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ABSTRACT The recent 2014-2016 Ebola virus (EBOV) outbreak prompted increased
efforts to develop vaccines against EBOV disease. We describe the development and
preclinical evaluation of an attenuated recombinant human parainfluenza virus type
1 (rHPIV1) expressing the membrane-anchored form of EBOV glycoprotein GP, as an
intranasal (i.n.) EBOV vaccine. GP was codon optimized and expressed either as a
full-length protein or as an engineered chimeric form in which its transmembrane
and cytoplasmic tail (TMCT) domains were replaced with those of the HPIV1 F pro-
tein in an effort to enhance packaging into the vector particle and immunogenicity.
GP was inserted either preceding the N gene (pre-N) or between the N and P genes
(N-P) of rHPIV1 bearing a stabilized attenuating mutation in the P/C gene (CA179).
The constructs grew to high titers and efficiently and stably expressed GP. Viruses
were attenuated, replicating at low titers over several days, in the respiratory tract of
African green monkeys (AGMs). Two doses of candidates expressing GP from the
pre-N position elicited higher GP neutralizing serum antibody titers than the N-P vi-
ruses, and unmodified GP induced higher levels than its TMCT counterpart. Unmodi-
fied EBOV GP was packaged into the HPIV1 particle, and the TMCT modification did
not increase packaging or immunogenicity but rather reduced the stability of GP ex-
pression during in vivo replication. In conclusion, we identified an attenuated and
immunogenic i.n. vaccine candidate expressing GP from the pre-N position. It is ex-
pected to be well tolerated in humans and is available for clinical evaluation.

IMPORTANCE EBOV hemorrhagic fever is one of the most lethal viral infections and
lacks a licensed vaccine. Contact of fluids from infected individuals, including drop-
lets or aerosols, with mucosal surfaces is an important route of EBOV spread during
a natural outbreak, and aerosols also might be exploited for intentional virus spread.
Therefore, vaccines that protect against mucosal as well as systemic inoculation are
needed. We evaluated a version of human parainfluenza virus type 1 (HPIV1) bearing
a stabilized attenuating mutation in the P/C gene (C2'79) as an intranasal vaccine
vector to express the EBOV glycoprotein GP. We evaluated expression from two dif-
ferent genome positions (pre-N and N-P) and investigated the use of vector packag-
ing signals. African green monkeys immunized with two doses of the vector express-
ing GP from the pre-N position developed high titers of GP neutralizing serum
antibodies. The attenuated vaccine candidate is expected to be safe and immuno-
genic and is available for clinical development.

KEYWORDS Ebola GP, Ebola glycoprotein GP, vaccine, Ebola virus, human
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bola virus (EBOV) is a nonsegmented negative-sense RNA virus that belongs to the

family Filoviridae, which consists of three genera: Marburgvirus, Ebolavirus, and
Cuevavirus (1). EBOV causes severe hemorrhagic fever in humans, with a fatality rate of
up to 90% (2). The genus Ebolavirus has five known subtypes: Zaire, Sudan, Bundibu-
gyo, Tai Forest, and Reston. Zaire EBOV, the most pathogenic subtype, caused the
2014-2016 EBOV outbreak in West Africa, the largest outbreak in history, with over
28,000 cases and >11,000 deaths (3). No licensed vaccine or postexposure treatment is
presently available, and the unprecedented scale of the recent outbreak raised con-
cerns of further outbreaks and spread.

EBOV can be transmitted by puncture wounds or contact of a patient’s body fluids
with skin or mucosal surfaces. More recently, aerosol transmission via airborne droplets
of body fluids has received increased recognition as an important mode of transmission
(4). For example, aerosolized EBOV can cause lethal infection in nonhuman primates
(NHPs) and guinea pigs (5) and can be transmitted from infected to naive animals by
aerosols (6, 7). Guinea pigs infected with aerosolized EBOV are more infectious for naive
animals than those infected intraperitoneally (7). This stresses the need to develop an
EBOV vaccine capable of inducing both systemic and mucosal immunity, particularly in
the respiratory tract.

The EBOV glycoprotein GP is a highly glycosylated surface antigen that is anchored
in the membrane in a type | orientation (i.e, the membrane anchor is near the C
terminus). GP mediates viral attachment and entry (8) and is the major neutralization
antigen. Vectored vaccines expressing GP induce protective immune responses against
lethal EBOV challenge in NHPs (9-13). EBOV expresses two major forms of GP: one is a
50- to 70-kDa secreted protein (sGP) encoded by unmodified GP mRNA, and the other
is a 120- to 130-kDa transmembrane glycoprotein (GP,) encoded by a form of the
mRNA in which a single A residue (mRNA-sense) has been added at a specific editing
site by transcriptional editing. GP, represents the primary translation product of the
complete GP open reading frame (ORF) and is 676 residues in length. GP, is cleaved by
a furin-like protease into two subunits, GP, and GP, (representing, respectively, the
N-terminal three-quarters and C-terminal one-quarter of GP,), that remain linked by a
disulfide bond. The vectors in the present study involve expression of GP, which
hereafter is referred to as GP or full-length GP.

Human parainfluenza virus serotype 1 (HPIV1) is an enveloped, nonsegmented,
negative-strand RNA virus of the family Paramyxoviridae. The HPIV1 genome consists of
6 genes encoding the nucleoprotein (N), phosphoprotein (P/C), internal matrix protein
(M), fusion glycoprotein (F), hemagglutinin-neuraminidase glycoprotein (HN), and the
large polymerase protein (L) (14). The P gene carries an additional overlapping open
reading frame expressing the C proteins, which antagonize host interferon and apop-
tosis responses (15). We previously developed a non-temperature-sensitive attenuating
mutation, called C2179, that consists of a 6-nucleotide deletion in the overlapping P and
C ORFs (16, 17). This mutation reduces the ability of C proteins to inhibit the host type
| interferon response and apoptosis (15, 18, 19), resulting in viral attenuation. We
previously evaluated HPIV1 as a vaccine vector for expressing the respiratory syncytial
virus (RSV) fusion (F) glycoprotein and showed that the HPIV1-C2'7° backbone was the
better of two attenuated backbones (17).

Human parainfluenza virus serotype 3 (HPIV3) is another member of the Paramyxo-
viridae and shares considerable sequence relatedness and similarities in genome
organization with HPIV1 (they are both in the genus Respirovirus). We previously
evaluated HPIV3 (JS strain) expressing EBOV GP as an intranasal (i.n.) vaccine candidate
called rHPIV3/EboGP (9, 20, 21). In NHPs, one i.n. dose was moderately immunogenic,
with 88% protection, but two doses provided complete protection against an intra-
peritoneal EBOV challenge. However, the JS strain has not been specifically attenuated,
and it has a potential risk of vector-related respiratory illness (22), especially in children
and the elderly; thus, an attenuated vector would be preferable. Also, the comparative
properties of the different types of HPIVs as vectors have not been examined, and it is
unclear which type would be the most effective as a human vaccine vector.
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FIG 1 Construction of antigenomic cDNAs of rHPIV1-C217° expressing full-length EBOV GP or chimeric EBOV GP with HPIV1 F transmembrane (TM)
and cytoplasmic tail (CT) domains from the pre-N (A) or N-P (B) position. The EBOV GP ORF (strain Mayinga; GenBank accession number
AF086833.2) was modified by the insertion of a single A residue at the editing site so as to encode full-length GP. The ORF was codon optimized
and inserted, as either the full-length GP or as a chimeric form in which the TMCT domain was replaced with that of HPIV1 F, at the pre-N (A)
or N-P (B) position of rHPIV1-CA17° bearing an attenuating mutation in the P/C ORF (indicated by an asterisk) using the previously introduced (17)
unique Mlul or Ascl restriction sites, respectively. The GP insert was engineered with flanking HPIV1 gene transcription signals to allow for its
expression as a separate mMRNA. The amino acid alignment of EBOV GP, HPIV1 F, and the chimeric EBOV GP-TMCT, where the TM and CT of EBOV
GP has been replaced with that of HPIV1 F (bold), is shown in panel C.

