unknown whether
the increase of avidity is associated with administration of the sec-
ond dose, represents continued affinity maturation over time, or
both. Our previous studies in which monkeys were given one or
two doses of NDV-vectored vaccine candidates against H5N1 highly
pathogenic influenza virus demonstrated continued increase in
avidity over time in the one-dose monkeys, which was further

enhanced in monkeys which received two doses [10].

To determine the neutralizing activity of EBOV GP-specific
serum antibodies, we employed a neutralization assay using a
recombinant VSV in which the endogenous glycoprotein gene was
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Fig. 4. EBOV GP-specific serum antibody responses. The individual value for each sample as well as the group mean (horizontal line) is plotted. (A) EBOV GP-specific serum
IgG titer was determined for each monkey in the current study (NDV/GP, red circles; HPIV3/GP, black triangles), as well as for 3 additional monkeys (number 7, 8, 9) that
were previously immunized with HPIV3/GP identically to the monkeys in the current study and shown to be completely protected against EBOV challenge [13]. The limit of
detection was 2 log2 (dotted line). (B) Avidity of EBOV-specific serum IgG. EBOV-specific reactivity of a given serum sample was compared before and after a 5 M urea wash
using a modification of a previously reported method [44]. The residual reactivity following the wash was expressed as a percentage of reactivity prior to the wash. One
historic HPIV3/GP sample for day 56 (monkey 8) was excluded from analysis due to the limited quantity of serum. (C) EBOV-specific serum neutralizing titers. Sera of two
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dditional monkeys (number 10, 11), distinct from those in (A) and (B), that also we
nto the analysis. The limit of detection is 2.7 log2 (dotted line). Statistical significa
< 0.05; †, P < 0.01; ‡, P < 0.001. Symbols directly above a data set represent statistica

ndicate statistical significance between the indicated groups.

eplaced with the GP gene of EBOV, resulting in a chimeric virus
VSV�G/EBOV GP) whose only viral envelope glycoprotein is EBOV
P [11]. Infection with this virus is completely dependent on EBOV
P, making it a useful surrogate for EBOV neutralization that can be
sed under biosafety level 2 conditions. We included sera from two
dditional animals (monkeys 11 and 12, Fig. 4C) that were immu-
ized with HPIV3/GP in the same manner as those in the current
tudy [17]. These two animals (monkeys 11 and 12) were distinct
rom the HPIV3/GP-immune sera included in the ELISA analysis
monkeys 7–9) due to a limited remaining supply of those sera [13].
fter the first immunization, all four NDV/GP-immunized monkeys
ad largely undetectable neutralizing antibody responses, while
ll four HPIV3/GP-immunized monkeys demonstrated detectable
evels of neutralizing antibodies (mean of 1:37, Fig. 4C). However,
fter the second dose of NDV/GP, a substantial level of neutralizing
ntibodies (1:52) was detected, which was close to that observed
n monkeys that received two doses of HPIV3/GP (1:64). Thus,
espite the greater attenuation of NDV/GP replication in the res-

iratory tract compared to HPIV3/GP, the two vectors induced
omparable titers of EBOV-neutralizing serum antibodies follow-
ng two immunizations. It should be noted that NDV-immune
era from AGM that were immunized similarly in a prior study
28] did not result in a detectable EBOV-GP specific ELISA titer,
unized with HPIV3/GP identically to those in the current study [17] were included
r each assay was calculated using a 2-way ANOVA with a Bonferroni post-test. *,

ificance relative to the previous time point. Symbols above horizontal capped lines

nor detectable EBOV neutralizing titer (data not shown), demon-
strating that NDV-specific antibodies do not contribute the EBOV
GP-specific responses reported here.

3.7. Analysis of cell-mediated responses to NDV/GP

We also analyzed cellular immune responses in the peripheral
blood at various time points post-immunization. PBMCs were first
stimulated with an overlapping peptide pool spanning the entire
EBOV GP protein. The cells were then stained for the CD3 T cell
marker and either CD4 or CD8 surface molecules, followed by intra-
cellular staining of cytokines IFN� or TNF� as markers of T cell
activation. We did not detect a substantial number of CD4+ cells
that specifically secreted either cytokine (not shown). However,
we did detect a GP-specific CD8+ T cell response in one NDV/GP-
immunized animal (monkey 1) on day 10, with 0.3% and 0.6% of
total CD8+ cells secreting IFN� and TNF�, respectively. This animal
also demonstrated a response on day 38 (day 10 after the second

