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ABSTRACT Live-attenuated pediatric vaccines for intranasal administration are be-
ing developed for human respiratory syncytial virus (RSV), an important worldwide
pediatric respiratory pathogen that lacks a licensed vaccine or suitable antiviral drug.
We evaluated a prime-boost strategy in which primary immunization with RSV was
boosted by secondary immunization with RSV or with a chimeric recombinant bo-
vine/human parainfluenza virus type 3 (rB/HPIV3) vector expressing the RSV fusion F
protein. The vector-expressed F protein had been engineered (DS-Cavl mutations)
for increased stability in the highly immunogenic prefusion (pre-F) conformation,
with or without replacement of its transmembrane and cytoplasmic tail domains
with their counterparts from bovine parainfluenza virus type 3 (BPIV3) F protein to
direct incorporation into the vector virion for increased immunogenicity. In hamsters
that received a primary infection with RSV, a booster infection with RSV ~6 weeks
later was completely restricted for producing infectious virus but induced a signifi-
cant increase in the serum RSV-plaque-reduction neutralizing antibody titer (RSV-
PRNT). Boosting instead with the rB/HPIV3-RSV-pre-F vectors resulted in efficient rep-
lication and induced significantly higher RSV-PRNTs than RSV. In African green
monkeys that received a primary infection with RSV, a booster infection with RSV
~2, ~6, or ~15months later was highly restricted, whereas booster infections with
the vectors had robust replication. Compared with RSV, boosts with the vectors
induced 7- to 15-fold higher titers of RSV-specific serum antibodies with high neu-
tralizing activity, as well as significantly higher titers of RSV-specific mucosal IgA an-
tibodies. These findings support further development of this heterologous prime-
boost strategy.

IMPORTANCE Immune responses to RSV in infants can be reduced due to immuno-
logical immaturity and immunosuppression by RSV-specific maternal antibodies. In
infants and young children, two infections with wild-type RSV typically are needed
to achieve the titers of RSV-specific serum antibodies and protection against illness
that are observed in adults. Therefore, a boost might substantially improve the per-
formance of live pediatric RSV vaccines presently being developed. Hamsters and Af-
rican green monkeys received a primary intranasal infection with RSV and were
given a boost with RSV or a parainfluenza virus (PIV) vector expressing RSV fu-
sion protein engineered for enhanced immunogenicity. The RSV boost was
highly restricted but induced a significant increase in serum RSV-neutralizing an-
tibodies. The PIV vectors replicated efficiently and induced significantly higher
antibody responses. The use of an attenuated PIV vector expressing RSV antigen
to boost a primary immunization with an attenuated RSV warrants further evalu-
ation.

January 2021 Volume 95 Issue 2 e01512-20 Journal of Virology

Citation Liang B, Matsuoka Y, Le Nouén C, Liu
X, Herbert R, Swerczek J, Santos C, Paneru M,
Collins PL, Buchholz UJ, Munir S. 2021. A
parainfluenza virus vector expressing the
respiratory syncytial virus (RSV) prefusion F
protein is more effective than RSV for boosting
a primary immunization with RSV. J Virol
95:€01512-20. https://doi.org/10.1128/JVI
01512-20.

Editor Stacey Schultz-Cherry, St. Jude
Children's Research Hospital

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Shirin Munir,
munirs@niaid.nih.gov.

Received 22 July 2020

Accepted 20 October 2020

Accepted manuscript posted online 28
October 2020

Published 22 December 2020

jvi.asm.org


https://orcid.org/0000-0002-8493-0728
https://doi.org/10.1128/JVI.01512-20
https://doi.org/10.1128/JVI.01512-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:munirs@niaid.nih.gov
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01512-20&domain=pdf&date_stamp=2020-10-28
https://jvi.asm.org

Liang et al.

KEYWORDS DS-Cav1, fusion protein, mucosal vaccines, parainfluenza virus type 3,
pediatric immunization, prefusion, prime boost, respiratory syncytial virus, vaccine

uman respiratory syncytial virus (RSV) is the leading viral agent of severe acute

respiratory infections in infants and young children worldwide (1). Every year, RSV
is responsible for an estimated 118,200 deaths worldwide among children <5 years of
age, with 99% of these deaths occurring in developing countries (2, 3). RSV disease and
the associated economic burden also are substantial in developed countries (4, 5).
While severe RSV disease has been commonly thought to occur predominantly in
young infants <6 months of age, it was recently recognized that >50% of hospital-
izations and in-hospital deaths of children with RSV occur among infants =6 months of
age (2). Thus, RSV morbidity and mortality are frequent throughout infancy and young
childhood. Infants at high risk for severe RSV disease due to premature birth or
underlying illness can receive passive immunoprophylaxis with a monoclonal antibody
against RSV called palivizumab, with substantial protective efficacy (6). However, this is
not indicated for infants in general and is not cost-effective for use in resource-limited
settings. A pediatric RSV vaccine is needed to reduce the morbidity and mortality
associated with RSV infection. Despite decades of effort and recent progress, a licensed
RSV vaccine is not yet available.

RSV is classified in the family Pneumoviridae of the order Mononegavirales. RSV is an
enveloped virus with a nonsegmented negative-sense RNA genome of approximately
15,200 nucleotides. The genome is expressed as 10 separate mRNAs encoding 11
proteins. The 3’ to 5’ gene order (identified by encoded proteins) is as follows:
nonstructural protein 1 (NS1), NS2, nucleocapsid protein (N), phosphoprotein (P), matrix
protein (M), small hydrophobic protein (SH), attachment protein (G), fusion protein (F),
RNA synthesis factors M2-1 and M2-2 (encoded by overlapping open reading frames
[ORFs] in the M2 mRNA), and polymerase protein (L); there also are short leader and
trailer regions at the 3’ and 5’ genome ends, respectively. The RSV G protein is the
major viral attachment protein. RSV F mediates fusion of the viral envelope with the
cellular membrane during viral entry and may also have attachment activity (7).

The RSV F and G proteins are the two RSV neutralization antigens and the major
protective antigens. F is generally considered to be a more potent neutralization and
protective antigen than G, and its amino acid sequence is much more conserved
among RSV strains. RSV F is produced in a prefusion (pre-F) conformation that is
metastable and can be readily triggered to undergo a major irreversible conformational
rearrangement that drives membrane fusion and leaves F in a highly stable postfusion
(post-F) conformation (8-10). Pre-F and post-F share some neutralizing epitopes, but
most of the neutralizing activity in convalescent human sera recognizes epitopes
specific to pre-F (11). RSV F can be substantially stabilized in the pre-F conformation by
structure-based engineering, such as by the introduction of a disulfide bond called DS
and two hydrophobic cavity-filling amino acid substitutions called Cav1 (12). DS-Cav1-
stabilized pre-F is substantially more immunogenic in rodents and nonhuman primates
than post-F either as a subunit vaccine or expressed by a parainfluenza virus (PIV)
vector (13).

Development of a pediatric RSV vaccine has been challenging. Inactivated RSV and
purified RSV subunit vaccines are associated with enhancement of RSV disease in
RSV-naive young children and experimental animals, respectively (14-16), and are
contraindicated for administration to RSV-naive infants and young children (although
they appear to be safe in RSV-experienced recipients). In contrast, two types of vaccines
are not associated with priming for enhanced RSV disease, i.e., (i) live-attenuated RSVs
(17) and (ii) a live vectored vaccine candidate consisting of chimeric recombinant
bovine/human PIV type 3 (rB/HPIV3) expressing the RSV F protein from an added gene
(18). These presently are being developed as candidate pediatric RSV vaccines for
intranasal (i.n.) administration.

We have developed a number of attenuated derivatives of RSV strain A2 as candi-
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date live-attenuated i.n. RSV vaccines (19-26) (reviewed in reference 27). The attenu-
ating mutations in these viruses variously include deletion of the M2-2, NS2, NS1, or SH
gene, as well as introduction of missense or codon-deletion mutations that mostly are
in the L polymerase gene and usually confer temperature sensitivity in addition to
attenuation (19, 20, 23-26). In addition, principal missense and codon-deletion muta-
tions have been stabilized genetically by the identification of alternate codons involv-
ing that codon or nearby codons that render the mutations refractory to deattenuation
(23, 24). Some of these attenuated viruses have been shown to be well tolerated and
immunogenic in phase | studies in infants and young children (19-22).

We also have been pursuing the PIV vector strategy noted above to express RSV
antigen, principally the F protein, from an added gene (13, 28-33). HPIV serotypes 1, 2,
and 3 are important pediatric respiratory viruses, and HPIV3 is second only to RSV as a
major cause of severe pediatric respiratory infection. The PIVs are enveloped nonseg-
mented negative-sense RNA viruses that are related to RSV and belong to the family
Paramyxoviridae of the order Mononegavirales. We have focused on the chimeric
rB/HPIV3 vector noted above. rB/HPIV3 consists of the bovine PIV3 (BPIV3) genome
(which confers attenuation in humans and nonhuman primates by host range restric-
tion) in which the BPIV3 F and hemagglutinin-neuraminidase (HN) glycoprotein genes
(encoding the two PIV3 neutralization and major protective antigens) were replaced by
their counterparts from human PIV3 (HPIV3). Compared with live-attenuated RSV, PIV
vector-based RSV vaccines have a number of potential advantages, including providing
a bivalent vaccine against the PIV vector and RSV, providing more efficient manufacture
and greater physical stability, and providing the ability to express RSV F that has been
engineered for increased stability in the nonfunctional and highly immunogenic pre-F
conformation (e.g., DS-Cav1). The immunogenicity of RSV F protein expressed from a
PIV vector also can be enhanced by replacing its transmembrane (TM) and cytoplasmic
tail (CT) domains with those of the BPIV3 F protein (a modification called B3TMCT),
which results in efficient incorporation of RSV F into the PIV vector virion (30). Yet
another potential advantage is that a PIV-vectored RSV vaccine might be particularly
effective in boosting following immunization with an RSV vaccine because, in addition
to expressing an F protein engineered for enhanced immunogenicity, the PIV vector
might be less sensitive to restriction by preexisting RSV-specific immunity, compared to
an attenuated RSV (see Discussion). This would provide a greater antigenic load of RSV
F and increased immunogenicity, compared to an attenuated RSV.