In a recent study, we demonstrated that incorporation of RSV F protein in a PIV3
vector particle was substantially enhanced by replacing its transmembrane and cyto-
plasmic (TMCT) domains with those of the vector F protein (23). The TMCT modification
resulted in a significant increase in both the quantity and quality of serum antibodies
against vector-expressed RSV F protein. This likely reflects increased immunogenicity of
an antigen presented to the immune system in a particle, and it also may reflect
increased immunogenicity of antigen presented in a native, ordered array (24). Similar
results have been obtained using HPIV1-based vectors expressing the RSV F protein
(unpublished data). This indicates that for HPIV3 and HPIV1 vectors, incorporation of a
heterologous glycoprotein into the vector particle increases its immunogenicity. In this
regard, it is noteworthy that we previously showed that the incorporation of EBOV GP
into the HPIV3 vector particle was only 13% as efficient as the HPIV3 HN protein,
suggestive of inefficient packaging of EBOV GP into an HPIV vector (21).

In the present study, we developed rHPIV1-CA'70 vectors expressing EBOV GP from
the pre-N (first position; 3" proximal of the N gene) or N-P (second position; between
N and P genes) positions (Fig. 1). Two sites were chosen to determine the effect of the
GP insert position on HPIV1 attenuation, GP expression, and immunogenicity. At each
site, EBOV GP was expressed either as the full-length unmodified GP protein or as a
derivative of GP in which the TMCT domains were swapped for those of the HPIV1 F
protein in an effort to achieve efficient incorporation into the vector particle (Fig. 1).
The viruses were analyzed for in vitro growth and GP and vector protein expression,
followed by evaluation in NHPs for replication, GP stability, and immunogenicity. This
study identified a promising vaccine candidate for clinical development.

RESULTS
Recovery of the rHPIV1-CA17° vectors expressing EBOV GP. Recombinant HPIV1
(rHPIV1) bearing the attenuating A170 mutation in the C gene was modified by reverse
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FIG 2 Multistep growth kinetics. Vero cells were infected in triplicate with an MOI of 0.01 TCID,./cell with
each indicated HPIV1-C217° virus expressing EBOV GP or GP-TMCT virus. The cells were incubated at 32°C,
and aliquots of culture supernatant were collected at 24-h intervals over 6 days. Virus titers were
determined by limiting dilution on LLC-MK2 cells using a hemadsorption assay. Titers are reported as
log,, TCID,, per milliliter. Mean titers are shown, with the standard deviations as vertical error bars. The
statistical significance of the difference between EBOV GP viruses (GP1, GP-TMCT1, GP2, and GP-TMCT2)
and the rHPIV1-C217° empty backbone was determined by two-way analysis of variance with Tukey’s
multiple-comparison posttest and is shown in the table below the graph.

genetics to express the GP ORF that was modified by the insertion of an additional A
residue (MRNA-sense) at the gene editing site, which mimics EBOV-specific editing and
creates a frameshift to encode the full-length 676-amino-acid membrane-anchored GP.
The ORF also was codon optimized for human expression. In addition, a second version
was made in which this ORF was modified further to replace its TMCT domain with that
of the HPIV1 F protein (Fig. 1C) in an effort to enhance incorporation into the rHPIV1
vector particle. The ORF encoding GP or GP-TMCT was inserted in the pre-N (Fig. 1A) or
the N-P (Fig. 1B) position of HPIV1 as an added gene under the control of HPIV1 GS and
GE transcription signals. The constructs containing the GP or GP-TMCT insert in the
pre-N position were called GP1 and GP-TMCT1, and those with GP or GP-TMCT in the
N-P position were called GP2 and GP-TMCT2. All constructs were readily recovered, and
after an additional single passage on LLC-MK2 cells, the viral genome sequences were
determined and were found to be free of adventitious mutations.

Multicycle growth kinetics. The ability of vaccine candidates to efficiently replicate
in vitro, critical for vaccine manufacture, was assessed by determining their multistep
growth kinetics on Vero cells, which is the cell substrate for vaccine manufacture (Fig.
2). Wild-type (wt) HPIV1 and rHPIV1-C2'7° were included as the parental controls. The
viruses generally were similar in growth kinetics and final titers, with peak titers
between 6.5 and 8.0 log,, 50% tissue culture infective doses (TCID;o)/ml. The GP1 virus
had a significantly lower titer on day 2, suggestive of reduced growth kinetics, but
reached a peak titer on day 3 similar to that of rHPIV1 CA170, GP-TMCT1 was significantly
attenuated compared to the empty backbone on day 1 to 5 but reached a final peak
titer on day 6 which was similar to those of other viruses.

Stability of GP expression in virus stocks. To determine the plaque phenotype
and the stability of expression of GP and GP-TMCT, we monitored expression by a
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FIG 3 Stability of EBOV GP expression by HPIV1 vectors. (A) Double-staining plaque assay. Vero cells were
inoculated with a 10-fold serial dilution of each virus in duplicate, and infected monolayers were incubated for 6
days at 32°C under 0.8% methylcellulose overlay. Immunostaining was performed with mouse monoclonal
anti-EBOV GP and goat polyclonal anti-HPIV1 antibodies. Secondary antibodies included infrared dye-labeled
donkey anti-mouse 800CW and donkey anti-goat 680LT. Plaque images were acquired with an Odyssey infrared
imaging system, and the percentage of plaques expressing EBOV GP was determined. The infrared dyes were
pseudocolored to appear red and green for HPIV1 and EBOV GP, respectively. On merging the colors, the plaques
coexpressing GP and HPIV1 antigens appeared yellow and those not expressing GP were red. Representative
monolayers are shown as examples. (B) Double-staining flow cytometry assay. Vero cells infected with the vectors
were stained with anti-HPIV1 F and anti-EBOV GP (KZ52) monoclonal antibodies as described in Materials and
Methods and analyzed on a BD FACSCanto Il. An example of EBOV GP staining of HPIV1 F* single live cells is shown
as scatter plots, and the stability of EBOV GP expression (percentage of EBOV GP* cells in HPIV1 F* population) for
all vectors is shown as a table.

HPIV1 F
EBOV GP

dual-staining immunoassay using primary antibodies specific to GP and HPIV1 proteins
and differentiating secondary antibodies tagged with infrared fluorescent dyes. GP
antigen was imaged as red, HPIV1 antigen was imaged as green, and coexpression was
imaged as yellow. First, the dual staining was performed in a plaque assay format on
Vero cells (Fig. 3A). For all viruses, no plaques were detected that did not express EBOV
GP (Fig. 3A), suggesting close to 100% expression. The pre-N viruses had an overall
reduced plaque size compared to that of N-P viruses, suggesting that GP insertion in
the promoter-proximal position reduced the efficiency of virus replication and/or
spread. The plaque size was even further reduced for the GP-TMCT versions compared
to their full-length GP counterparts (Fig. 3A), suggesting an attenuating effect of TMCT.

Since the small plaque size of the GP-TMCT viruses made it difficult to clearly assess
staining, the dual-staining assay was performed in a flow cytometry format. Vero cells
were infected with the various vectors at a multiplicity of infection (MOI) of 5 TCIDs,/
cell and incubated at 32°C for 24 h. The cells were stained for HPIV1 F and EBOV GP
antigen and analyzed by flow cytometry. For all constructs, >99% of HPIV1 F* cells
(~15,000 cells analyzed for each construct) also expressed EBOV GP (Fig. 3B). Thus, the
plaque assay and flow cytometric analysis showed that all viruses maintained stable
expression of EBOV GP or GP-TMCT during in vitro replication.

