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Human parainfluenza virus type 1 (hPIV-1) is the most common cause of laryngotracheobronchitis (croup), resulting in tens of thou-
sands of hospitalizations each year in the United States alone. No licensed vaccine is yet available. We have developed murine PIV-1
(Sendai virus [SeV]) as a live Jennerian vaccine for hPIV-1. Here, we describe vaccine testing in healthy 3- to 6-year-old hPIV-1-sero-
positive children in a dose escalation study. One dose of the vaccine (5 X 10%,5 X 10% or 5 X 107 50% egg infectious doses) was deliv-
ered by the intranasal route to each study participant. The vaccine was well tolerated by all the study participants. There was no sign of
vaccine virus replication in the airway in any participant. Most children exhibited an increase in antibody binding and neutralizing
responses toward hPIV-1 within 4 weeks from the time of vaccination. In several children, antibody responses remained above incom-
ing levels for at least 6 months after vaccination. Data suggest that SeV may provide a benefit to 3- to 6-year-old children, even when
vaccine recipients have preexisting cross-reactive antibodies due to previous exposures to hPIV-1. Results encourage the testing of SeV
administration in young seronegative children to protect against the serious respiratory tract diseases caused by hPIV-1 infections.

uman parainfluenza virus type 1 (hPIV-1) is a member of the

Paramyxoviridae family. It is the major cause of laryngotra-
cheobronchitis (croup) and can also mediate bronchiolitis and pneu-
monia, most commonly in children (1, 2). There have been previous
attempts to develop a vaccine against hPIV-1, but no vaccine has yet
been licensed (3, 4). A study of a formalin-treated hPIV-1 vaccine in
the 1960s demonstrated safety but not efficacy (5).

We have pursued the development of a Jennerian (xenotropic)
vaccine approach. Our previous studies showed that Sendai virus
(SeV), a murine PIV, had both sequence and antigenic similarity
with hPIV-1 (6-9). We found that hPIV-1 protected mice from
SeV infections and that SeV safely protected nonhuman primates
from hPIV-1 infections (10, 11). SeV has also proven successful as
a recombinant vaccine for other paramyxovirus pathogens in an-
imal models (12-18).

Historically, SeV has never caused disease in humans. Upon
the first discovery of the virus in 1952, there was some concern
that SeV was an etiological agent for human respiratory infec-
tions, but it was later determined that SeV is a pathogen of
mice, not of humans (2, 19, 20). Moreover, when we tested SeV
in a dose escalation phase I clinical study in human adult vol-
unteers, we found that it was well tolerated and enhanced
hPIV-1-specific antibody responses in some individuals (21).
As a follow-up to the adult study, we tested SeV in a dose
escalation study in 3- to 6-year-old PIV-1-seropositive chil-
dren, and we describe here the early safety, tolerability, and
immunogenicity data in this age group.

MATERIALS AND METHODS

Participants. Ten healthy children between the ages of 3 and 6 years (six
males, four females) were vaccinated in a phase I dose escalation study of
the SeV vaccine. The protocol was reviewed and approved by the U.S.
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Food and Drug Administration (FDA) and the St. Jude Children’s Re-
search Hospital Institutional Review Board. The study was performed
only after data from a phase I study with SeV in adults were reviewed and
approved by a data safety monitoring board.

Vaccine. The vaccine was an unmodified live SeV (Enders strain)
propagated in chick egg (Spafas, Inc., Preston, CT) allantoic fluid and
purified by sedimentation on a sucrose cushion and then a sucrose gradi-
ent. The vaccine was stored frozen at —80°C and was thawed and diluted
in sterile saline immediately prior to intranasal administration.