In the present study, we evaluated the boosting effect of rB/HPIV3 vectors express-
ing DS-Cav1-stabilized RSV pre-F protein, with or without the B3TMCT mutation, in
comparison with RSV. Boosting was evaluated in hamsters and African green monkeys
(AGMs) that previously had a primary RSV infection. In addition, the effect of different
time intervals (~2, ~6, and ~15 months) between the prime and boost was evaluated
in AGMs. The results showed that, in either experimental animal and for any of the time
intervals, a boost by a rB/HPIV3 vector expressing RSV F engineered for enhanced
immunogenicity induced significantly higher titers of serum RSV-neutralizing antibod-
ies, compared to a boost by RSV, particularly antibodies that are capable of neutralizing
RSV in vitro without added complement and thus are particularly potent.

RESULTS

Comparison of booster immunization with RSV versus rB/HPIV3-RSV-pre-F
vectors in hamsters previously infected with RSV. Two rB/HPIV3 vectors were
constructed in previous work (31), i.e., rB/HPIV3/DS-Cav1 (abbreviated DS-Cav1 vector),
which expresses RSV F with greatly increased stability in the pre-F conformation due to
the DS-Cav1 mutations, and rB/HPIV3/DS-Cav1/B3TMCT (abbreviated DS-Cav1/B3TMCT
vector), which expresses RSV F with the same DS-Cav1 mutations plus replacement of
its TM and CT domains with those of the BPIV3 F protein to achieve efficient incorpo-
ration into the vector virion (see the introduction). These two vectors were compared
with wild-type (wt) RSV for the ability to infect and to induce a secondary or booster
response of serum RSV-neutralizing antibodies in hamsters that previously had received
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a single primary i.n. infection with wt RSV (Fig. 1A). Wild-type RSV was used for the
infections because attenuated RSV strains are poorly infectious in hamsters due to a
strong host range restriction.

Forty-eight hamsters were confirmed to be seronegative for RSV and HPIV3 (see
Materials and Methods), placed into four groups (groups A to D [n = 12 each]), and
primed by i.n. inoculation with 106 PFU wt RSV per animal (Fig. 1A). Forty-eight
additional RSV- and HPIV3-seronegative hamsters in four groups (groups E to H [n = 12
each]) were left unprimed for comparison.

Six weeks post-priming, sera were collected to measure RSV- and HPIV3-plaque-
reduction neutralizing antibody titers (PRNTs). Two days later, pairs of primed and
unprimed groups were boosted i.n. with (i) empty rB/HPIV3 vector (groups A and E), (ii)
DS-Cav1 vector (groups B and F), (iii) DS-Cav1/B3TMCT vector (groups C and G), or (iv)
wt RSV (groups D and H). The vectors were given at a dose of 10° times the 50% tissue
culture infective dose (TCID;,) per animal and wt RSV at a dose of 10° PFU. Five days
after boosting, six hamsters per group were sacrificed and nasal turbinates (NTs) and
lungs were harvested and assayed by immunoplaque assay (RSV) or limiting dilution
assay (rB/HPIV3 vectors) to measure infectious virus titers. For the other six hamsters
per group, sera were collected 2 weeks post-boost to measure RSV- and HPIV3-PRNTSs.
Two days later, the animals were challenged i.n. with wt RSV as described below.

Analysis of virus titers in unprimed animals 5 days following the boost showed that
the DS-Cav1 and DS-Cav1/B3TMCT vectors replicated to lower titers than the empty
vector in the NTs and lungs (Fig. 1B and C, lanes 3 and 5 versus lane 1), indicating
attenuation due to the presence of the RSV F insert, as observed previously (28). The
DS-Cav1/B3TMCT vector was somewhat more attenuated than the DS-Cav1 vector, in
agreement with previous observations (30, 31) and consistent with the idea that
incorporation of RSV F into the vector envelope might interfere with vector replication.

Comparison of RSV-primed versus unprimed animals (Fig. 1B and C, even lanes
versus odd lanes) showed that the priming immunization completely restricted the
replication of the wt RSV boost (Fig. 1B and C, lane 8 versus lane 7) but had no effect
on replication of the empty rB/HPIV3 vector (Fig. 1B and C, lane 2 versus lane 1),
consistent with the expectation that RSV-specific immunity would restrict the replica-
tion of RSV but not rB/HPIV3. Priming with RSV resulted in modest restriction (2-fold in
the NTs and 4-fold in the lungs) of the replication the DS-Cav1 vector (Fig. 1B and C,
lane 4 versus lane 3) and somewhat greater restriction of the DS-Cav1/B3TMCT vector
(32-fold in the NTs and 10-fold in the lungs) (Fig. 1B and C, lane 6 versus lane 5),
although the difference between primed and unprimed groups was statistically signif-
icant only for the DS-Cav1/B3TMCT vector in the NTs (Fig. 1B, lane 6 versus lane 5).
These observations suggested that the expression of RSV F by rB/HPIV3 conferred a low
level of sensitivity to restriction by RSV-specific immunity that was increased somewhat
when RSV F was packaged into the vector virion (see Discussion).

Analysis of the titers of HPIV3-neutralizing antibodies in sera collected from
unprimed animals 2 weeks following the boost showed that the presence of either RSV
insert in the rB/HPIV3 vector was associated with a decrease in HPIV3-neutralizing
antibodies, compared to the empty vector (Fig. 1D, lanes 3 and 5 versus lane 1),
consistent with the decreased replication associated with the insert noted above. The
presence of the DS-Cav1 insert did not detectably reduce HPIV3 immunogenicity in
primed versus unprimed animals (Fig. 1D, lane 4 versus lane 3), but the DS-Cav1/
B3TMCT insert resulted in a significant decrease in HPIV3 immunogenicity in primed
versus unprimed animals (Fig. 1D, lane 6 versus lane 5), consistent with its restriction
noted above.

Serum RSV-PRNTs induced by priming and boosting were measured by assays with
or without added guinea pig complement (Fig. 1E and F). The addition of complement
can confer steric hindrance and viral lysis activity to antibodies, resulting in enhanced
detection of RSV-specific antibodies that might otherwise have poor neutralizing
activity. The neutralization assay in the absence of added complement is a more
stringent assay for “high-quality” antibodies that directly neutralize RSV (13, 30, 31). In
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FIG 1 Evaluation of a prime-boost regimen in hamsters. (A) Study design. Ninety-six female hamsters were confirmed to be RSV and HPIV3 seronegative and
were assigned into eight groups of 12 animals each. On day 0, groups A to D were given a primary i.n. infection with 10 PFU of wt RSV in 0.1 ml of L15 medium,
and groups E to H were left uninfected. Six weeks later, sera were collected for measurement of pre-boost 60% RSV-PRNTs. Two days later, primed and
unprimed groups in pairs were boosted i.n. (10° TCID,, for vectors and 10° PFU for RSV) with one of the four viruses, i.e., (i) the empty rB/HPIV3 vector
(groups A and E), (ii) DS-Cav1 vector (groups B and F), (iii) DS-Cav1/B3TMCT vector (groups C and G), or (iv) wt RSV (groups D and H). Five days after
boosting, NTs and lungs of 6 hamsters per group were collected for virus titration. From the other 6 hamsters per group, sera were collected 2 weeks
after boosting to measure RSV- and HPIV3-PRNTSs; 2 days later, the animals were challenged i.n. with 106 PFU wt RSV. Three days following the challenge,
NTs and lungs were collected for titration of RSV replication. (B and C) Titers of boosting viruses in NT (B) and lung (C) tissue homogenates 5 days
post-boost. Dashed and dotted lines indicate the limit of detection (LOD) for the rB/HPIV3 vectors and wt RSV, respectively. (D) Serum HPIV3-PRNTs 2
weeks post-boost in primed and unprimed hamsters, assayed with complement. (E and F) Pre-boost and post-boost serum RSV-PRNTs in animals from
groups A to D, which were primed with wt RSV and boosted with the indicated viruses, assayed with (E) and without (F) added complement. The
significance of differences between the indicated comparisons was determined by Student’s t test. ns, not significant (P > 0.05); *, 0.01 < P < 0.05; **,
0.001 < P < 0.01; ***, 0.0001 < P < 0.001.
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the case of RSV, previous results showed that these appear to represent mainly pre-F
epitopes and probably are of particular importance for vaccine development (30, 31).

The initial priming infection with wt RSV induced high serum RSV-PRNTs measured
in the presence of complement and lower RSV-PRNTs measured in the absence of
complement. Specifically, the sera collected from groups A to D 6 weeks following
priming had mean serum RSV-PRNTs within the range of 10.6 log, PRNT (1:1,552) to
11.2 log, PRNT (1:2,353) measured with complement (Fig. 1E) and 4.5 log, PRNT (1:23)
to 5.2 log, PRNT (1:37) measured without complement (Fig. 1F).

Boosting with wt RSV increased the mean serum RSV-PRNT measured with comple-
ment (Fig. 1E, lane 7 versus lane 8) by 3-fold, to a post-boost mean titer of 12.3 log,
units (1:5,043), and increased the mean serum RSV-PRNT measured without comple-
ment (Fig. 1F, lane 7 versus lane 8) also by 3-fold, to a post-boost mean titer of 6.6 log,
PRNT (1:97).

Boosting with the DS-Cav1 and DS-Cav1/B3TMCT vectors increased the mean serum
RSV-PRNT measured with complement by 8- and 6-fold, respectively, to remarkably
high post-boost mean titers of 13.8 log, units (1:14,263) and 13.7 log, units (1:13,308),
respectively (Fig. 1E, lane 3 versus lane 4 for DS-Cav1 and lane 5 versus lane 6 for
DS-Cav1/B3TMCT). Pre- and post-boost mean serum RSV-PRNTs measured without
complement increased by 9- and 18-fold, respectively, to post-boost mean titers of 8.3
log, units (1:315) and 9.3 log, units (1:630), respectively (Fig. 1F, lane 3 versus lane 4 for
DS-Cav1 vector and lane 5 versus lane 6 for DS-Cav1/B3TMCT vector).