Expression of EBOV GP in infected-cell lysates. To quantify the expression of
EBOV GP or GP-TMCT and HPIV1 vector proteins in infected cells, Vero cells were
infected with the various vectors at an MOI of 3 TCIDs./cell and subjected to Western
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FIG 4 Western blot analysis of infected cell lysates and sucrose gradient-purified virions. (A) Cell lysates. Vero cells were
infected at an MOI of 3 TCID,,/cell with the indicated viruses and incubated for 48 h at 32°C, after which cells were lysed in
LDS sample buffer and analyzed by Western blotting. EBOV GP was detected with mouse anti-GP and anti-mouse IRDye 680
RD antibodies. Individual HPIV1 proteins were detected with rabbit polyclonal hyperimmune sera raised individually against
peptides derived from HPIV1 N, P, F, and HN proteins, as previously described (17). Tubulin was detected on all blots, as a
loading control, using mouse antitubulin and anti-mouse IRDye 680RD antibodies; a representative blot is shown. (B)
Sucrose-purified virus particles. LLC-MK2 cells were infected at an MOI of 0.1 TCID,, per cell with the indicated viruses and
incubated for 6 days at 32°C, and virus particles were purified by sucrose step gradient centrifugation. For each virus, 1 ug of
total protein, measured by BCA assay, was analyzed by Western blotting using the same antibodies as described above. (C)
Relative quantification of EBOV GP incorporation into HPIV1 virions. EBOV GP signals on the blots were quantified (Licor-Image
Studio) for three independent experiments and normalized to HPIV1 P, which was detected simultaneously on each blot.
Quantification is shown relative to GP packaged in GP1 particles (set at a value of 1.0). The statistical significance of the
differences in the amount of virion-packaged GP was determined by one-way analysis of variance with Tukey’'s multiple-
comparison posttest and is indicated by four asterisks (P < 0.0001).

blot analysis at 48 h postinfection (p.i.). All constructs expressed a considerable amount
of GP/GP-TMCT. Note that for the Western blot analysis, gel electrophoresis was
performed under reducing conditions (which would dissociate G, and G,), and the
GP-specific monoclonal antibody used in the analysis recognizes full-length GP, and
GP, but not GP,. Because full-length GP, and GP, are close in molecular weight, the
wide GP band detected in the Western blot analysis in Fig. 4 might include either or
both of the full-length GP, and GP, forms. This detail is immaterial to the results.
HPIV1 has a polar gradient of gene expression, with the greatest expression for 3’
proximal genes compared to downstream genes. Thus, a gene inserted closer to the 3’
end would be expected to express more protein than from a downstream location.
However, the gradient effect was not evident in this study: specifically, the levels of GP
and GP-TMCT expression from the pre-N and N-P positions were similar (Fig. 4A). In
contrast, expression of the vector genes was consistent with the expected gradient
effect: specifically, viruses bearing a GP or GP-TMCT insert showed reduced expression
of downstream vector proteins compared to those of wt HPIV1 and HPIV1 CA'7° empty
vector. This reduction was somewhat greater for the pre-N than for the N-P viruses. This
reduction also was greater with GP-TMCT versions than for their respective GP con-
structs. This last effect likely was not an effect of the transcriptional gradient, since the
number and arrangement of genes were not affected by the TMCT swaps. Thus, the
insert position (i.e., pre-N versus N-P) appeared to have little or no effect on GP or
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GP-TMCT expression (however, see Discussion), but it did reduce vector protein ex-
pression.

Incorporation of EBOV GP into the rHPIV1 vector particle. The purpose of
making the EBOV GP-TMCT versions (GP-TMCT1 and GP-TMCT2) was to have the TMCT
domain of GP be HPIV1 specific and thus compatible with the HPIV1 virion proteins,
such as the M protein, that are involved in virion morphogenesis. This might increase
the efficiency of EBOV GP incorporation into the vector particles and might also affect
its arrangement on the surface of the particles. To assess the efficiency of packaging,
each virus was propagated in LLC-MK2 cells for 7 days and partially purified by
sedimentation through discontinuous sucrose gradients. Purified virus was lysed, and 1
g of total protein of each was analyzed by Western blotting.

GP and GP-TMCT appeared to be efficiently incorporated into the HPIV1 virions
when expressed from the pre-N gene position (Fig. 4B, GP1 and GP-TMCT1). Surpris-
ingly, the TMCT modification did not appear to further enhance GP incorporation (GP1
versus GP-TMCT1). The efficiency of packaging was significantly reduced when GP and
GP-TMCT were expressed from the N-P gene position (GP2 and GP-TMCT?2): specifically,
the amount of GP and GP-TMCT packaged for the pre-N viruses was on average 6.3-fold
larger than that of N-P viruses (Fig. 4C). This was calculated relative to the HPIV1 P
protein, whose efficiencies of packaging were similar for all four of the GP- and
GP-TMCT-expressing vectors.

Expression of the GP and GP-TMCT inserts had effects on the efficiency of virion
incorporation of the vector proteins, compared to wt HPIV1 and the rHPIV1-CA17°
empty vector. For example, viruses expressing GP and GP-TMCT showed dramatic
reductions in the incorporation of vector HN, although this effect was somewhat less
with GP1. Another difference was that the level of incorporation of HPIV1 F was much
lower for the N-P viruses (GP2 and GP-TMCT2), which also had much less GP and
GP-TMCT incorporation, as noted above. Incidentally, almost all of the HPIV1 F pack-
aged in the N-P particles was in the cleaved form (F,), with very little F,,. In contrast, the
pre-N viruses (GP1 and GP-TMCT1) had considerably more incorporation of HPIV1 F, as
well as GP and GP-TMCT as noted above, and cleavage of HPIV1 F was less complete
and resembled that of wt HPIV1. All viruses were propagated, harvested, and purified
side by side under similar conditions. The basis for the increased cleavage efficiency for
the N-P viruses is not clear.

The antiserum specific to HPIV1 F protein had been raised against a synthetic
peptide representing the C-terminal 17 amino acids of the CT of HPIV1 F protein.
Therefore, in addition to detecting HPIV1 F, and F, (Fig. 4B, 5th blot from the top), this
antiserum also detected the GP, fragment present in the GP-TMCT virions, due to the
presence of the CT domain from the HPIV1 F protein (6th blot from the top). The
amounts of GP, in this blot appear similar for GP-TMCT1 and GP-TMCT2 despite a much
larger amount of the former than the latter packaged in the virions as detected with the
GP-specific antibody (top blot). This is likely because of a larger amount of uncleaved
full-length GP, (not shown) in GP-TMCT1 than in GP-TMCT2 virions, and hence, the GP,
band does not reflect total GP in the particles. This GP, fragment was also detected in
the infected-cell lysates for GP-TMCT viruses (Fig. 4A, 6th blot from the top). As noted,
the GP, fragment was not recognized by the GP-specific monoclonal antibody and
therefore does not otherwise appear in these blots.

Replication of vaccine candidates in AGMs. The HPIV1-CA170 vectors expressing
EBOV GP or GP-TMCT were evaluated in African green monkeys (AGMs). Four animals
per group were infected by the combined i.n. and intratracheal (i.t.) routes with
10° TCID4, per site. As controls, two animals were infected with wt HPIV1 and two
additional animals were infected with a previously described candidate, rHPIV3/EboGP,
consisting of wt rHPIV3 that expresses EBOV GP from the third gene position (P-M) (21).
Nasopharyngeal (NP) swabs (upper respiratory tract [URT]) and tracheal lavage (TL)
samples (lower respiratory tract [LRT]) were collected daily and every other day,
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FIG 5 Replication of rHPIV1 expressing EBOV GP in AGMs. Groups of four animals were inoculated with 10
TCID,, in 1 ml each via the intranasal and intratracheal routes with the indicated HPIV1-CA170 viruses
expressing EBOV GP or GP-TMCT. Two animals were inoculated with wt HPIV1 or HPIV3/EboGP. Nasopha-
ryngeal swabs were collected daily (A) and tracheal lavages were performed every other day (B) during the
2 weeks postinoculation. Virus titers were determined by limiting dilution on LLC-MK2 cells and hemad-
sorption. The average titers are shown as log,, TCIDs, per milliliter, with the standard errors of means
indicated by error bars. Note that values indicate virus titers after the first dose; replication of the booster
dose could not be detected and is not shown.

respectively, for 14 days postinfection. Virus shedding was quantified by an infectivity
assay and reported as log,, TCIDso/ml (Fig. 5).