Study design. This study of SeV in healthy 3- to 6-year-old children
was similar to our previous vaccine study in adults (21). Briefly, the par-
ent/guardian of each study participant provided written informed con-
sent. A seropositive response, indicating a previous natural exposure to
hPIV-1 by the study participant, was required at the prescreen visit in
order to allow the child to be vaccinated. A positive score was based on a
comparison of the child’s prescreen SeV-based enzyme-linked immu-
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TABLE 1 Participant characteristics (3- to 6-year age group) and adverse reactions to Sendai virus vaccine

Patient Age at Dose of vaccine Study day of Grade of Relationship of adverse

no. Gender vaccination (EIDsq)" Adverse reaction”  adverse reaction  adverse reaction  reaction to vaccination

$702 Female 5yr 4 mo 5% 10° None

S703 Female 3 yr2mo 5% 10° Cough 1 1 Possible
Cough 22 1 Unrelated
Rhinorrhea 26 1 Unrelated
Otitis media 156 1 Unrelated

S704 Female 3 yr 1 mo 5 X 10° Irritability 0 1 Possible
Eczema 14 1 Unrelated

S707 Male 5 yr 5 mo 5% 10° None

S706 Male 3 yr 9 mo 5% 10° Cough 13 1 Unrelated
Cough 15 2 Unrelated
Cough 16 1 Unrelated
Nasal congestion 16 1 Unrelated

$708 Male 5yr 10 mo 5% 10° None

§709 Male 4yr4mo 5% 10° Eczema Screen 1 Unrelated
Rhinorrhea 27 Unrelated
Cough 27 1 Unrelated

S710 Male 5yr 5% 107 None

S711 Female 3yr 5 X 107 Fever 7 2 Possible

S713 Male 3 yr 10 mo 5% 107 Hyperactivity 0 1 Unlikely
Nasal congestion 5 1 Possible
Rhinorrhea 7 1 Possible
Irritability 12 1 Unlikely
Rhinorrhea 15 1 Unlikely
Nasal congestion 17 1 Unlikely

@ EIDs0, 50% egg infectious dose.
b Sendai virus vaccine was well tolerated in the 3- to 6-year age group.

nosorbent assay (ELISA) results (sera diluted 1:1,000) with positive- and
negative-control samples. The test score was required to be =3 times the
background (negative-control mean), and it had to exceed the mean of
positive controls minus 2 standard deviations. One child did not receive
the vaccine due to a seronegative test result. The time period between the
screening blood draw and vaccination was 1 to 4 days.

The study evaluated three doses of intranasal live unmodified SeV-
based vaccine (5 X 10%,5 X 10° and 5 X 10”7 50% egg infectious doses
[EIDs,]) delivered once. A standard dose escalation design was fol-
lowed, with monitoring for absence of any dose-limiting toxicity for at
least 28 days in each lower-dose cohort before opening a higher-dose
cohort. One child was inadvertently given a 10-fold-lower vaccine dose
than anticipated (5 X 10° rather than 5 X 10° EIDs,); for the purposes
of this report, this child’s data will be considered along with data from
the other children who received the 5 X 10° EID,, vaccine dose. Study
participants were not to receive any other immunizations 30 days be-
fore or after the SeV vaccination.

The vaccine (0.25 ml) was delivered by dropper into each nostril (total,
0.5 ml) of the supine study participant. The primary endpoint of the study
was elicited adverse events occurring within 28 days of vaccination. Safety
was evaluated during clinic or at-home visits on days 2, 4, 7, 14, and 28
after vaccination. Families were also provided with a diary card to record
adverse events through day 28 of the study. Blood was collected at screen-
ingand on days 14, 28, and 182 after vaccination for evaluation of binding
and neutralizing antibodies. Nasal swabs obtained on days 2, 4, and 7 after
vaccination were tested for the presence of replication-competent vaccine
virus by serial dilutions and inoculations into the allantoic cavities of
10-day-old embryonated eggs. After incubation at 35°C for 72 h, allantoic
fluid from each egg was tested for virus by hemagglutination (HA) with
chicken red blood cells (RBC). This was achieved by transferring 50 pl of
allantoic fluid to 96-well round-bottomed plates for mixing with 50 wl
chicken RBC (0.5%) in phosphate-buffered saline (PBS). After a 45-min
incubation at 4°C, HA was scored.
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Immune assays. (i) Binding antibody assays. Two different enzyme-
linked immunosorbent assays (ELISAs) were performed to detect anti-
bodies toward SeV and hPIV-1. ELISA plates (96 wells each) were coated
overnight at 4°C with either purified disrupted SeV or hPIV-1 (1.0 g/
ml). After nonadsorbed virus was removed, the well surfaces were blocked
(3.0% bovine serum albumin [BSA] in PBS). Sera were diluted 1:100 and
then serially diluted 1:10 (3% BSA in 0.1% Tween 20), and 50 pl was
applied in triplicate wells to the coated plates for a 1-h incubation at room
temperature (RT). Wells were washed with PBS and 0.1% Tween 20
(PBST), and bound IgG was detected using alkaline phosphatase-conju-
gated goat anti-human IgG incubated for 1 h (at RT). After washing away
unbound anti-human IgG with PBST, the substrate p-nitrophenyl phos-
phate was added, and the optical density (OD) at 405 nm was recorded.
The binding titer was determined using nonlinear regression software
(GraphPad Prism). The titer was defined as the highest sample dilution
that scored an OD of at least 0.1 at 405 nm.