The six animals per group used for post-boost serology also were challenged 2 days
following serum collection by i.n. infection with 10° PFU of wt RSV per animal, NTs and
lungs were collected 3 days postchallenge, and challenge RSV titers were determined
by immunoplaque assay (see Materials and Methods) (data not shown). Animals that
were not primed with RSV and were boosted with empty rB/HPIV3 vector (group E) and
thus had no RSV-specific immunity had approximately 5.0 log,, PFU/g tissue of
challenge RSV in the NTs and lungs. All of the hamsters in the other groups, which had
been primed and/or boosted with wt RSV and/or rB/HPIV3 expressing RSV F, had no
detectable infectious challenge RSV in the NTs and lungs (data not shown). Thus, all of
the combinations of priming and/or boosting were highly protective in this semiper-
missive model for RSV replication and could not be distinguished based on protective
efficacy.

In summary, when rB/HPIV3 vectors were used for the booster immunization, there
was substantial vector replication and robust increases in serum RSV-PRNT, resulting in
very high titers. In contrast, when wt RSV was used as a boost, its replication was highly
restricted and the increase in RSV-PRNT was significantly lower. Furthermore, the fold
increase in serum RSV-PRNT induced by the rB/HPIV3 vectors was greater for the
high-quality RSV neutralizing serum antibodies measured without complement.

Comparison of booster immunizations in AGMs. Booster immunizations also
were evaluated in AGMs that, as part of other experiments outside the present report,
had previously been primed by a single RSV infection by the combined i.n. and
intratracheal (i.t.) routes (10° PFU per site). In those previous experiments, replication of
RSV following the primary infection had been confirmed by RSV plaque titration of
nasopharyngeal (NP) swab samples and tracheal lavage (TL) samples (data not shown).
The viruses used in those primary immunizations were various attenuated derivatives
of RSV strain A2 or the wt strain recombinant RSV (rRSV) A/Maryland/001/11 (which, like
strain A2, is from subgroup A; see Materials and Methods). The priming RSVs are listed
in Tables 1 to 3 and described below. Most of these viruses have advanced to clinical
trials; in those cases, the ClinicalTrials.gov registration numbers are provided. Note that
we treated all of these viruses as being equivalent with respect to priming, although we
did distribute the animals that received the various viruses evenly among boosting
groups.

In three separate experiments (AGM experiments 1 to 3), the previously primed
AGMs were given a single booster infection by the combined i.n. and i.t. routes with an
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TABLE 1 Group assignments for AGMs that were boosted ~2 months following priming (experiment 1)

Journal of Virology

Pre-boosting serum
RSV-neutralizing

Post-boosting serum
RSV-neutralizing

Animal Sex? Priming RSV Boosting virus titer (log, PRNT)? titer (log, PRNT)<
9131 M 6120/F1G2/ANS1 RSV 276 4 12.8
9128 F 6120/F1G2/ANS1 RSV 276 8.1 13.6
9147 M 6120/ANS1 RSV 276 6.5 11.2
9136 F 6120/ANS1 RSV 276 8.8 13
9143 F A/Maryland/001/11 RSV 276 10.3 124
9141 M A/Maryland/001/11 RSV 276 10.8 1.9
9084 M 6120/F1G2/ANS1 DS-Cav1/B3TMCT 6.9 15.5
9135 F 6120/F1G2/ANS1 DS-Cav1/B3TMCT 55 15.3
9140 M 6120/ANS1 DS-Cav1/B3TMCT 7.8 13.1
9116 F 6120/ANS1 DS-Cav1/B3TMCT 74 13.8
9161 M A/Maryland/001/11 DS-Cav1/B3TMCT 10.2 14.6
9173 F A/Maryland/001/11 DS-Cav1/B3TMCT 1 14.6

aM, male; F, female.

bSera were collected 2 weeks before boosting and were analyzed with the RSV PRN assay with added complement. Values are for individual animals. The mean pre-

boosting serum RSV-neutralizing titers were 8.1 log, PRNT for both groups.

<Sera were collected 2 weeks after boosting and were analyzed with the RSV PRN assay with added complement. Values are for individual animals.

attenuated RSV (10° PFU per site) or DS-Cav1/B3TMCT vector (10° TCID, per site). In
experiment 2, additional RSV-primed AGMs received DS-Cav1 vector (106 TCID,, per site).
In all cases, the booster RSV was a live-attenuated vaccine candidate called RSV 276
(ClinicalTrials.gov registration numbers NCT03422237 and NCT03916185), which is a ver-
sion of RSV strain A2 attenuated by deletion of most of the M2-2 ORF. RSV 276 differs by
two noncoding nucleotides from the previously described MEDI/AM2-2 vaccine candidate
that was highly attenuated in infants and young children (ClinicalTrials.gov registration
number NCT01459198) (22).

For 12 animals (AGM experiment 1) (Fig. 2 and Table 1), the time interval between
prime and boost was ~2 months (specifically 51 days, which equals 2 months minus 9
days). For 20 other animals (AGM experiment 2) (Fig. 3 and Table 2), the time interval
between prime and boost was ~6 months (specifically 189 days, which equals 6
months plus 9 days). For the remaining 4 animals (AGM experiment 3) (Fig. 4 and

TABLE 2 Group assignments for AGMs that were boosted ~6 months following priming (experiment 2)

Pre-boosting serum
RSV-neutralizing

Post-boosting serum
RSV-neutralizing

Animal Sex? Priming RSV Boosting virus titer (log, PRNT)? titer (log, PRNT)<
8926 M D46/NS2/N/AM2-2-Hindlll RSV 276 7.1 1.4
8983 M 6120/ANS2/1030s RSV 276 8 1.4
8974 F 6120/F1BBG2/ANS1 RSV 276 6.9 133
8951 M 6120/ANS1 RSV 276 33 12
8960 F 6120/ANS1 RSV 276 5.2 133
8918 F RSV 276 RSV 276 5.7 12.3
8938 F D46/NS2/N/AM2-2-Hindlll DS-Cav1 6.7 14.8
8911 M D46/NS2/N/AM2-2-Hindlll DS-Cav1 43 16.2
8928 F 6120/ANS2/1030s DS-Cav1 7.5 13.4
8994 M 6120/F1BBG2/ANS1 DS-Cav1 45 14.3
8966 M 6120/F1BBG2/ANS1 DS-Cav1 5.1 16.1
8992 F 6120/ANS1 DS-Cav1 6.6 14.5
8913 M RSV 276 DS-Cav1 7.3 13.6
9041 F D46/NS2/N/AM2-2-Hindlll DS-Cav1/B3TMCT 7.1 14.9
9045 M 6120/ANS2/1030s DS-Cav1/B3TMCT 85 14.1
8940 F 6120/ANS2/1030s DS-Cav1/B3TMCT 6.7 129
8922 F 6120/F1BBG2/ANS1 DS-Cav1/B3TMCT 5.1 223
8904 M 6120/ANS1 DS-Cav1/B3TMCT 7.1 15.2
8902 M RSV 276 DS-Cav1/B3TMCT 3.7 14.4
8952 M RSV 276 DS-Cav1/B3TMCT 4.7 15.5

M, male; F, female.

bSera were collected 35 days before boosting and were analyzed with the RSV PRN assay with added complement. Values are for individual animals. The mean pre-
boosting serum RSV-neutralizing titers were 6 log, PRNT for the first two groups and 6.1 log, PRNT for the third group.
<Sera were collected 2 weeks after boosting and were analyzed with the RSV PRN assay with added complement. Values are for individual animals.
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TABLE 3 Group assignments for AGMs that were boosted ~15 months following priming (experiment 3)

Pre-boosting serum Post-boosting serum
RSV-neutralizing RSV-neutralizing
Animal Sex? Priming RSV Boosting virus titer (log, PRNT)? titer (log, PRNT)<
8903 M RSV 276 RSV 276 6.2 14
8986 F RSV 276 RSV 276 4.6 11.6
8900 M RSV 276 DS-Cav1/B3TMCT 5.2 15.9
9025 F RSV 276 DS-Cav1/B3TMCT 4.2 13.9

M, male; F, female.

bSera were collected 2 weeks before boosting and were analyzed with the RSV PRN assay with added complement. Values are for individual animals. The mean pre-
boosting serum RSV-neutralizing titers were 5.4 log, PRNT for the first group and 4.7 log, PRNT for the second group.

<Sera were collected 2 weeks after boosting and were analyzed with the RSV PRN assay with added complement. Values are for individual animals.

Table 3), the time interval was ~15months (specifically 443 days, which equals
15 months minus 7 days).

In each of the three experiments, replication of each boosting virus was monitored
by the collection of NP and TL samples daily and every other day, respectively, for 10
consecutive days following the boost, and virus titers were determined by immuno-
plaque assay (RSV) or limiting dilution (rB/HPIV3 vectors) (see Materials and Methods).
Sera were collected on =1 days prior to the day of the boost (depending on the
experiment, as described below), on the day of the boost, and every 7 days thereafter
for 4 consecutive weeks, and PRNTs were determined.

AGM experiment 1: booster immunization of AGMs ~2 months (2 months
minus 9 days) following priming with RSV. Twelve AGMs were available that had
previously received a single priming immunization with one of three different RSVs
(Table 1), i.e., (i) RSV 6120/ANS1, an NS1 gene deletion mutant (ClinicalTrials.gov
registration number NCT03596801); (ii) RSV 6120/F1G2/ANS1, a derivative of the pre-
ceding virus in which the RSV F and G genes were moved to the first and second
genome positions in order to increase their expression (ClinicalTrials.gov registration
number NCT03596801); or (iii) the subgroup A wt strain rRSV A/Maryland/001/11
(ClinicalTrials.gov registration number NCT03624790) (see Materials and Methods). On
day 37 postpriming (2 weeks before boosting), sera were collected and analyzed to
measure RSV-PRNT in the presence of complement and to confirm HPIV3 seronegativ-
ity. The 12 AGMs were redistributed into two groups of 6 animals each, organized so
that the two groups had similar numbers of animals with high, medium, or low day 37
serum RSV-PRNTs, had essentially identical group mean RSV-PRNTs, and were balanced
with regard to the identities of the priming viruses and sex ratio (Table 1).