All of the HPIV1-based GP and GP-TMCT constructs were attenuated in the URT and
grew to a peak titer of approximately 3 log,, TCID;o/ml, in contrast to wt HPIV1, which
grew to a titer of 5 log,, TCIDso/ml (Fig. 5A). Viruses with GP or GP-TMCT in the N-P
position (GP2 and GP-TMCT2) appeared to replicate somewhat faster in the URT
compared to those in the pre-N position (GP1 and GP-TMCT1), although these differ-
ences were not statistically significant. Specifically, the N-P viruses were recovered at
higher titers during days 1 to 3; by day 4 p.i,, the pre-N and N-P viruses reached similar
titers; and thereafter, the titers of the pre-N viruses generally were higher. In the LRT,
there was little evidence of attenuation of the HPIV1-based GP and GP-TMCT constructs
compared to wt HPIV1, and all of these constructs reached peak titers of approximately
4 log,, TCIDso/ml on day 6 p.i. (Fig. 5B). As in the URT, replication of the N-P constructs
was more efficient during the first few days after infection.

In comparison, rHPIV3/EboGP replicated to significantly higher titers than the
HPIV1-based vectors, reaching peak titers of 6 and 7 log,, TCIDso/ml in URT and LRT,
respectively. The greater replication of the HPIV3-based candidate was not unexpected,
since it employs a fully wt backbone in contrast to the attenuated HPIV1 backbone. In
addition, wt HPIV3 was previously shown to replicate in AGMs to titers that were 10- to
30-fold higher than those for wt HPIV1 (25).

At 28 days p.i., two animals per group were boosted by reinfection with the same
virus, using the same routes and dose as for the first infection. NP and TL samples were
collected during days 1 to 14 p.i., as described for the first infection. Replication of each
of the booster doses was undetectable by the infectivity assay (limit of detection = 1.2
log,, TCIDso/ml) in any of the specimens from any of the animals (data not shown),
indicating that there was substantial restriction of replication and shedding.

Analysis of EBOV GP-specific serum IgG by ELISA. From the AGM experiment
described in the preceding section, serum samples were collected weekly from the
immunized animals for evaluation of the EBOV-specific serum antibody response. Sera
collected on days 28, 35, and 56 p.i. were subjected to an EBOV GP-specific I1gG
enzyme-linked immunosorbent assay (ELISA) (Fig. 6). At 28 days p.i. (sera collected just
before the booster administration), only modest titers of EBOV GP-specific IgG were
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FIG 6 EBOV GP-specific serum IgG titer. Sera of the immunized AGMs collected at 28 days (d), 35 days
(7 days postboost), and 56 days (28 days postboost) after the first immunization were analyzed by an
EBOV-GP capture ELISA specific for IgG. Titers for individual animals are shown by symbols. Open circles
indicate animals that did not receive the booster dose on day 28. Horizontal bars indicate mean titers;
for day 28 p.i., standard deviations are shown as error bars. Values are reported as reciprocal titers of an
0D, of 1.0.

detected for any of the HPIV1-based constructs. However, at day 35 (day 7 postboost),
those animals that had received a booster dose of GP1 or GP-TMCT1 vectors showed a
10-fold increase in antibody titers, reaching levels similar to those of rHPIV3/EboGP.
These titers did not increase further (i.e., at day 56, or 28 days postboost). No detectable
differences were observed between the GP1 and GP-TMCT1 titers. In the case of AGMs
immunized with GP2 or GP-TMCT2, there was only a modest increase in titer at day 35,
and there was a further modest increase by day 56 only in the case of GP-TMCT2.

In contrast, the primary immunization with unattenuated rHPIV3/EboGP induced
high IgG titers detected at 28 days, but the subsequent boost showed only a minimal
effect at days 35 and 56. In comparison, two doses of the attenuated rHPIV1-based
vectors, particularly those expressing GP1 and GP-TMCT1, conferred titers of EBOV
GP-specific 1gG that were similar to those of rHPIV3/EboGP, and this was observed as
early as 7 days postboost.

Analysis of EBOV-neutralizing serum antibody responses. A 60% plaque reduc-
tion neutralization test (PRNT,,) was developed to evaluate the ability of serum
antibodies from the AGM study to bind and neutralize virus bearing EBOV GP. To
obviate a biosafety level 4 (BSL4) facility, we constructed (not shown) a recombinant
HPIV3 called rHPIV3/Notl AF-HN/EboGP, in which the HPIV3 HN and F genes were
replaced by a gene encoding EBOV GP so that EBOV GP was the sole viral envelope
glycoprotein available to mediate attachment and entry. This virus was very similar to
one that we previously described (20). Although slightly attenuated compared to wt
HPIV3, this virus is capable of efficiently infecting cells, grows to high titers (~7.5 log,,
PFU/ml), and forms distinct plaques under methylcellulose overlay, indicating that
EBOV GP in the virion particles is functional and likely retains the neutralization
epitopes.

We confirmed the specificity of the neutralization assay using several control
antibodies. First, we showed that the construct was strongly neutralized by the EBOV
GP-specific antibody KZ52, which is a human monoclonal IgG from an EBOV survivor
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FIG 7 EBOV GP-specific 60% plaque reduction neutralization assay. Serum samples were analyzed for 60% plaque
reduction neutralization test (PRNT,) titer using rHPIV3/Notl AF-HN/EboGP virus. (A) KZ52, a human monoclonal EBOV GP

antibody known to have GP neutralizing activity, was used as a positive control. Rabbit hyperimmune sera against HPIV1

and HPIV3 were included as controls to determine any neutralizing activity of HPIV1- or HPIV3-specific antibodies for
rHPIV3/Notl AF-HN/EboGP. (B) Sera from the immunized African green monkeys at 28 days, 35 days (7 days postboost), and
56 days (28 days postboost) after the first immunization were analyzed by virus neutralization assay, and the PRNT, titers
were determined for rHPIV3/Notl AF-HN/EboGP in the presence of guinea pig complement. Open circles indicate animals
that did not receive a booster on day 28 after primary immunization. The average PRNT, titer for each group is shown

with the horizontal bars.

(Fig. 7A). Second, we investigated whether the construct was sensitive to neutralizing
polyclonal antisera specific to HPIV1 or HPIV3. Possible neutralization by HPIV3-specific
antisera was important to investigate because of the presence in the rHPIV3/Notl
AF-HN/EboGP construct of all of the HPIV3 proteins except F and HN. Possible neutral-
ization by HPIV1-specific serum was important to investigate because HPIV1 and HPIV3
belong to the same genus (Respirovirus) and share substantial sequence relatedness,
although they are considered distinct serotypes. We therefore performed the neutral-
ization assay with a hyperimmune rabbit antiserum raised against HPIV3 (which had a
PRNT, titer against HPIV3 of >13 log,) and a second hyperimmune rabbit antiserum
raised against HPIV1 (which had a PRNT, titer against HPIV1 of 7.3 log,). Neither
antiserum had detectable neutralizing activity against rHPIV3/Notl AF-HN/EboGP
(Fig. 7A). Thus, any neutralization activity by the AGM sera should be due to EBOV-
specific antibodies.

At 28 days p.i. no significant serum neutralization activity could be detected for
any of the rHPIV1-GP constructs. In comparison, the rHPIV3/EboGP control induced
a PRNT, titer of approximately 6.0 log,. However, the animals that had received a
second dose of the GP1 virus reached neutralization titers nearly as high as those of
animals that had received a second dose of rHPIV3/EboGP, and this was observed as
early as 7 days postboost. GP-TMCT1 and GP-TMCT2 did show an increase in antibody
titers, but these were lower than those of GP1. Animals that had not received a second
dose showed undetectable (limit of detection by PRNT,,: 3 log,) or very low neutral-
izing activity. The virus neutralization titers closely reflected the ELISA results and
showed that within 7 days postboost the GP1 vaccine candidate conferred neutralizing
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TABLE 1 Percentage of HPIV1-CA'70-GP plaques expressing EBOV GP after replication in
African green monkeys, determined by a double-staining plaque assay?