TABLE 2 Chemistry and cell count results before and 14 days after
Sendai virus vaccination

Result (median [range])

Test” Prevaccination 14 days postvaccination
ALT (U/liter) 17.5 (12-35) 17 (12-29)

Amylase (U/liter) 70.5 (21-83) 67.5 (28-88)

AST (U/liter) 35 (25-43) 34 (27-43)

Bilirubin (mg/dl) 0.3 (0.2-0.4) 0.2 (0.1-0.5)
Creatinine (mg/dl) 0.31 (0.3-0.5) 0.3 (0.29-0.4)

Hgb (g/dl) 12.7 (11.5-14.2) 12.6 (11.7-14.5)

ANC (cells/mm?) 2,950 (2,100-5,800) 3,400 (2,200~7,500)

Platelets (10° cells/mm?®) 283 (232-352) 274 (252-607)

@ ALT, alanine aminotransferase; AST, aspartate aminotransferase; Hgb, hemoglobin;
ANCG, absolute neutrophil count.
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FIG 1 Analysis of Sendai virus (SeV)-specific antibody among recipients of intranasal SeV vaccine. Serum samples obtained from ten 3- to 6-year-old
participants at indicated time points prevaccination and postvaccination were examined for SeV-specific antibody binding. Results are reported as antibody titers
defined by nonlinear regression calculations. Antibody binding titer was defined as the highest sample dilution that scored an OD of at least 0.1 at 405 nm on the
ELISA. All study participants had SeV-specific binding antibody titers of at least 1,000 prior to vaccination. Means and standard errors are shown. *, assays were

conducted prior to collection of the 6-month sample from participant S713.

(ii) hPIV-1 neutralization assays. All serum samples were treated by a
1:4 dilution with receptor-destroying enzyme (RDE) (SEIKEN Accurate
Chemical) prior to the assay for neutralizing activity. This involved the
mixing of sera with RDE overnight at 37°C. The enzyme and the serum
complement were then inactivated by heating the samples to 56°C for 30
min. To detect hPIV-1-specific neutralizing antibody activity, the virus
(approximately 100 PFU hPIV-1 in Eagle’s minimum essential medium
[EMEM]) supplemented with 2% fetal bovine serum [FBS]) was incu-
bated in triplicate wells (96-well plates) with serial serum dilutions (1:2
dilutions starting at 1:40 in EMEM supplemented with 2% FBS) for 1 h at
37°C in humid air with 5% CO,. The mixtures were then inoculated into
the wells of 96-well plates with confluent monolayers of LLC-MK2 cells.
The media or viruses without antibodies were plated in wells to serve as
controls. Following an overnight incubation at 37°C in humid air with 5%
CO,, the inoculum was removed and replaced with 150 pl Dulbecco’s
modified Eagle’s medium, 0.1% bovine serum albumin (BSA), and acety-
lated trypsin (2 wg/ml) and was incubated at 37°C in humid air with 5%
CO,. After 4 days, the virus was scored for HA with chicken RBC. The
neutralization titer was defined as the highest sample dilution for which
the majority of wells scored negatively for HA.
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RESULTS AND DISCUSSION

Ten study participants, including males and females between the
ages of 3 and 6 years, were vaccinated in a phase I study of live
unmodified SeV vaccine. A preexisting antibody response to SeV
reflective of a previous natural exposure to hPIV-1 was required as
a prerequisite for vaccination. Each eligible participant re-
ceived a single intranasal dose of the SeV vaccine, at either a low
(5 X 10° EID5,), medium (5 X 10° EIDy,), or high (5 X 107
EID;,) dose. Participant characteristics and clinical adverse
events are summarized in Table 1, and safety laboratory param-
eters measured before and 14 days after vaccination are shown
in Table 2. As shown, the SeV vaccine was uniformly well tol-
erated, with no participant experiencing adverse events greater
than grade 1 or 2. SeV was not detected in any nasal swab
sample, as tested by egg inoculation.