On day 51 (2 months minus 9 days) postpriming, one group was boosted with RSV
276 and the other with DS-Cav1/B3TMCT vector. NP, TL, and serum specimens were
collected to evaluate virus shedding and immunogenicity (Fig. 2B to E). Shedding of
RSV 276 was detected only in trace amounts on a single day in the NP samples and was
not detected in the TL samples. It was evident that the very low level of shedding of
RSV 276 was due to restriction by RSV-specific immunity in the RSV-primed animals
because, in a previous experiment, infection of 4 RSV-seronegative AGMs with RSV 276
resulted in substantial viral shedding over a period of 10 days, with the highest peak
mean titers approaching 3.0 log,, PFU/ml in NP and TL samples (Fig. 2F and G). In
contrast, shedding of DS-Cav1/B3TMCT vector in the RSV-primed animals was substan-
tial over 10 days in both the NP and TL samples, with peak mean titers of approximately
5.0 log,, TCID5o/ml in the NP samples and 3.4 log,, TCIDso/ml in the TL samples (Fig.
2B and Q).

The mean pre-boost serum RSV-PRNT for all 12 animals measured with complement
was 1:256 (Fig. 2D). Boosting with RSV 276 and the DS-Cav1/B3TMCT vector increased
the serum RSV-PRNTs measured with complement by 22-fold and 91-fold over the
pre-boost titer to peak mean titers of 1:5,793 and 1:23,170, respectively (occurring on
day 14 post-boost), which were significantly different (Fig. 2D). The peak mean post-
boost serum RSV-PRNT for the vector was 4-fold greater than that for RSV 276.
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FIG 2 AGM experiment 1: viral replication and serum RSV-PRNTs in AGMs when the interval between priming and
boosting was ~2 months (2 months minus 9 days). (A) Study design. Twelve AGMs were previously administered a
primary infection with one of three RSVs (Table 1) by the combined i.n. and i.t. routes. Sera were collected on day 37
(2 weeks before boosting), and RSV-PRNTs were measured in the presence of complement. The AGMs were organized
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Measured in the absence of complement, the mean pre-boost serum RSV-PRNT for
all 12 animals was 1:12 (Fig. 2E). Boosting with RSV 276 and the DS-Cav1/B3TMCT vector
increased the titer by 25-fold and 366-fold, respectively, to peak mean titers of 1:294
and 1:4,390, respectively (occurring on day 14 post-boost) (Fig. 2E), which were
significantly different. The peak mean post-boost serum RSV-PRNT for the vector was
15-fold greater than that for RSV 276. Thus, the vector had a stronger boosting effect
than RSV 276, particularly for high-quality neutralizing antibodies detected without
complement.

AGM experiment 2: booster immunization of AGMs ~6 months (6 months plus
9 days) following priming with RSV. Twenty other AGMs were available that had
previously received a single priming immunization with one of five different RSVs (Table
2), i.e,, (i) RSV D46/NS2/N/AM2-2-Hindlll, a M2-2 deletion mutant (ClinicalTrials.gov
registration numbers NCT03099291 and NCT03102034); (i) RSV 6120/ANS2/1030s, a
NS2 deletion mutant with a genetically stabilized temperature sensitivity (ts) mutation
in the L polymerase (ClinicalTrials.gov registration numbers NCT03387137 and
NCT03916185); (iii) RSV 6120/ANS1, an NS1 deletion mutant (ClinicalTrials.gov registra-
tion number NCT03596801) that also was one of the priming viruses in experiment 1
but in different AGMs; (iv) RSV 6120/F1BBG2/ANS1, a version of the preceding 6120/
ANS1T mutant in which the F gene was codon optimized for increased translation and
the F and G genes were moved to the first and second genome positions, respectively,
for increased expression; or (v) RSV 276 (described above; ClinicalTrials.gov registration
numbers NCT03422237 and NCT03916185), which also is the attenuated AM2-2 RSV
used in the boosts, as already noted.

Following the primary immunization, sera were collected on days 28 and 154 and
analyzed to measure RSV-PRNTs in the presence of complement, as well as to confirm
HPIV3 seronegativity (1 animal, AG 8960 [Table 2], was found to be HPIV3 seropositive
and therefore was assigned to be boosted with RSV rather than a rB/HPIV3 vector). The
20 AGMs were redistributed into three groups (n = 6, 7, and 7) organized to balance the
day 154 serum RSV-PRNTSs, the identities of the priming viruses, and the sex ratio (Table
2). On day 189 (6 months plus 9 days) postpriming, the three groups were boosted with
RSV 276, DS-Cav1 vector, or DS-Cav1/B3TMCT vector. NP, TL, and serum specimens
were collected to evaluate virus shedding and immunogenicity (Fig. 3).

Shedding of RSV 276 was undetectable in the NP samples by immunoplaque assay
(Fig. 3B), whereas there was low, sporadic detection of RSV 276 in the TL samples (Fig.
3C). Evaluation of TL specimens for a number of animals by reverse transcription-
quantitative PCR (RT-gPCR) (that detected both positive- and negative-sense RSV M
RNA) was more sensitive, yielding a greater number of samples positive for RSV RNA,
with titers up to 450 to 5,500 RNA molecules/ml (Fig. 3H and I). In contrast, shedding
of the DS-Cav1 and DS-Cav1/B3TMCT vectors was detected abundantly by limiting

FIG 2 Legend (Continued)

into two groups of 6 animals each that were balanced with regard to the day 37 RSV-PRNTSs, the identity of the priming
virus, and the sex ratio (Table 1). On day 51 (2 months minus 9 days) following priming, the groups were boosted with
RSV 276 or DS-Cav1/B3TMCT vector by the combined i.n. and i.t. routes. Virus shedding was monitored on days 1 to
10 post-boost with NP and TL samples and virus titration. Sera were collected on days 7, 14, 21, and 28 post-boosting.
(B and Q) Viral titers in the NP (B) and TL (C) samples shown as means, with brackets indicating standard errors of means
(SEMs), and LODs shown as dashed lines (vectors) and dotted lines (RSV). (D) Serum RSV-PRNTSs at day 37 postpriming
and days 0, 7, 14, 21, and 28 post-boosting, assayed in the presence of complement. (E) Serum RSV-PRNT at days 0,
7,14, 21, and 28 post-boosting, assayed without complement. Panels D and E are annotated to show the mean serum
RSV-PRNTs for the combined two groups at the time of boosting (black dashed lines, with mean arithmetic values
shown); in addition, dashed colored lines indicate the highest mean serum RSV-PRNT for each group, with the
arithmetic values shown. Mean serum RSV-PRNTs are shown with brackets indicating SEMs. Peak mean titers of two
groups were compared by Student’s t test. **, 0.001 < P < 0.01; ***,0.0001 < P < 0.001. (F and G) Replication of RSV
276 and wt rRSV in RSV-seronegative AGMs. RSV-seronegative AGMs were infected by the combined i.n. and i.t. routes
with 106 PFU of RSV 276 (n = 8) or wt rRSV (n = 4) in a 1-ml inoculum per site. NP (F) and TL (G) samples were collected
daily and every second day, respectively, for 10 days and on day 12. Viral titers were determined by immunoplaque
assay and are shown as group means for each time point. Brackets indicate the SEMs, and the LODs are shown as
dotted lines. The 8 animals infected with RSV 276 here are the ones shown in Tables 2 and 3 that were subsequently
boosted in AGM experiments 2 and 3.
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FIG 3 AGM experiment 2: viral replication and serum RSV-PRNTs in AGMs when the interval between priming and boosting was ~6 months
(6 months plus 9 days). (A) Study design. Twenty AGMs were previously administered a primary infection with one of five attenuated RSVs
(Table 2) by the combined i.n. and i.t. routes. Sera were collected on days 28 and 154 (the latter being 35 days before boosting), and
RSV-PRNTs were measured in the presence of complement. The AGMs were organized into three groups (n = 6, 7, and 7) that were balanced
with regard to day 154 serum RSV-PRNTSs, the identity of the priming virus, and the sex ratio (Table 2). On day 189 (6 months plus 9 days)
postpriming, the groups were boosted with one of three viruses, i.e., (i) RSV 276 (n = 6), (i) DS-Cav1 vector (n = 7), or (iii) DS-Cav1/B3TMCT
vector (n = 7). Viral shedding and serum RSV-PRNTs were monitored as described in the legend to Fig. 2. Nasal mucosal lining fluid was
collected for IgA analysis using SAM strips on days 0, 14, 21, and 28 post-boosting (see Materials and Methods for details). (B and C) Viral
titers in the NP (B) and TL (C) samples shown as means, with brackets indicating SEMs, and LODs shown as dashed lines (vectors) and dotted
lines (RSV). (D) Serum RSV-PRNTSs at 28, 154, and 189 days postpriming, and 7, 14, 21, and 28 days post-boosting, assayed with complement.
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FIG 3 (Continued)

dilution assay in the NP and TL samples over a period of 8 to 10 days, with similar peak
mean titers of approximately 5.5 log,, TCIDso/ml in the NP samples and 5.0 log,,
TCIDso/ml in the TL samples. The DS-Cav1/B3TMCT vector appeared to replicate slightly
more slowly than the DS-Cav1 vector, but this difference was significant only on days
2 and 4 in the TL samples (Fig. 3C). The two vectors eventually reached similar peak NP
and TL sample titers (Fig. 3B and C).