% of plaques positive for EBOV GP

Nasopharyngeal swabs Tracheal lavage
Virus Monkey ID P1 P2 P3 P1 P2 P3
GP1 7856 98 100 97 920 67 (3) 100 (5)
8054 65 75 70(10) 81 94 100
7867 95 87 92 100 98 98
8172 99 929 97 100 97 99
GP-TMCT1 8445 56 52 71 100 96 100 (9)
8195 33 41 47 86 89 79
8392 75 36 47 92 91 99
8258 50 19 15 83 67 (6) 93
GP2 8555 67 (3) 50 (8) 33(3) 97 100 100
8401 90 100 100 (4) 100 96 94
62403 98 92 98 100 97 100
8246 100 (2) 99 100 99 98 95
GP-TMCT2 8577 ND 50 (6) 100 91 84 95
8573 23 91 14(7) 100 98 100
57413 0(10) 60 (5) ND 67 (3) 100 100 (4)
8232 74 56 66 97 96 91

aVero cell monolayers were infected with serially diluted samples of NP and TL specimens from the indicated
animals (from the experiment shown in Fig. 5; ID, identifier), incubated for 6 days under a methylcellulose
overlay, fixed, and subjected to immunostaining against EBOV GP (green) and HPIV1 (red). Plaques that
stained for both appeared yellow; plaques in which expression of GP was lost appeared red. The
percentage of plaques positive for expression of EBOV GP was the number of yellow plaques divided by the
total number of plaques (red and yellow). P1 is the day before peak shedding, P2 is the day of peak
shedding, and P3 is the day after peak shedding for that particular animal. For samples with <10 plaques,
the total numbers of plaques are shown in parentheses. Underlined values represent samples also shown in
Fig. 8. ND, not determined because titers of samples were below the limit of detection.

titers comparable to those of rHPIV3/EboGP, which has been previously shown to
protect NHPs against EBOV challenge (21). Although GP-TMCT1 induced ELISA IgG titers
similar to those of GP1, its neutralizing titers were slightly lower. Similar to the case with
ELISA, the virus neutralizing titers also did not substantially increase between 7 and 28
days postboost, suggesting that the maximum attainable titers were achieved within a
week after the boost.

Stability of EBOV GP expression during replication in AGMs. The stability of
EBOV GP expression during replication in AGMs was evaluated by a double-staining
plaque assay. For the four animals in each of the GP1, GP-TMCT1, GP2, and GP-TMCT2
groups in the experiment in Fig. 5, we analyzed NP and TL samples from the day of peak
shedding for each particular animal (designated P2) as well as for the preceding day
(P1) and the following day (P3). The samples were analyzed by the double-staining
plagque assay, and the percentage of HPIV1 plaques coexpressing EBOV GP was deter-
mined (Table 1). Representative images of plaques of each construct are shown (Fig. 8).

Overall, the candidates expressing EBOV GP from either the pre-N or N-P position
(GP1 and GP2) had a more stable GP expression than their TMCT counterparts (GP-
TMCT1 and GP-TMCT2). In the case of GP1, 3 of 4 animals (numbers 7856, 7867, and
8172) showed an average stability of 95% in both NP and TL samples, and the
remaining animal (number 8054) was 70% stable in NP samples but was more stable,
at 92%, in TL samples. GP-TMCT1 was substantially less stable in the NP samples, with
an average of 45% plaques expressing GP, whereas the TL samples were more stable,
at 90%. Similar to GP1, in the case of the GP2-immunized group, 3 of 4 animals
(numbers 8401, 62403, and 8246) had an average stability of 97% in both NP and TL
samples, while the remaining animal (number 8555) had 50% GP expression in NP but
99% in TL samples. Similar to the case with GP-TMCT1, a tendency of reduced stability
was observed for GP-TMCT2, with averages of 53% and 93% expression in NP and TL
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wt HPIV1

GP-TMCT1

GP-TMCT2

FIG 8 Representative results of the double-staining plaque assay used to determine the stability of EBOV
GP expression during replication in African green monkeys. Representative examples of double-stained
Vero monolayers are shown from the experiment in Table 1 (see Table 1 for details). (A) wt HPIV1, animal
32956, TL, day P2; (B) GP1, animal 7856, NP, day P1; (C) GP-TMCT1, animal 8392, NP, day P3; (D) GP2,
animal 62403, NP, P2; (E) GP-TMCT2, animal 8232, NP, day P2. Vero cells were infected with serially diluted
NP or TL samples, incubated for 6 days under a methylcellulose overlay, fixed, and subjected to
immunostaining against EBOV GP (green) and HPIV1 (red). A representative plate is shown for each
indicated specimen. Plaques that stained for both HPIV1 and EBOV GP appeared yellow; plaques in which
expression of EBOV GP was lost appeared red. P2 is the day of peak shedding for that particular animal,
P1 is the day before the peak of shedding, and P3 is the day following peak shedding. The complete
experiment is summarized in Table 1.

samples, respectively. Although the TMCT modification did not increase GP incorpora-
tion in the particles and had no evidence of instability during in vitro growth, it seems
to strongly encourage in vivo selection of virus progeny with silenced GP expression.

DISCUSSION

Respiratory tract immunization with a live-attenuated vector offers several advan-
tages over parenteral administration. In addition to inducing systemic immunity, i.n.
vaccines induce a mucosal antibody response and respiratory tract resident CD4+ and
CD8™ T cells (10), which would be expected to protect against EBOV infection via
aerosol, skin, or mucosal routes. Intranasal vaccination is needle free and thus elimi-
nates the concern for spreading blood-borne pathogens in the areas where EBOV is
endemic.

The goal of this study was to develop an i.n. vaccine against EBOV based on an
attenuated HPIV1-C2170 backbone expressing EBOV GP. One aspect of this study was to
increase safety by using an attenuated virus instead of a wt virus as was previously used
in rHPIV3/EboGP. The CA'7° mutation in HPIV1 was designed in previous studies to
confer stability against deattenuation and to confer substantial attenuation in NHPs
(15), and it thus should have increased safety in humans. Another aspect of this study
was to explore the possibility of increasing GP immunogenicity by increasing its
packaging in the vector particle by TMCT modification. As noted (see the introduction),
we previously observed that efficient incorporation of the RSV F protein into PIV vectors
increased the quantity and quality of the antibody response against the heterologous
protein (23). Since the incorporation of EBOV GP into an HPIV3 vector particle in a
previous study was only 13% as efficient as that of the HPIV3 HN protein (21), increased
efficiency of packaging would be desirable. Therefore, we replaced the GP TMCT
domain with that of HPIV1 F in an attempt to increase GP packaging and immunoge-
nicity. A third aspect of this study was to evaluate two different insertion sites for EBOV
GP, namely, the pre-N position, which places the GP gene in the first, promoter-
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proximal position, and the N-P position. The GP gene was modified to represent an
“edited” transcript expressing the GP, protein. We also evaluated the effect of a boost.

A total of four different constructs were developed to represent combinations of the
two main variables: (i) insertion into the pre-N versus N-P site, and (ii) the presence or
absence of the TMCT modification. All four constructs were recovered successfully by
reverse genetics. Each of the viruses replicated efficiently in Vero cells and reached a
final titer similar to that of wt HPIV1. There was some evidence of modest attenuating
effects due to the EBOV GP insert. For example, the two pre-N viruses showed a delay
in replication kinetics in vitro, with the TMCT version being slower of the two. Also, both
of the TMCT constructs had a reduction in plaque size, indicating a slight reduction in
replication or spread.

Since the EBOV GP gene is an added gene that is not essential for vector replication,
it had the potential to readily accept mutations that might silence its expression. This
was monitored by double-straining plaque assay and flow cytometry that assessed
expression of EBOV GP by each HPIV1 plaque and infected cell, respectively. Each of the
four constructs maintained stable EBOV GP expression during replication in Vero cells.
In contrast, all four HPIV1-GP constructs exhibited instability of EBOV GP expression
during replication in AGMs, determined by the double-staining assay. The TMCT
versions exhibited greater instability than did the GP1 and GP2 versions. It may be that
the TMCT substitution in EBOV GP was somewhat inhibitory to vector replication
(consistent with the smaller plaque sizes for the TMCT constructs noted above), perhaps
due to intracellular competition with TMCT present in HPIV1 F protein. In addition, loss
of GP expression was more frequent for all four constructs in the NP versus TL
specimens. This may reflect a greater selective pressure in the URT than in the LRT to
silence GP expression. We note that the HPIV1-GP constructs were substantially more
attenuated than wt HPIV1 in the URT, whereas there was little difference in the LRT. If
this attenuation was due, at least in part, to expression of the GP insert, then mutations
that silence expression of GP could provide a selective advantage. This is reminiscent
of observations with a PIV vector expressing the RSV F protein, which also acquired
mutations that would silence expression of the foreign gene (26). However, if silencing
the expression of EBOV GP did provide a selective advantage, that advantage may not
be very great, because there was not a progressive increase with time in the loss of GP
expression during AGM infection. In any event, expression of EBOV GP by the GP1 and
GP2 constructs had a high level of stability.