vaccination), with 0.5% and 0.8% of CD8+ cells secreting IFN� and
TNF�, respectively (Fig. 5A and B). Another NDV/GP-immunized
animal (monkey 3) appeared to have a relatively high percentage
of CD8+ T cells secreting TNF� on days 38 (0.3% of CD8+ cells) and
56 (day 28 after the second vaccination) (0.5% of CD8+ cells); how-
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Fig. 5. EBOV GP-specific CD8+ T cell responses detected in peripheral blood sam-
ples following vaccination. PBMCs from various time points were stimulated with
a peptide pool spanning the entire EBOV GP protein in the presence of GolgiPlug
(brefeldin A), and then stained for CD3, CD4, and CD8 surface T cell markers. Cells
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tract infection.
ere then fixed, permeabilized, and stained for intracellular accumulation of (A)
FN� or (B) TNF� as indicators of their activation. We did not detect accumulation
f either cytokine in CD4+ T cells (not shown).

ver, this animal also had a high background on day 0 of the study.
nterestingly, the two animals immunized with HPIV3/GP demon-
trated lower percentages of CD8+ T cells positive for IFN� or TNF�,
hich were only slightly higher than the day 0 background level.

hese low levels of virus-specific T cells in the peripheral blood
re consistent with the low levels of T cells elicited in monkeys by
DV-vectored vaccine candidates against the severe acute respi-

atory syndrome-associated coronavirus [9] and the H5N1 highly
athogenic avian influenza virus [10], as well as in our previous
tudy with HPIV3/GP [13]. In each of previous vaccine candidates
ested, all immunized animals were protected against infection
ith the respective viruses, indicating that detection of GP-specific

cell-mediated responses in peripheral blood is not an essential

ndicator of vaccine efficacy. The low cellular responses detected
n peripheral blood may be accounted for by the observation that,
ollowing infections of humans with respiratory viruses, the major-
e 29 (2011) 17–25 23

ity of virus-specific T cells are located in lungs, rather than in the
peripheral blood [30].

4. Discussion

In the current study, we developed a new respiratory tract vac-
cine candidate against EBOV based on an NDV vector, and evaluated
its replication and immunogenicity in monkeys in comparison to
the previously developed HPIV3-vectored respiratory tract vaccine
candidate, two doses of which were demonstrated to be completely
protective against lethal IP challenge with EBOV in monkeys [13].
In addition, wild-type HPIV3 is attenuated for replication and is
asymptomatic in non-human primates, reflecting a host range dif-
ference for this human virus, and thus provides a benchmark for
an attenuated vector. We found that the NDV-based vaccine candi-
date was much more attenuated for replication in the respiratory
tract of monkeys compared to HPIV3-based vectors (Fig. 2). Fur-
thermore, we tested for the first time the EBOV-specific mucosal
antibody response in the respiratory tract, and found that NDV/GP
induced detectable titers of EBOV-specific IgA in the lower respira-
tory tract, mostly after the second dose, which were similar in titer
to those elicited in animals immunized with HPIV3/GP (Fig. 3). We
also detected EBOV GP-specific ELISA antibodies in the peripheral
blood, albeit at levels lower than those in HPIV3/GP-immunized
monkeys. Despite the attenuation of NDV/GP replication and the
lower titers of EBOV-specific ELISA serum antibodies induced by
NDV/GP, as compared HPIV3/GP, the level of EBOV-specific neutral-
izing serum antibodies in NDV/GP immunized monkeys was equal
to that in HPIV3-immune monkeys (Fig. 4). Moreover, while immu-
nization with NDV/GP did not induce any detectable EBOV-specific
CD4+ T cells in the peripheral blood, it appeared to induce EBOV
GP-specific CD8+ T cells secreting IFN� and/or TNF� in animals 1
and 3 (Fig. 5). HPIV3/GP also induced a marginal increase in EBOV
GP-specific IFN�-secreting CD8+ T cells in both monkeys that was
detectable on days 28 and 38 of the study, consistent with findings
in our previous report on this vaccine candidate [13]. As already
mentioned, this relatively low cell-mediated response detected in
the peripheral blood is likely to reflect the preferential accumula-
tion of T cells at the pulmonary site of immunization rather than in
peripheral blood [30]. While the design of the present study pre-
cluded the analysis of cell-mediated response in lung tissues, for
which euthanasia of monkeys is required, it will be important to
perform such analyses in future.