Despite the presence of SeV-specific binding antibodies prior
to vaccination in all the study participants and the lack of vaccine
amplification, there was a moderate or substantial increase in SeV-
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FIG 2 Analysis of human parainfluenza virus type 1 (hPIV-1)-specific antibody among recipients of intranasal SeV vaccine. Serum samples obtained from ten
3- to 6-year-old participants at indicated time points prevaccination and postvaccination were examined for hPIV-1-specific antibody binding. Results are
reported as antibody titers defined by nonlinear regression calculations. Antibody binding titer was defined as the highest sample dilution that scored an OD of
atleast 0.1 at 405 nm on the ELISA. Means and standard errors are shown. *, assays were conducted prior to collection of the 6-month sample from participant
§713. Student’s ¢ tests were performed to compare hPIV-1-specific binding antibody responses before and after vaccinations. Except for one participant (S708),
significant improvements in hPIV-1-specific antibody binding titers occurred on day 14 after vaccinations compared to prevaccination titers for all individuals

(Student’s ¢ test [GraphPad Prism], P < 0.05).

specific antibody titers after vaccination in 8 of the 10 children
(Fig. 1). Improvements in antibody titers were achieved in chil-
dren who received low, medium, and high vaccine doses and were
usually recognized within 14 days after vaccination. There was
some waning for participants S703, S704, S707, S710, S711, and
S713, while the titers in participants S702 and S706 were enhanced
at the 6-month time point. A gradual increase in immune re-
sponses can typify immune reactivities toward live viral vaccines,
but a late response can also result from a coincident natural expo-
sure to hPIV-1.

hPIV-1-specific binding antibodies were improved in the
majority of the study participants after vaccination, as expected
due to the known sharing of antigenic determinants between
hPIV-1and SeV (7, 8) (Fig. 2). Increases in these antibodies by
day 14 were observed among 9 of the 10 individuals (Student’s
t test, P < 0.05). SeV-specific and hPIV-1-specific antibodies
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often exhibited similar temporal trends (Fig. 3; note that the
SeV and hPIV-1 assays were not designed to be compared
quantitatively). Like SeV-specific binding antibodies, hPIV-1-
specific antibodies often waned by 6 months but remained
higher than prevaccination levels.

Neutralizing antibody titers toward hPIV-1 are shown in Fig. 4.
Again, the majority of the participants exhibited increases in titers
after vaccination, and increases were observed among participants
who received the low, medium, and high doses of vaccines. The
changes in binding activity predicted changes in neutralizing ac-
tivity in some, but not all, cases. For participants S704 and S707,
for example, improvements in binding antibody titers toward SeV
and hPIV-1 were not matched by improvements in neutralizing
function. It is possible that antibodies in these participants bound
viral epitopes that failed to inhibit viral growth. Alternatively, the
results may have been affected by nonspecific serum factors that
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This study of healthy 3- to 6-year-old children showed the
safety and immunogenicity of live unmodified SeV vaccine and
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FIG 4 Analysis of human parainfluenza virus type 1 (hPIV-1)-specific neutralizing antibody among recipients of intranasal SeV vaccine. Serum samples
obtained from ten 3- to 6-year-old participants at indicated time points prevaccination and postvaccination were examined for hPIV-1-specific neutralizing
antibody activities. Results are reported as antibody titers defined by nonlinear regression calculations. The neutralization titer was defined as the highest sample
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host of SeV) and humans, there has never been a confirmed case of
SeV-associated human disease. A safe intranasal paramyxovirus
vaccine holds great appeal, in part because needles and syringes
are not required. SeV is also attractive because of its natural host
range restriction (22) partnered with its ability to elicit rapid and
durable B cell and T cell responses in systemic and mucosal tissues
(12, 23-25). Results in this report encourage the progression of
SeV vaccine testing to younger seronegative children. The success
of SeV in future studies may ultimately provide a means for pre-
venting croup and other forms of serious paramyxovirus disease
in children.
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