The magnitudes of EBOV GP expression in infected Vero cells were analyzed by
Western blotting and were found to be similar for all four constructs at 48 h p.i. This
similarity in expression between the pre-N and N-P positions suggests that the ex-
pected polar gradient in transcription was not observed, which also is consistent with
our previous findings for RSV F protein expressed from HPIV1 (17). In contrast, Western
blot analysis of sucrose-purified virions did show a gradient effect, with 6.3-fold more
EBOV GP incorporated in the pre-N versus N-P viruses (Fig. 4B and C). This contrast
between the GP profile in infected-cell lysates and purified virus may reflect differences
in kinetics and timing of accumulation. Specifically, the cell lysates represent protein
accumulation during 48 h, and since the kinetics of in vitro replication of the pre-N
viruses lagged behind that of the N-P viruses during the initial days of infection, that
may have counterbalanced an increased expression from the pre-N position. In con-
trast, the virus particles were purified after 7 days of propagation, and under these
conditions the replication of the pre-N constructs would catch up with that of the N-P
constructs, and increased expression from the pre-N position could become evident.
Another important observation was that EBOV GP was readily detected in virions for
each of the constructs, as also had been observed in a previous study with HPIV3 (21),
and that the amount of GP in virions of GP-TMCT1 and GP-TMCT2 was similar to that
in GP1 and GP2, respectively. This indicates that the TMCT modification did not increase
the incorporation of EBOV GP into the HPIV1 vector particles.

In AGMs, the four constructs replicated over several days to peak titers of approx-
imately 3.0 log,, TCIDso/ml in the URT and 4.0 log,, TCIDso/ml in the LRT. Compared
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to wt HPIV1, the four constructs were attenuated approximately 100-fold in the URT but
did not appear to be attenuated in the LRT. The HPIV1-based constructs replicated to
titers that were ~1,000-fold lower than rHPIV3/EboGP, a difference that reflected (i) the
presence of an attenuating mutation in the HPIV1 constructs but not the HPIV3
construct and (ii) a greater permissiveness of AGMs for HPIV3 versus HPIV1 (25). When
a booster dose (of constructs based on HPIV1-C217° or HPIV3) was given at 28 days after
first immunization, there was no detectable shedding of infectious virus. This indicates
that the first dose of either vector (HPIV1-C2'7° or HPIV3) was sufficiently immunogenic
to strongly restrict replication of the booster dose. This restriction would be due to
immunity induced against the HPIV1 vector but also might involve immunity induced
against the expressed EBOV GP, since this is present in the vector particle.

Measurement of the serum antibody response to EBOV GP by a GP-specific, IgG-
specific ELISA showed that by 28 days p.i., all four HPIV1-GP constructs had induced
only modest titers of EBOV GP-specific IgG titer. In comparison, HPIV3/EboGP induced
a higher titer of EBOV GP-specific IgG, likely reflecting its much higher (1,000-fold)
replication in AGMs than that of the attenuated HPIV1-CA170. At 28 days, two animals
per group received a booster dose, while two remained unboosted for comparison.
Despite the lack of booster virus shedding, evaluation of serum samples taken 7 days
following the boost revealed 5.5- and 10.4-fold increases in IgG titers for GP1 and
GP-TMCT1, respectively, which reached titers similar to those of rHPIV3/EboGP. These
titers did not further increase between 7 and 28 days postboost, indicating that
maximum titers had already been attained. The N-P constructs also showed a slight
increase in IgG titers after boost, but the magnitude was lower than those of the pre-N
viruses, which might possibly be explained by the larger amount of EBOV GP incorpo-
rated into the virions at the pre-N than at the N-P position. The rapid increase of IgG
titers by 7 days postboost suggests that while the first dose did not induce a robust
response by day 28, it did prime for an anamnestic response to the booster dose. Thus,
two doses of HPIV1 constructs were necessary but sufficient to boost the EBOV
GP-specific antibodies to titers comparable to those of rHPIV3/EboGP.

The EBOV-neutralizing serum antibody response was measured using a PRNT,,
based on the rHPIV3/Notl AF-HN/EboGP construct, from which the surface HPIV3 F and
HN proteins had been deleted and replaced by EBOV GP as the sole viral surface
glycoprotein. Antibodies to GP, but not HPIV1 or HPIV3, neutralized this virus, validating
this assay for measuring GP-specific neutralizing serum antibodies in the AGM speci-
mens. This obviated BSL4 containment. The PRNT, titers correlated with the ELISA
titers and showed a similar relative profile. At 28 days p.i., only rHPIV3/EboGP had
induced detectable neutralization activity. At 7 days postboost, the PRNT, titers of
GP1-vaccinated animals increased to titers similar to those of rHPIV3/EboGP, which
have been shown to protect NHPs against EBOV challenge (21). Although GP-TMCT1
had ELISA IgG titers similar to those of GP1 at 7 days postboost, its neutralizing titers
were lower, suggesting a loss of neutralizing epitopes by the TMCT modification.
Interestingly, despite the delayed replication of pre-N viruses in AGMs, their antibody
titers were higher than those of the N-P viruses, possibly reflecting an overall larger
amount of GP incorporated in the virions (Fig. 4B). Although animals in each group
showed similar tendencies, no statistical analyses were possible due to the limited
animal number.

The observation that the second dose of the HPIV1-based constructs did not result
in shedding detectable by an infectivity assay, yet resulted in substantial antibody
boosts, is reminiscent of previous findings with the rHPIV3/EboGP vector (27). In that
study, inoculation of HPIV3-experienced rhesus monkeys with two doses of rHPIV3/
EboGP vector given at an interval of 28 days did not result in any shedding detectable
by an infectivity assay, yet each dose induced an increase in GP-specific antibodies. In
that study, further analysis of the NP and TL specimens by quantitative reverse
transcription-PCR (RT-PCR) showed that in fact viral RNA was shed following each dose
in HPIV3-experienced animals, probably in the form of virus that was neutralized by
antibodies present in the respiratory secretions. The ability of HPIV1 and HPIV3 to
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reinfect virus-experienced hosts is not unexpected, since reinfection by these viruses is
common in humans. The ability of HPIV1 and HPIV3 to reinfect virus-experienced hosts
sufficiently well to be immunogenic suggests that they can be successfully used as
vectors in the general population.

The finding that TMCT modification of EBOV GP did not increase incorporation of GP
into the vector particle, and did not increase antibody responses to GP, was incongru-
ous to our previous findings with RSV F. One possible explanation is that for whatever
reason, EBOV GP already is packaged to the limit of its capacity in the HPIV1 particle,
although the previous HPIV3 study indicated that this is substantially lower on a relative
molar basis than for the vector HN surface glycoprotein. Another possible explanation
is that replacement of the TMCT of EBOV GP (which includes a short CT domain,
containing only four amino acids [KFVF]) with the TMCT of the HPIV1 F protein (which
has a CT of 36 residues) had the effect of destabilizing GP structure and antigenicity. It
has also been previously reported that changes in the TMCT region of EBOV GP affect
its functionality (28). This is also supported by the evidence that despite several
attempts, we could not rescue an HPIV3/AF-HN virus (surface F and HN deleted)
expressing a chimeric EBOV GP in which either the CT or the TMCT domain was
replaced with that of HPIV3 F protein (unpublished data), whereas rHPIV3/Notl AF-HN/
EboGP expressing native GP was readily rescued. This suggested that replacement of
the CT and TMCT rendered GP nonfunctional. It also may have caused denaturation of
protective epitopes. This also is consistent with the observed slight attenuation and
microplaque phenotype of the TMCT versions compared to the case with full-length
GP (Fig. 3), which suggests that the TMCT form may be nonfunctional and even a
disadvantage for the vector.