Will the level of immune response induced by NDV/GP be pro-
tective against challenge with EBOV? As noted above, two doses
of HPIV3/GP delivered by the combined IN and IT inoculation at
1 × 107 PFU per site completely protected Rhesus monkeys from IP
challenge with 1000 PFU of EBOV in a previous study [13]. As with
HPIV3/GP, the new NDV/GP vaccine candidate is based on a res-
piratory paramyxovirus, although one that naturally infects birds
rather than humans. Since two doses of NDV/GP induced substan-
tial titers of EBOV GP-specific serum ELISA antibodies, and more
importantly, EBOV-neutralizing antibodies at a level equal to that
observed after two doses of HPIV3/GP, this vaccine candidate is
likely to be comparable to HPIV3/GP in terms of protection against
EBOV challenge. We did not challenge the NDV/GP-immunized ani-
mals in the present study because a BSL-4 facility was not available
at that time, but this will be evaluated in the future. It will also be
important to test the protective efficacy of these vaccine candidates
following EBOV challenge by other routes, such as IP or respiratory
The second dose of HPIV3/GP significantly boosted the EBOV-
specific antibody response and was required for uniform, complete
protection against EBOV challenge [13,17]. This suggests that the
vector-specific response to the first dose of HPIV3/GP reduced, but
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id not completely restrict replication of the second dose of the
ector in all animals. While vector-specific immunity did not pre-
lude a boost, this secondary immune response might be more
ubstantial if the effect of vector-specific immunity can be circum-
ented. For example, the use of serologically distinct VSV vectors for
rimary and secondary immunizations against human immunode-
ciency virus-1 significantly improved the response to vaccination

n mice [31] and induced a highly potent immune response in mon-
eys [32]. Our studies to date have resulted in the development of
hree distinct respiratory tract vaccine candidates against EBOV,
amely (i) HPIV3/GP, used as the positive control in the present
tudy, (ii) HPIV3/�F-HN/GP, a version of HPIV3/GP in which the
emagglutinin-neuraminidase and fusion glycoprotein neutraliza-
ion antigens of the HPIV3 vector have been deleted [12], and (iii)
DV/GP, developed in the present study. Thus, these three vectors
rovide the basis for primary and secondary immunizations using
ntigenically distinct paramyxovirus vectors. This should result in
more potent response against EBOV GP than that induced by a
omologous prime/boost regimen, and could provide more effec-
ive protection against EBOV challenge. Ultimately, a comparison of
arious vaccination regimens involving sequential administration
f each of the three vaccine candidates or the use of various combi-
ations of two different constructs for the primary and secondary
accination will identify the most effective regimen of vaccination.

One advantage of using nonsegmented negative strand RNA
iruses as vectors is that recombination is considered to be
ery rare. Several recent reports have provided evidence of
equence discontinuity in several nonsegmented negative strand
NA viruses, suggesting that homologous recombination between
losely related strains of the same virus may occur ([33–39];
eviewed in reference [40]), and our own laboratory was previ-
usly able to document recombination between RSV strains in vitro,
lthough only a single recombinational event was detected even
nder highly favorable conditions of selection and detection [41].
urthermore, live vaccines against a number of nonsegmented neg-
tive strand viruses have been widely used for decades with no
vidence of the emergence of biologically altered strains. Also, the
ighly restricted nature of NDV replication in non-human primates,
nd the fact that NDV is not a natural pathogen of primates, would
trongly limit the opportunity for mixed infections and recombina-
ion. We therefore feel that recombination is a negligible concern
ith paramyxovirus-based vaccine candidates. Several studies also
ave demonstrated the stability of inserts in the NDV genome.
e previously performed in vitro stability testing with a recom-

inant NDV expressing the chloramphenicol transferase gene, and
howed that the recombinant gene was stably expressed follow-
ng eight passages in chicken embryo fibroblasts [23], which is
imilar to results obtained by a number of laboratories with a num-
er of other nonsegmented negative strand viruses. Similarly, two
ifferent foreign inserts in the NDV genome did not accumulate
ny adventitious mutations following 12 passages in embryonated
hicken eggs [42], or following 5 passages in embryonated chicken
ggs and 5 passages in chicken embryo fibroblasts [43]. In the cur-
ent study, NDV/GP was passaged 4 times in DF-1 cells in order to
ropagate the virus, and the resulting virus stock did not have any
utations in the GP gene insert (data not shown). These results sug-

est that NDV recombinants are stable following serial passages on
arious cell substrates, including embryonated chicken eggs, that
re likely to be used for vaccine manufacture.
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