FIG 3 Legend (Continued)

(E) RSV-PRNTSs at 0, 7, 14, 21, and 28 days post-boosting, assayed without complement, shown as means, with brackets indicating SEMs.
Panels D and E are annotated to show the mean serum RSV-PRNT for the combined three groups at the time of boost (black dashed lines,
with mean arithmetic values given); in addition, dashed colored lines indicate the highest mean RSV-PRNT for each group, with arithmetic
values given. (F and G) Serum and nasal mucosal IgA responses in AGMs. IgA antibody titers were measured in serum samples (F) collected
on days 0, 7, 14, 21, and 28 post-boosting and nasal mucosal lining fluid samples (G) collected on days 0, 14, 21, and 28 post-boosting (note
that one of the day 28 SAM specimens in the DS-Cav1/BTMCT group did not provide sufficient volume; therefore, the day 28 mean titer
for the DS-Cav1/BTMCT vector was calculated for 6 animals only). IgA titers were measured by binding to purified RSV DS-Cav1 F protein
in a DELFIA TRF assay. The antibody titers are given as the log, dilution of serum or mucosal specimen yielding 400 fluorescence units,
shown as means, with brackets indicating SEMs. Mean antibody titers for the combined three groups at the time of boost (day 0) are
indicated by the larger black dotted lines; the titers of all SAM samples on day 0 were below the LOD (5.3 log, units. The LODs are indicated
by the smaller black dotted line. The dashed colored lines indicate the highest mean antibody titer for each group. Peak mean titers of three
groups were compared pairwise by Student’s t test (GraphPad Prism). *, 0.01 < P < 0.05; **, 0.001 < P < 0.01; ***, 0.0001 < P < 0.001;
ns, not significant (P > 0.05). (H and I) Replication of RSV 276 in the TL samples from AGMs primed with attenuated RSV ~6 months earlier.
The titers of RSV 276 in TL samples on days 2, 4, 6, 8, and 10 post-boosting were quantified by immunoplaque assay (H) and RT-qPCR assays
() specific for both positive- and negative-sense RSV M gene sequences. Each color represents an individual monkey. The LOD is indicated
with a dotted line. (J) Serum HPIV3-PRNTs induced by DS-Cav1 and DS-Cav1/B3TMCT vectors in AGMs primed with live-attenuated RSV
6 months earlier. Sera collected 2 weeks after boosting with DS-Cav1 and DS-Cav1/B3TMCT vectors were analyzed by the 60% PRNT assay
for HPIV3 with complement. The dots indicate individual animals; group means are indicated with short horizontal lines. The dotted line
indicates the LOD. Mean serum HPIV3-PRNTs of two groups were compared by Student’s t test. ns, not significant (P > 0.05).
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FIG 4 AGM experiment 3: viral replication and serum RSV-PRNTs in AGMs when the interval between priming and boosting
was ~15 months (15 months minus 7 days). (A) Study design. Four AGMs were previously administered a primary infection
with the live-attenuated vaccine candidate RSV 276 (Table 3). Sera were collected on day 429 (2 weeks before boosting)
and RSV-PRNTs were measured with complement. The AGMs were distributed into two groups of 2 animals each, such that
the groups had similar individual and mean RSV-PRNTs based on the day 429 sera (Table 3). On day 443 (15 months minus
7 days) postpriming, sera were collected and the two groups were boosted with DS-Cav1/B3TMCT vector (n = 2) or RSV
276 (n = 2) administered i.n. and i.t. at dose of 10° TCID, (DS-Cav1/B3TMCT vector) or10¢ PFU (RSV 276) per site. Viral
replication and serological responses were monitored as described in the legends to Fig. 2 and 3. (B and C) Viral titers in
the NP (B) and TL (C) samples shown as means, with LODs shown as dashed lines. Symbols indicate titers for individual
animals, and the lines indicates mean values. (D) Serum RSV-PRNTs at day 429 postpriming and days 0, 7, 14, 21, and 28
post-boosting, assayed with complement. (E) Serum RSV-PRNTSs at days 0, 7, 14, 21, and 28 post-boosting, assayed without
complement. Panels D and E are annotated to show the mean serum RSV-PRNTSs for the combined two groups at the time
of boosting (black dashed lines, with the mean arithmetic values shown); in addition, panels D and E are annotated with
dashed colored lines that indicate the highest mean serum RSV-PRNT for each group, with the arithmetic values shown.

When measured by neutralization assays with complement (Fig. 3D), the mean
serum RSV-PRNT in the 20 AGMs induced by the primary immunization with the
attenuated RSVs approached 10 log, units (1:1,024) at day 28 (Fig. 3D) and then
decreased to 1:64 on day 189 when the boost was given. Boosting with RSV 276,
DS-Cav1 vector, and DS-Cav1/B3TMCT vector increased the peak mean serum RSV-
PRNTs measured with complement by 78-fold, 260-fold, and 776-fold, respectively, to
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peak mean titers of 1:4,973, 1:16,615, and 1:49,667, respectively (occurring 14 days
post-boost) (Fig. 3D), which were significantly different for each vector versus RSV 276.
The peak mean post-boost serum RSV-PRNTs for the DS-Cav1 and DS-Cav1/B3TMCT
vectors were 3-fold and 10-fold higher, respectively, than that for RSV 276. The
DS-Cav1/B3TMCT vector appeared to be slightly more immunogenic than the DS-Cav1
vector despite its slightly slower replication noted above, which might be due to the
B3TMCT modification, but the difference was not statistically significant (Fig. 3D).

When measured by the plaque-reduction neutralization (PRN) assay without com-
plement (Fig. 3E), the mean pre-boost serum RSV-PRNT in the 20 AGMs was 1:8.
Boosting with RSV 276, DS-Cav1 vector, and DS-Cav1/B3TMCT vector increased the
peak mean serum RSV-PRNT by 37-fold, 315-fold, and 446-fold, respectively, to titers of
1:294, 1:2,521, and 1:3,565, respectively (occurring 14 days post-boost), which were
significantly different for each vector versus RSV 276. The peak mean post-boost serum
RSV-PRNTs for the DS-Cavl and DS-Cav1/B3TMCT vectors were 9-fold and 12-fold
higher, respectively, than that for RSV 276.

The ability of boosts with the DS-Cavl and DS-Cav1/B3TMCT vectors to induce
serum HPIV3-neutralizing antibodies was compared using HPIV3 neutralization assays
with added complement (Fig. 3J). Note that the animals were seronegative for HPIV3
before the boosts, and thus these inoculations were primary immunizations with
respect to HPIV3. The two vectors induced very similar peak mean serum HPIV3-
PRNTs (1:724 and 1:776, respectively, occurring on day 14 post-inoculation), indi-
cating that they were essentially equally immunogenic for HPIV3. This is in agree-
ment with the observation that the two vectors replicated to similar peak titers in
AGMs (Fig. 3B and C).

We also compared the ability of the boosts with the DS-Cav1 and DS-Cav1/B3TMCT
vectors versus RSV 276 to induce serum and mucosal IgA antibodies that bind RSV
DS-Cav1 F protein (Fig. 3F and G). We established a highly sensitive dissociation-
enhanced lanthanide fluorescence immunoassay (DELFIA) time-resolved fluorescence
(TRF) immunoassay to detect monkey IgA binding to purified recombinant RSV DS-Cav1
F protein as antigen. The IgA titers are expressed as the log, dilution yielding 400
fluorescence units in the DELFIA TRF assay. Boosting with the two vectors induced
strong serum IgA responses; peak mean titers following boosts with the two vectors
were identical (19.5 log, units) and were about 16-fold higher than those induced by
boosting with RSV 276 (15.6 log, units). The peak serum IgA response was detected at
14 days post-boost, coinciding with the peak serum RSV-neutralizing antibody re-
sponse. Since the respiratory mucosal antibody response is considered to be particu-
larly effective in limiting RSV infection, we also evaluated the nasal mucosal IgA
response to the boosts. Nasal mucosal lining fluid was collected using absorptive
membranes (synthetic adsorptive matrix [SAM] strips). This method provides relatively
concentrated mucosal samples, suitable for detecting IgA (Fig. 3G). In all groups, the
peaks of the mucosal IgA responses were at day 14 following the boosts (Fig. 3G),
coinciding with the peaks of the serum IgA (Fig. 3F) and the serum RSV-neutralizing
antibodies (Fig. 3D and E). Again, the DS-Cav1 and DS-Cav1/B3TMCT vectors induced
similarly strong responses (peak mean titers of 12.1 and 12.8 log, units, respec-
tively), whereas the response to RSV 276 was about 8-fold lower (peak mean titer
of 9.2 log, units). Thus, the DS-Cavl and DS-Cav1/B3TMCT vectors significantly
exceeded RSV 276 in their ability to boost the serum and mucosal IgA antibody
responses to the RSV pre-F protein.

AGM experiment 3: booster immunization of AGMs ~15 months (15 months
minus 7 days) following priming with RSV. Four other AGMs were available that had
previously received a single primary immunization with RSV 276 (Table 3). On day 429
following the primary infection (and 2 weeks before boosting), sera were collected and
analyzed to determine RSV-PRNTSs in the presence of complement and to confirm HPIV3
seronegativity. The AGMs were distributed into two groups (n =2 each) that were
balanced with regard to serum RSV-PRNTs and sex ratios (Table 3). On day 443
(15 months minus 7 days) postpriming, the two groups were boosted with RSV 276 or
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FIG 5 Multicycle replication of rB/HPIV3 vectors in vitro in the presence or absence of RSV-neutralizing antibodies. LLC-MK2 cells were infected
with empty rB/HPIV3 vector (A), DS-Cav1 vector (B), or DS-Cav1/B3TMCT vector (C) at an MOI of 0.01 TCID, per cell. After adsorption for 1 h, cells
were washed three times with cell culture medium and then incubated, in the absence of added complement, with culture medium containing
10% of one of the following sera (which had been previously heated at 56°C for 30 min): preimmune hamster serum (blue) or pooled sera from
hamsters infected with wt RSV (red) or with empty rB/HPIV3 vector (black). The hamster sera were from the experiment in Fig. 1. The different
treatments were performed in triplicate. An aliquot of medium was taken daily for 3 consecutive days after infection and flash-frozen, and viral
titers were determined. The significance of difference between the replication in the presence of the preimmune serum (blue) and RSV immune
serum (red) was determined by Student’s t tests. *, P < 0.05; **, P < 0.01.

DS-Cav1/B3TMCT vector, and viral replication and serological responses were moni-
tored as described above.

Replication of RSV 276 following the ~15-month interval was highly restricted, with
no virus detected by immunoplaque assay of the NP and TL samples, whereas repli-
cation of the DS-Cav1/B3TMCT vector was robust (Fig. 4B and C). The mean pre-boost
serum RSV-PRNT for the four animals measured with complement was 1:33 (Fig. 4D).
Boosting with RSV 276 and DS-Cav1/B3TMCT vector increased the peak mean serum
RSV-PRNTs measured in the presence of complement by 216-fold and 926-fold, respec-
tively, to titers of 1:7,132 and 1:30,574 (occurring on day 14) (Fig. 4D). The peak mean
post-boost serum RSV-PRNT for the vector was 4-fold higher than that for RSV 276.