Overall, the results of this study showed that two doses of the attenuated HPIV1-
CA170-based GP1 construct were capable of stimulating high GP neutralizing antibody
titers that were similar in magnitude to those induced by the previously described wt
HPIV3-based rHPIV3/EboGP construct, which was shown to protect against EBOV
challenge (21). However, the HPIV1 vector in the present study has the advantage
of bearing a mutation in the P/C gene that confers restricted replication and attenu-
ation needed for safety. In addition, the fact that HPIV1 naturally is less permissive for
replication in AGMs than HPIV3 means that the immunogenicity of the HPIV1-based
constructs probably is substantially underestimated in this animal model. Specifically, it
is possible that two doses would not be needed in the more permissive human host.
In addition, the HPIV1-based vaccine could be administered as an aerosol using a
nebulizer, which primes the respiratory tract more robustly and may enhance immu-
nogenicity, as was previously shown for rHPIV3/EboGP (10). In conclusion, this study
identified the HPIV1-CA'7%-based GP1 construct as an immunogenic and promising i.n.
EBOV vaccine candidate expected to be well tolerated in humans.

MATERIALS AND METHODS

Viruses and cells. HPIV1 virus and cDNAs were derived from HPIV1/Washington/20993/1964
(GenBank accession number AF457102). HPIV1 and derivatives were propagated in LLC-MK2 cells in
serum-free Opti-MEM | medium (Life Technologies, Grand Island, NY) containing 1.2% trypsin (TrypLE
Select; Life Technologies), 100 U/ml of penicillin, 100 ug/ml of streptomycin (Life Technologies), and 1
mM L-glutamine. HPIV1 titers were determined by 10-fold serial dilution in 96-well plates of LLC-MK2 cells
in the same medium and incubation at 32°C with 5% CO, for 7 days. Infected cells were detected by
hemadsorption (HAD) assay using guinea pig erythrocytes, and titers were calculated as the log,, 50%
tissue culture infective dose (TCID,,) per milliliter. HPIV3 viruses were propagated in LLC-MK2 cells in the
same medium as described for HPIV1 except that it contained 5% fetal bovine serum (FBS; Thermo
Scientific, Atlanta, GA) instead of trypsin (29). LLC-MK2 cells (ATCC CCL-7) and Vero cells (ATCC CCL-81)
were maintained in Opti-MEM | medium with GlutaMax-I (Life Technologies) supplemented with 5% FBS.
BHK BSR-T7/5 cells that constitutively express T7 RNA polymerase (30) were maintained in Glasgow'’s
minimal essential medium (MEM; Life Technologies) supplemented with 10% FBS, 1X MEM amino acid
solution (Life Technologies), and 1X Geneticin (Life Technologies). Geneticin was included in the medium
at every other passage.

Construction of HPIV1 viruses expressing GP or GP-TMCT. The EBOV GP nucleotide sequence
used was that of the EBOV Mayinga strain isolated in 1976 (GenBank accession number AF086833.2) (31),
which is identical to the other candidate vaccines under evaluation (11, 13). Unedited GP mRNA contains
a stretch of 7 A’s at the editing site and is translated as secreted GP. Transcriptional editing results in the
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addition of a nontemplate A residue at this site, causing frameshift and translation of full-length
membrane-anchored GP (8). For our constructs, an edited GP gene containing 8 U residues (negative
sense) at the editing site (nucleotide [nt] position 880 to 887, transcribing to 8 A’s in the GP mRNA) was
used to synthesize membrane-anchored GP. The editing site was previously shown to be unstable in
HPIV3 and was stabilized by 2 silent changes to AAGAAGAA (21). For the present study, the GP nucleotide
sequence was codon optimized for human expression (Genscript, Piscataway, NJ) with the exception of
the AAGAAGAA sequence, which was left undisturbed. In addition, a derivative of GP was made in which
the TMCT region was deleted and replaced with the TMCT region of HPIV1 F (Fig. 1C), which was
presumptively identified based on hydrophobicity analysis.

We inserted the coding sequence for EBOV GP or EBOV GP-TMCT into the first (pre-N) or second (N-P)
gene position of cDNA encoding rHPIV1-C217° (Fig. 1). For insertion into the pre-N position, the EBOV GP
and GP-TMCT cDNAs were designed to be flanked on the upstream side by an Mlul site and on the
downstream side by a cassette containing the gene end (GE) signal of the N gene, followed by an
intergenic (IG) triplet, the gene start (GS) signal of the P gene, and an Mlul site (Fig. TA). For insertion into
the N-P gene position, the EBOV GP and GP-TMCT cDNAs were designed to be flanked on the upstream
side by an Ascl site and on the downstream side by the N GE, IG, and P GS sequences already noted,
followed by an Ascl site (Fig. 1B). All viruses were designed to keep the hexameric genome nucleotide
length (rule of six) (32). Each vector gene maintained its wild-type hexamer phasing except that the N
gene in the pre-N constructs had the P gene phasing. The GP and GP-TMCT inserts in pre-N and N-P sites
had the hexamer phasing of the N and P genes, respectively. All inserts were synthetically derived
(Genscript) and cloned into the rHPIV1-CA17° antigenomic plasmid containing the unique restriction sites
Mlul and Ascl in the pre-N and N-P positions, respectively, using published methods (17). This resulted
in four constructs: the two with inserts in the pre-N position were called GP1 and GP-TMCT1, and the two
with inserts in the N-P position were called GP2 and GP-TMCT2.

Recovery of the rHPIV1-CA17° vectors expressing EBOV GP from cDNA. The viruses were rescued
by cotransfecting BHK BSR T7/5 cells with each of the full-length antigenomic plasmid and support
plasmids expressing the HPIV1 N, P, and L proteins as described previously (33, 34). Transfected cells were
incubated overnight at 37°C and washed twice with Opti-MEM | medium. The medium was replaced with
fresh Opti-MEM | medium with 1 mM L-glutamine and 1.2% trypsin, followed by incubation at 32°C. At
48 h posttransfection, cells were harvested by scraping into the medium and the cell suspension was
added to 50% confluent monolayers of LLC-MK2 cells in Opti-MEM | medium, T mM L-glutamine, and
1.2% trypsin (Life Technologies) and incubated at 32°C until cytopathic effects were visible. Recovered
virus (seed pool) was amplified by one passage (working pool) in LLC-MK2 cells at 32°C. Virus titers were
determined at 32°C by HAD with guinea pig erythrocytes, and titers are reported as log,, TCID,, per
milliliter.

Viral genome sequencing was performed to confirm that the recovered viruses contained the correct
genome sequence. Viral RNA was extracted from the virus stocks using a viral RNA extraction kit (Qiagen,
Valencia, CA), including DNase digestion to eliminate any plasmid DNA used for virus recovery. Over-
lapping fragments of the genome were amplified by RT-PCR using the SuperScript first-strand synthesis
system (Life Technologies) and Advantage-HF PCR kit (Clontech, Mountain View, CA), followed by Sanger
sequencing of the RT-PCR fragments. All viruses were sequenced in their entirety except for the 26 nt at
the 5’ end and 86, 79, 77, and 77 nt at the 3’ end of GP1, GP-TMCT1, GP2, and GP-TMCT2, respectively.
All viruses were found to be free of adventitious mutations.

Multicycle replication kinetics. Confluent Vero cells in 6-well plates were infected with the
recombinant viruses at an input multiplicity of infection (MOI) of 0.01 TCID,,/cell in triplicate. At 24-h
intervals, starting on day 1 through day 6, 500 ul (one-sixth of the volume) of culture medium
supernatant was collected from each well and replaced with fresh medium. The samples were flash
frozen and stored at —80°C. The virus titer of each sample was determined in duplicate by HAD assay
on LLC-MK2 cells as described above.