The mean pre-boost serum RSV-PRNT for the four animals measured without
complement was 1:6 (Fig. 4E). Boosting with RSV 276 and the DS-Cav1/B3TMCT vector
increased the peak mean serum RSV-PRNTs by 171-fold and 1,274-fold, respectively, to
titers of 1:1,024 and 1:7,643, respectively (occurring on day 14) (Fig. 4E). The peak mean
post-boost serum RSV-PRNT for the vector was 7-fold higher than that for RSV 276.

RSV serum antibodies suppressed DS-Cav1/B3TMCT vector replication in vitro.
Because the replication of the DS-Cav1/B3TMCT vector in hamsters was significantly
reduced in the NTs by RSV-specific immunity from the primary infection (Fig. 1B to D),
we investigated whether replication of this vector in vitro could be inhibited by
RSV-neutralizing antibodies. LLC-MK2 cells were infected with the empty rB/HPIV3
vector or with the DS-Cav1 or DS-Cav1/B3TMCT vector at a multiplicity of infection
(MOI) of 0.01 and then incubated with medium containing 10% heat-inactivated (56°C
for 30 min) serum from uninfected hamsters or from hamsters infected with wt RSV or
rB/HPIV3 (from the experiment in Fig. 1), in the absence of added complement (Fig. 5).
A low MOI was used to allow multiple rounds of replication, so that any antibody-
mediated inhibition should be detected. Replication of the vectors in the presence of
added hamster sera was monitored by taking a small aliquot of culture medium
supernatant daily for 3 consecutive days for virus titration.

As expected, rB/HPIV3-immune serum completely inhibited the replication of all
three vector constructs (Fig. 5A to C, black curve), while the preimmune serum,
collected prior to the primary immunization, did not affect the replication of any
construct (Fig. 5A to C, blue curve). RSV-immune serum had no effect on the replication
of empty rB/HPIV3 vector (Fig. 5A, red curve) or DS-Cav1 vector (Fig. 5B, red curve), but
it significantly reduced the replication of the DS-Cav1/B3TMCT vector by days 2 and 3,
the latter by 100-fold (Fig. 5C, red curve). These results indicated that RSV-specific
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serum antibodies inhibited replication of the DS-Cav1/B3TMCT vector but not the
DS-Cav1 vector.

DISCUSSION

Live-attenuated RSV candidates under development include ones with gene dele-
tions, temperature sensitivity mutations, and gene rearrangements (34; reviewed in
reference 35). Replication-competent vectors include human PIV3 and PIV1 (31, 32, 36),
murine PIV1 (Sendai virus) (37), and murine pneumonia virus (38) engineered to express
RSV F protein from an added gene. Live vectors expressing RSV G protein are also being
developed (39, 40).

Among the many potential approaches to developing a pediatric RSV vaccine, two
approaches described in the present report are (i) attenuated derivatives of RSV and (ii)
rB/HPIV3 expressing the RSV F protein from an added gene (see the introduction). Both
approaches have provided promising candidates presently under preclinical and clin-
ical evaluation for primary immunization, but their usefulness for booster immunization
was less clear. In previous pediatric clinical studies, live-attenuated RSVs as vaccine
candidates were inefficient (at least with regard to inducing increases in RSV-specific
serum antibodies) in booster immunizations administered in successive doses over
several months. For example, when the live-attenuated RSV called MEDI-559 was given
to infants and young children in three successive doses at 2-month intervals, the
second and third doses generally were poorly infectious and inefficient in boosting
serum antibody responses in subjects who had a “take” with a previous dose (41).
Similar findings were made when the live-attenuated RSV cpts248/404 was given to
infants and young children in two successive doses at an interval of 4 to 6 weeks (42).
Similar findings have been observed with attenuated versions of PIV3 (which has broad
similarities to RSV in vaccinology) given in successive doses at intervals of up to
6 months (18, 43-45). Thus, in a “homologous” prime-boost (i.e., successive doses of the
same vaccine virus), attenuated RSV (or PIV3) usually is infectious and substantially
immunogenic for serum virus-neutralizing antibodies only for the first take, at least
within a time interval of =6 months. Incidentally, the situation is different when the
secondary infection is with wt RSV rather than an attenuated RSV. Specifically, in
vaccine trials in which subjects received an attenuated RSV during the summer and had
natural exposure to community wt RSV during the following winter, there were 20- to
40-fold boosts in serum RSV-PRNTSs (22). Thus, the poor immunogenicity of repeat doses
of attenuated RSVs is largely due to their attenuation.

As an alternative, in the present study we investigated a “heterologous” prime-boost
strategy. With this strategy, a primary immunization with RSV was boosted by a
secondary immunization with rB/HPIV3 expressing RSV F protein from an added gene.
Each of the experiments employed the DS-Cav1/B3TMCT vector, which expresses RSV
F containing the DS-Cav1 mutations (which substantially stabilize the pre-F conforma-
tion) together with the B3STMCT modification (which mediates efficient packaging of
RSV F into the vector virion). Some experiments also employed the DS-Cav1 vector,
which expresses RSV F containing the DS-Cav1 mutations alone. We hypothesized that
a PIV vector might be more effective than RSV in boosting RSV-specific immunity
because, while replication and antigen expression by an attenuated RSV are highly
restricted by preexisting RSV-specific immunity, a PIV vector is antigenically unrelated
to RSV and would be anticipated to be unrestricted by RSV-specific immunity. However,
there were possible caveats. While the rB/HPIV3 vector itself is antigenically distinct
from RSV, it does express an RSV antigen, in this case the F protein. This might be
targeted by RSV-specific immunity, including RSV-specific serum antibodies, as mea-
sured in the present study, as well as other effectors that historically have been less well
characterized, including RSV-specific mucosal antibodies and cellular immunity. With
regard to RSV-specific antibodies, binding to RSV F expressed by the vector probably
would not directly block vector infection and spread because the RSV F in this study
was largely nonfunctional for fusion due to the DS-Cav1 mutations and thus presum-
ably would have minimal or no contribution to vector replication and spread. However,
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the expression of RSV F in vector-infected cells might target those cells for destruction
by cytotoxic T cells or antibody-dependent cell-mediated cytotoxicity. In this regard, a
previous study provided indirect evidence that cellular immunity induced by PIV
infection in hamsters conferred resistance to challenge, and it showed that this
resistance waned by 4 months following immunization (46). In addition, as noted, the
DS-Cav1/B3TMCT vector used in all of experiments in the present study expressed the
B3TMCT version of RSV F protein, which was efficiently packaged in the vector virion,
and this might target the vector virion for destruction (e.g., by opsonization). Binding
of antibodies to packaged RSV F might also create steric hindrance that interferes with
the vector HN and F proteins during attachment and entry. It also was possible that
antibody responses to RSV F might be suppressed by preexisting F-specific antibodies.

We first compared homologous and heterologous boosting in hamsters. When
hamsters were given a primary infection with wt RSV and a homologous booster
infection with wt RSV ~6 weeks later, there was no detectable infectious RSV in
harvested NT and lung tissue, consistent with the expectation that RSV-specific immu-
nity would severely restrict replication of an RSV boost. However, there was a signifi-
cant, ~3-fold increase in serum RSV-PRNTs measured with or without added comple-
ment, suggesting that some infection and antigen expression had occurred (we did not
formally show that the increases in serum RSV-PRNTSs in this experiment were depen-
dent on RSV replication, but that typically is the case [47]). In hamsters boosted with the
empty rB/HPIV3 vector, there was no difference in virus titers in the NTs and lungs
between RSV-primed animals and unprimed animals, showing that RSV-specific immu-
nity indeed did not restrict the rB/HPIV3 backbone. In contrast, the replication of the
DS-Cav1 and DS-Cav1/B3TMCT vectors exhibited a modest amount of restriction in
RSV-primed animals versus unprimed animals, although the difference was significant
only in the case of the DS-Cav1/B3TMCT vector in the NTs. This suggests that expression
of the unpackaged version of the RSV F protein resulted in a marginal restriction of the
vectors by RSV-specific immunity, and expression of the packaged version of RSV F
protein resulted in a somewhat greater restriction. This was associated with a significant
decrease in the induction of serum HPIV3-neutralizing antibodies by the DS-Cav1/
B3TMCT vector (but not the DS-Cav1 vector) in RSV-primed versus unprimed hamsters,
providing another indication of reduced DS-Cav1/B3TMCT vector replication. In the
RSV-primed hamsters, the DS-Cav1 and DS-Cav1/B3TMCT vectors induced increases in
serum RSV-PRNTs assayed with complement of 8- and 6-fold, respectively, versus 3-fold
for wt RSV; when assayed without complement, the increases were 9-and 18-fold,
respectively, versus 3-fold. The resulting peak mean post-boost serum RSV-PRNTs
assayed with and without complement were significantly greater for the vectors than
for wt RSV. Thus, these results in hamsters showed that (i) homologous boosts with wt
RSV were highly restricted and modestly immunogenic; (ii) the empty rB/HPIV3 vector
was unrestricted by RSV-specific immunity; (iii) expression of RSV F by rB/HPIV3
conferred a low level of sensitivity to restriction by RSV-specific immunity, which
became significant when RSV F was packaged into the vector virion; and (iv) boosts
with the vectors were significantly more immunogenic than with wt RSV.

Boosting also was evaluated in AGMs that previously had a primary RSV infection.
Three different time intervals between the primary RSV infection and the boost were
evaluated, ~2, ~6, and ~15 months. It was anticipated that pre-boost host immunity
might diminish with increasing intervals, which might affect the efficiency of the boost.
Indeed, the mean pre-boost serum RSV-PRNTs diminished progressively in the ~2-,
~6-, and ~15-month groups, with respective titers of 1:256, 1:64, and 1:33 measured
with complement and 1:12, 1:8, and 1:6 measured without complement. It is reasonable
to suppose that other immune effectors induced by the primary RSV infection, such as
mucosal antibodies and cellular immunity, also diminished with time.