Double-staining plaque assay. A double-staining fluorescent plaque assay detecting the coexpres-
sion of HPIV1 antigens and EBOV GP was performed to determine the stability of GP expression from all
vectors. All seed pool clones were initially screened, and those with 100% GP expression were selected
for preparation of working pools, which were also analyzed by double staining to ensure no loss of GP
expression. Briefly, Vero cells were infected with a 10-fold serially diluted inoculum and incubated for 6
days at 32°C under a 0.8% methylcellulose overlay Opti-MEM | medium containing 4% trypsin. For
samples derived from African green monkeys, ampicillin (200 wg/ml), cleocin (30 wg/ml), timentin (400
rg/ml), gentamicin (100 wg/ml), and amphotericin (5 wg/ml) were included in the overlay medium. At
6 days postinfection, cells were fixed twice with ice-cold 80% methanol. Inmunostaining was performed
with an HPIV1-specific goat polyclonal antibody (ab20791; Abcam, Cambridge, MA) and a mouse
monoclonal EBOV GP antibody (4F3; IBT Bioservices, Rockville, MD) at dilutions of 1:1,600 and 1:2,000,
respectively. The secondary antibodies were infrared dye-conjugated donkey anti-goat immunoglobulin
680LT and donkey anti-mouse immunoglobulin 800CW (Li-Cor, Lincoln, NE), each used at a 1:800
dilution. Images were acquired using an Odyssey infrared imaging system. Plaques were pseudocolored
to appear red and green for HPIV1 and EBOV GP expression, respectively. HPIV1 plaques expressing EBOV
GP appeared yellow (HPIV1 and GP staining merged).

Double-staining flow cytometry assay. The small plaque sizes of the GP-TMCT1 and GP-TMCT2
constructs impeded assessment of GP stability by plaque staining, and therefore, a flow cytometry-based
assay was developed. Briefly, Vero cells infected at an MOI of 5 TCID,, per cell were harvested at 24 h
p.i. with 1 mM EDTA in phosphate-buffered saline (PBS). Cells were first stained with LIVE/DEAD fixable
near-infrared amine-reactive dead cell discriminating dye (Life Technologies) followed by HPIV1
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F-specific mouse monoclonal antibody (clone 7.1 at a 1:1,000 dilution pretitrated to achieve specific F
detection with no detectable background staining) and anti-EBOV GP human monoclonal antibody (KZ52
at a 1:300 dilution; IBT Bioservices). Cells were washed and stained with the secondary goat anti-mouse
Alexa Fluor 647 and goat anti-human Alexa Fluor 488 (Life Technologies) antibodies. All antibody
dilutions and washes were performed with FACS buffer (PBS containing 2% FBS). Cells were fixed and
data were acquired on BD FACSCanto Il and analyzed using FlowJo, version 10.1 (Ashland, OR). Cells were
sequentially gated on forward scatter (FSC) versus side scatter (SSC), single cells, live cells, HPIV1 F* cells,
and finally GP* cells. An average total of 15,000 HPIV1 F* cells were evaluated to determine the
percentage of GP* cells.

Western blot analysis: GP expression in infected cells and incorporation in the rHPIV1 particles.
Vero cells were infected at an MOI of 3 TCID,, with the four constructs, including wt HPIV1 and
HPIV1-CA170 empty vector as controls, and incubated at 32°C for 48 h. Cell lysates were prepared by direct
lysis of the monolayer with 100 ul of 1X lithium dodecyl sulfate (LDS) sample buffer, and 22.5 ul of lysate
was reduced, denatured, and electrophoresed on a 4 to 12% bis-Tris SDS gel (Life Technologies). Proteins
were transferred to a polyvinylidene difluoride (PVDF) membrane and analyzed by Western blotting.

To analyze EBOV GP incorporation in the HPIV1 vector virions, LLC-MK2 cells were infected at an MOI
of 0.1 TCID,, per cell with viruses expressing EBOV GP, wt HPIV1, and rHPIV1-CA17° empty vector and
incubated at 32°C for 6 days. The medium supernatant was clarified, and virus was purified by
discontinuous sucrose gradient centrifugation. The protein content of each purified virus was deter-
mined by bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). One microgram of protein of each
sucrose-purified virus preparation was lysed in radioimmunoprecipitation assay (RIPA) buffer and sub-
jected to SDS-PAGE and Western blot analysis.

NHP studies. All animal studies were approved by the National Institutes of Health (NIH) Institutional
Animal Care and Use Committee (IACUC). In vivo replication and immunogenicity were assessed in AGMs.
Animals were confirmed to be naive for HPIV1 and HPIV3 by serum hemagglutination inhibition assay
(35), and four animals per virus were infected by the combined i.n. and intratracheal (i.t.) routes with 10
TCIDs, per site, in parallel with two animals infected with wt HPIV1 for comparison. The previously
described candidate rHPIV3/EboGP (21) was also included with two animals as a positive reference.
Nasopharyngeal (NP) swabs were collected daily for 14 days, whereas tracheal lavage (TL) with 3 ml of
PBS was performed every other day p.i. for 14 days. After 28 days two animals of each group received
a second inoculation (boost) with the same virus. Dose, routes, and NP/TL sample collection were the
same as for the first dose. Virus titers of NP and TL samples were determined by serial dilution on
LLC-MK2 cells and HAD assay and reported as log,, TCIDs, per milliliter. For each virus, NP and TL
samples from 4 animals at their peak titer day following the first inoculation as well as a day before and
after were subjected to double-staining plaque assay to determine the stability of GP expression during
in vivo replication. Serum was collected from all animals weekly, starting on the day of inoculation, to
determine GP-specific antibody response following the first and second doses.

EBOV GP-specific IgG ELISA. A commercially available monkey anti-Zaire EBOV GP IgG ELISA kit
(Alpha Diagnostic International Inc., San Antonio, TX) was used to quantify the GP-specific serum
antibody response of the immunized AGMs. The assay was performed as described in the manufacturer’s
protocol. Briefly, 5-fold serially diluted serum was added to EBOV-GP-coated wells of a 96-well ELISA plate
and incubated for 1 h to capture GP-specific antibodies. The wells were washed and the bound GP
antibodies were detected with a secondary horseradish peroxidase-conjugated anti-monkey IgG. The
absorbance at 450 nm was measured, and the dilution of each sample yielding a value of 1 for optical
density at 450 nm (OD,,) was calculated by linear regression analysis.

EBOV GP neutralization assay. Serum titers of EBOV GP-specific neutralizing antibodies were
determined by a 60% plaque reduction neutralization test (PRNT,,) on Vero cells using a HPIV3-based
construct (called rHPIV3/Notl AF-HN/EboGP) that lacks the HPIV3 F and HN glycoprotein genes and
expresses the EBOV GP from an added gene as the sole viral surface protein. This virus is very similar to
another version reported previously (20). Sera were heated at 56°C for 30 min, and 4-fold serial dilutions
were made. These were combined with a set amount of virus and adjusted to contain 10% (vol/vol) of
a commercial preparation of guinea pig complement (Lonza, Allendale, NJ), incubated for 30 min at 37°C,
and then transferred to Vero cell monolayers in 24-well plates. As a positive control, the human
monoclonal antibody KZ52 (IBT Bioservices), which is a purified antibody preparation, was included at
1.49 mg/ml. It is an EBOV GP-specific monoclonal antibody derived from an EBOV survivor and has been
shown to neutralize EBOV to 50% at 0.3 ug/ml (36). Inoculated cells were rocked for 2 h at 32°C on a
rocking platform, overlaid with Opti-MEM | medium (containing 0.8% methylcellulose, 2% FBS, 1X
L-glutamine, and 50 pg/ml of gentamicin), and incubated for 6 days at 32°C. The cells were fixed twice
with ice-cold 80% methanol, and plaques were detected with mouse anti-GP antibody and a secondary
goat anti-mouse infrared-conjugated 680RD antibody. PRNT,, titer was calculated by linear regression
analysis. To confirm that HPIV1- or HPIV3-specific antibodies present in the samples did not neutralize the
rHPIV3/Notl AF-HN/EboGP virus, control HPIV1 and HPIV3 hyperimmune rabbit sera, with known, high
HPIV1 or HPIV3 neutralization titers, were included as controls that showed no detectable neutralizing
activity, indicating that neutralization was specific to anti-EBOV GP antibodies.
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