The replication of the RSV 276 boost was highly and nearly equally restricted
following each time interval, with only sporadic traces of shed infectious virus. Thus,
there was no difference between the time intervals in the ability to strongly restrict this
attenuated RSV. Although shedding of infectious RSV was highly restricted, there
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TABLE 4 Preboost serum RSV-neutralizing titers in AGMs boosted with DS-Cav1/B3TMCT and peak mean titers of post-boosting

replication and RSV-neutralizing antibodies in 2-month, 6-month, and 15-month study cohorts

Pre-boosting serum Post-boosting serum Post-boosting serum
RSV-neutralizing titer ~ Peak titer in NP Peak titer in TL RSV-neutralizing RSV-neutralizing
(log, PRNT) samples (TCID;o/ml)  samples (TCID;o/ml)  titer with complement  titer without complement
Study cohort  (mean *= SEM)? (mean £ SEM)® (mean £ SEM)® (log, PRNT) (mean)< (log, PRNT) (mean)<
~2 mo 8.1 £ 2.1 49 = 1.0 34 +1.2 14.5 12.9
~6 mo 6.1 £ 17 54 + 05 52+ 09 15.6 11.8
~15 mo 4.7 = 0.7 54 + 23 48 = 1.1 14.9 12.1

aSera were collected 2 weeks (~2-month and ~15-month studies) or 35 days (~6-month study) before boosting and were analyzed by the RSV PRN assay with added

complement.

bNP and TL samples were collected daily and every second day, respectively, for 10 days post-boost and titrated by limiting dilution. Means were calculated for each

day, and the peak mean titer SEM for each virus is shown.
Sera were collected 2 weeks following boosting and analyzed by the RSV PRN assay with or without complement, as indicated.

presumably was some viral infection and antigen expression leading to the observed
secondary immune response. This is supported by the RT-gPCR assay performed in
experiment 2, which detected shedding of viral nucleic acid, possibly including progeny
virus that was neutralized by secretory antibodies and not detected by an infectivity
assay.

In contrast to RSV, the DS-Cav1/B3TMCT vector replicated robustly. The peak mean
titers of vector in the NP and TL samples were very similar for experiments 2 and 3,
ranging from 4.8 to 5.4 log,, TCID5o/ml. This level of shedding of DS-Cav1/B3TMCT
vector was similar to that observed previously in RSV- and HPIV3-seronegative rhesus
macaques (31), suggesting that there was little or no restriction of the vector by
preexisting immunity to RSV following the ~6-month and ~15-month time intervals. In
contrast, for experiment 1 (~2-month time interval), the titers of shed DS-Cav1/B3TMCT
vector were lower by approximately 0.5 log,, TCID5o/ml in the NP samples and by 1.4
to 1.8 log,o TCIDso/ml in the TL samples (Table 4). This might indicate that expression
of RSV F by this vector, and the packaging of RSV F into the vector virion, conferred a
moderate amount of sensitivity to restriction by RSV-specific immunity following the
shortest interval, similar to the restriction of the DS-Cav1/B3TMCT vector in RSV-primed
versus unprimed hamsters. Since cellular immunity induced by a primary infection may
persist only for several months, as noted above for the hamster model, this might have
contributed to the restriction of the DS-Cav1/B3TMCT vector observed at ~2 months
but not at ~6 and ~15 months. In any event, the restriction following the ~2-month
interval was small and not statistically significant.

To investigate possible restriction in AGMs associated with packaging of RSV F
protein into the vector virion, the post-boost replication of the DS-Cav1/B3TMCT vector
(which efficiently packages RSV F) was compared to that of the DS-Cav1 vector (which
is very inefficient for packaging) in AGM experiment 2 (~6-month interval following
priming). The replication of the DS-Cav1/B3TMCT vector hypothetically might have
been reduced, compared to the DS-Cav1 vector, by (i) interference in vector replication
due to packaging the RSV F protein into the vector virion and/or (ii) restriction due to
RSV-specific immunity targeted to the packaged RSV F protein, as already noted. The
kinetics of replication of the DS-Cav1/B3TMCT vector were slightly slower than those of
the DS-Cav1 vector, but the difference was modest and was significant only for days 2
and 4 in the TL samples, and the peak titers for the two vectors were similar. We did
find that RSV-specific hamster antiserum inhibited the replication of the DS-Cav1/
B3TMCT vector and not the DS-Cav1 or empty vector in cell culture (in the absence of
complement). In this in vitro setting, the inhibition presumably was due to the binding
of antibodies to RSV F packaged in the vector virions and might not fully recapitulate
the mechanism(s) that might operate in vivo. In any event, while restriction of the
DS-Cav1/B3TMCT vector due to the packaging of RSV F into the vector virion is
plausible, any effect apparently was minor when the boost was administered
~6 months following the primary immunization. This could be further investigated
following shorter intervals when additional RSV-primed AGMs become available.
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Boosting with RSV 276 following intervals of ~2, ~6, and ~15 months resulted in
increases in peak mean serum RSV-PRNTs measured with complement of 22-fold,
78-fold, and 216-fold, respectively, resulting in peak mean titers of 1:5,793, 1:4,973, and
1:7,132, respectively. When measured without complement, the respective increases in
peak mean serum RSV-PRNT were 25-fold, 37-fold, and 171-fold, resulting in peak mean
titers of 1:294, 1:294, and 1:1,024. Thus, the post-boost serum RSV-PRNTs were generally
similar for the different time intervals except that the titers following the ~15-month
interval were slightly higher (1-fold higher with complement and 3.5-fold higher
without complement), compared to the other intervals. This might indicate that waning
immunity at ~15 months permitted a slightly increased secondary response to RSV, but
the differences were small and this experiment involved only 4 animals.

For the DS-Cav1/B3TMCT vector, boosting following intervals of ~2, ~6, and
~15months resulted in increases in peak mean serum RSV-PRNTs measured with
complement of 91-fold, 776-fold, and 926-fold, respectively, resulting in peak mean
post-boost serum RSV-PRNTs of 1:23,170, 1:49,667, and 1:30,574, respectively. When
measured without complement, the respective increases were 366-fold, 446-fold, and
1,274-fold, resulting in peak mean post-boost serum RSV-PRNTSs of 1:4,390, 1:3,565, and
1:7,643. Thus, the post-boost titers were generally similar for the different time intervals,
with differences that were no greater than 2-fold and were not consistent for any
interval.

Previous studies in RSV-seronegative hamsters and AGMs showed that the DS-Cav1/
B3TMCT vector (with efficient packaging of RSV F) could be significantly more immu-
nogenic than the DS-Cav1 vector (with very inefficient packaging of RSV F) for the
induction of antibodies that neutralize RSV in vitro in the absence of complement (30,
31). In AGM experiment 2, boosting with the DS-Cav1/B3TMCT vector versus the
DS-Cav1 vector induced a 3-fold greater serum RSV-PRNT measured with complement
and a 1.4-fold greater titer measured without complement. In the hamster study,
boosting with the DS-Cav1/B3TMCT vector versus the DS-Cav1 vector was greater only
for the serum RSV-PRNT measured without complement and only 2-fold. Thus, boosting
with the DS-Cav1/B3TMCT vector appeared to be somewhat more immunogenic than
the DS-Cav1 vector, but the differences were small.

In the AGM experiments, the peak mean post-boost serum RSV-PRNTs for the
vectors were exceptionally high, up to 1:49,667 and 1:7,643 when assayed with and
without complement, respectively. This raises the possibility that in some instances the
full magnitude of boosting with the vectors might have been blunted due to limitations
in the magnitude of the immune response. The titers for the vectors were higher than
those for RSV 276 when assayed with complement (3- to 10-fold), and the difference
was even greater when assayed without complement (7- to 15-fold). Both vectors also
induced significantly greater responses of serum and mucosal IgA antibodies, com-
pared to RSV 276, with little difference between the two vectors. The greater immu-
nogenicity of the boosts by the vectors, compared to RSV, likely reflects both their
higher level of replication (and resulting greater antigen expression) and the effects of
the DS-Cav1 and B3TMCT modifications to the RSV F protein. In particular, we previ-
ously showed that the DS-Cav1 and B3TMCT modifications each preferentially induce
antibodies that neutralize RSV in vitro without added complement (13, 30-32).

As noted above, boosts with an attenuated RSV in young infants and children in
published clinical studies resulted in minimal or no increases in serum RSV-PRNTs,
whereas in the present study boosts with RSV 276 in AGMs resulted in significant
increases in serum RSV-PRNTSs. The reason why an attenuated RSV provided a significant
boost in AGMs but not in humans is not known. It may be that the semipermissive
nature of RSV infection in monkeys resulted in a reduced primary immune response
that was less restrictive and more readily boosted than in humans. Also, boosting
involving i.n./i.t. administration in AGMs may be more immunogenic than the i.n. drops
given to young children, because the i.t. administration in particular likely delivers the
inoculum deeper into the respiratory tract. Another potential explanation is that the
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mature immune systems of the AGMs might have been more competent for a second-
ary response.

We note that the AGM studies had several limitations. The number of AGMs
available for experiment 3 in particular was small. For all experiments, we did not have
animals available to include unprimed controls. Also, there were insufficient animals to
include control groups boosted with vector expressing RSV F protein without pre-F
stabilization and the B3TMCT modification. Thus, we could not distinguish between the
contributions to the immunogenicity of the vectors of increased replication versus
pre-F stabilization and packaging. (We chose to evaluate a vector expressing RSV F
protein with these modifications, rather than unmodified RSV F, because the former is
a lead vaccine candidate and the latter is not.) The available AGMs had been primed
with seven different viruses, whereas it would have been preferable to have employed
a single priming virus, but we had to use what was available. It would have been
preferable to have performed the boosts in experiments 1 to 3 in parallel rather than
separately, but that number of animals could not be accommodated at the same time.
Parenthetically, we did not perform post-boost challenges with wt RSV because our
experience is that even a single infection/immunization with RSV in AGMs confers a
high level of protection, and these AGMs had received two immunizations, resulting in
very high levels of immunity, so that wt RSV challenge would not have been a useful
way to compare levels of protective immunity (which indeed proved to be the case in
the hamster study, in which all animals with RSV-specific immunization were com-
pletely protected). While limitations exist, these experiments involved primary and
booster infections with attenuated RSV and rB/HPIV3 vectors that included lead vaccine
candidates, and thus they involved realistic, relevant priming and boosting in the most
permissive nonhuman primate model available.

This study demonstrated superior immunogenicity conferred by a heterologous
prime-boost strategy in which the rB/HPIV3 vector expressing RSV pre-F was used as a
booster following a primary immunization with attenuated RSV. Other vectored vac-
cines, such as ones based on human or murine PIV1 or murine pneumonia virus, could
also be used. The choice of boost virus would depend on the age of the recipient at the
time of booster vaccination. Like RSV, HPIV3 infects subjects very early in life, usually
within first year, but the children remain susceptible to reinfections due to incomplete
protection achieved by the natural infection (48). The booster dose will ideally be
administered as early as <6 months of age, when most of the children would be HPIV3
naive. We speculate that, even if a few vaccinees would have experienced a natural
HPIV3 infection, they would still have some level of susceptibility to the HPIV3 booster
virus replication. However, if preexisting HPIV3 immunity would significantly limit
rB/HPIV3 booster replication and immunogenicity, a different HPIV that epidemiolog-
ically infects subjects relatively later, such as HPIV1 expressing RSV pre-F (32), could be
used as a booster instead.

In conclusion, because immune responses to RSV are reduced during infancy, it
could be important to boost RSV-specific immunity following primary immunization
with a pediatric RSV vaccine. In this study, boosting with an attenuated PIV vector
expressing RSV F with DS-Cavl and B3TMCT modifications was substantially more
immunogenic than boosting with an attenuated RSV, particularly for high-quality
RSV-neutralizing antibodies that neutralize in vitro without added complement. The
results were similar whether the interval between priming and boosting was ~2, ~6,
or ~15 months. This suggests that a PIV vector could be effective in boosting during
the same vaccination season or, alternatively, during the following year. In addition, a
PIV-vectored RSV vaccine may be well suited for primary immunization of young infants
who have passive serum RSV-neutralizing antibodies from maternal transfer, including
following maternal immunization, or from passive antibody immunoprophylaxis, in-
cluding the use of antibody engineered for increased half-life. These passive antibodies
might restrict an attenuated RSV but not a PIV-vectored RSV vaccine. The use of an
attenuated PIV3 vector also provides immunization against HPIV3, which is second only
to RSV as an agent of severe acute pediatric respiratory disease.
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MATERIALS AND METHODS

Viruses. The RSVs in this study were recombinant wt or attenuated versions of the subgroup A strain
A2 (GenBank accession number KT992094) prepared using reverse genetics (49). The attenuated RSVs are
described in Results. One additional RSV was rRSV A/Maryland/001/11, which is a recombinant version of
the wt subgroup A strain RSV A/Maryland/001/11 that was isolated from a nasal wash collected in 2011
from an adult patient with acute respiratory illness (R. Karron and U. J. Buchholz, unpublished results).
The F and G proteins of the Maryland/001/11 strain have 97% and 86% amino acid sequence identity,
respectively, to strain A2. The rB/HPIV3 constructs were made in previous work (31) and express modified
versions of the F protein of RSV strain A2 (GenBank accession number KT992094) from an added gene
in the second gene position. The vector constructs were (i) rB/HPIV3, which is the empty vector; (ii)
rB/HPIV3/DS-Cav1 (abbreviated as DS-Cav1 vector), which expresses RSV F protein with increased
stability in the pre-F conformation due to the DS and Cav1 mutations (12); and (iii) rB/HPIV3/DS-Cav1/
B3TMCT (abbreviated as DS-Cav1/B3TMCT vector), which expresses RSV F with the DS-Cav1 mutations
and with its TM and CT domains replaced by those of BPIV3 F (30, 31). In addition, as described previously
(31), the RSV F ORF used in the vector constructs had been modified by codon optimization (GenScript,
Piscataway, NJ) and had been further modified by two amino acid substitutions called HEK (K66E and
Q101P), which make F identical at the amino acid level to an early passage of RSV strain A2.

RSVs and rB/HPIV3 vectors were grown at 32°C in Vero and LLC-MK2 cells, respectively. The complete
genome sequences of all viruses were confirmed by automated Sanger sequencing analysis of uncloned
RT-PCR products to be free of adventitious mutations detectable above background (except for ~30 and
~120 nucleotides at the 3" and 5’ ends, respectively, which include the primer binding sites and were
not sequenced).

Titration of infectious virus and serum antibodies. Titers of RSV preparations were determined by
plague assays in Vero cells with immunostaining using a mixture of three F-specific monoclonal
antibodies, as described previously (23); titers are reported as log,, PFU per milliliter or gram. Titers of
rB/HPIV3 vectors were determined by limiting dilution in LLC-MK2 cells, with virus-positive wells detected
by hemadsorption with guinea pig erythrocytes, as described previously (50); titers are reported as log,,
TCIDs, per milliliter or gram.

Serum RSV- or HPIV3-neutralizing antibody titers were measured by 60% PRN assays on Vero cells
using RSV or HPIV3 expressing green fluorescent protein (GFP) (28). The assays were performed in the
presence (RSV and HPIV3) or absence (RSV) of 5% added guinea pig complement (Cedarlane, Burlington,
NC) as noted. The 60% PRNTs are reported in log, units and/or arithmetic values. Prior to primary
infection, animals were confirmed to be RSV or HPIV3 seronegative by a PRN assay with complement or
a hemagglutination inhibition assay using guinea pig erythrocytes, respectively (51, 52).

Animal studies. Animal studies were carried out in accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health and were approved by the NIAID Animal Care
and Use Committee.

A single prime-boost experiment was performed with Syrian Golden hamsters, as described in the
legend to Fig. 1 and the accompanying results. Three prime-boost experiments were performed in AGMs
(AGM experiments 1 to 3) (Tables 1 to 3 and Fig. 2 to 4). The primary AGM infections with RSV were
performed in previous studies using a number of different RSVs, which mostly were attenuated
derivatives of RSV strain A2 and are described in Results and Tables 1 to 3. In those studies, RSV was
administered by the combined i.n. and i.t. routes at a dose of 10¢ PFU per site in 1 ml of L-15 medium.
Booster infections with RSV or the DS-Cav1/B3TMCT or DS-Cav1 vector in AGMs in the present study were
administered in the same way, by the combined i.n. and i.t. routes at a dose of 10 PFU per site (RSV) or
106 TCID4, per site (vectors) in 1 ml of L-15 medium. Following inoculation, NP and TL samples were
collected daily and every other day, respectively, for 10 days and were flash-frozen on dry ice and stored
at —80°C until titration. Sera were collected prior to inoculation on the day of the boost and every 7 days
thereafter for 4 consecutive weeks.

In AGM experiment 2, nasal mucosal lining fluid was sampled on the day of boosting and on days
14, 21, and 28 post-boosting using SAM strips (Nasosorption FXi; Hunt Developments, UK). SAM strips
were gently placed on the nasal mucosa of the lower turbinate of one nostril, held in place for 30's, and
placed in a microtube prefilled with 300 ul of phosphate-buffered saline (PBS) containing 3% bovine
serum albumin (BSA) and 0.1% Tween 20. Samples were flash-frozen on dry ice and kept at —80°C until
use. Mucosal and serum IgA titers were measured by DELFIA, as described below.

RSV RNA copy numbers in AGM TL samples were quantified by a RT-qPCR assay that was specific for
both positive- and negative-sense RSV M gene sequences (forward primer, 5'-GCAAATATGGAAACATAC
GTGAACAA-3’; reverse primer, 5-GGCACCCATATTGTAAGTGATGCA-3'; TagMan minor groove binder
(MGB) probe, 5'-CTTCACGAAGGCTCCACATA-3"). Frozen AGM TL samples were briefly thawed in a 37°C
water bath and immediately kept on ice. After clarification by centrifugation at 800 X g for 5 min at 4°C,
the total RNA in TL samples was extracted using the QlAamp viral RNA minikit (Qiagen). cDNA was
generated by RT using the Applied Biosystems RT kit (Thermo Fisher Scientific) with random hexamer
primers and was analyzed by the M-specific qPCR assay. For comparison, a standard curve was generated
using a DNA plasmid encoding the full-length genome of the wt RSV A2 strain (i.e., 6120) analyzed by
the same gPCR assay. The copy number of reverse-transcribed RSV RNA in TL samples was interpolated
from the standard curve. Statistical analyses were performed using GraphPad Prism version 8 (GraphPad
Software, San Diego, CA, USA).

Detection of IgA antibodies using a DELFIA. Serum and mucosal IgA antibodies were detected by
DELFIA. Briefly, the recombinant RSV DS-Cav1 F protein was expressed in HEK293 cells, purified as
described previously (12), and the concentration was measured using a NanoDrop spectrophotometer
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(Thermo Fisher Scientific). Ninety-six-well DELFIA yellow plates (Perkin EImer, Waltham MA) were coated
with 100 ng/well of purified RSV DS-Cav1 F protein diluted in 100 ul of carbonate-bicarbonate buffer
(Millipore Sigma, St. Louis MO) and incubated at 4°C overnight. All washes in the assay were performed
once with 200 ul/well of wash buffer (1X DELFIA wash concentrate; Perkin Elmer). After overnight
antigen coating, plates were washed and incubated with 100 ul/well of blocking solution (PBS containing
0.1% Tween 20 and 3% BSA) at 37°C for 1 h. Plates were washed and 100 ul of serum samples in 4-fold
dilution series in blocking solution were added and incubated at 4°C overnight. Following a wash,
100 pl/well of anti-monkey IgA-biotin conjugate (Alpha Diagnostic, San Antonio, TX) diluted 1:5,000 in
blocking solution was added and incubated at 37°C for 1 h. Plates were washed and 100 ul/well of
europium-conjugated streptavidin diluted 1:2,000 in DELFIA assay buffer (Perkin EImer) was added. After
incubation at 37°C for 1 h, plates were washed and incubated with 100 wl/well of DELFIA enhancement
solution (Perkin Elmer) at room temperature for 20 min, with gentle shaking. Fluorescence was measured
using a europium-specific TRF program (excitation at 340 nm and emission at 615 nm) in a Synergy Neo
2 plate reader (BioTek, Winooski, VT). The blocking solution was used to generate blank values, and an
average of 24 blank values plus 3 standard deviations was used as a cutoff value (corresponding to 400
fluorescence units). Test sample dilutions corresponding to 400 fluorescence units were interpolated
from sigmoidal standard curves using GraphPad Prism version 8 and were expressed as log, values.
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