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Word count: 3500
Significance Statement: Respiratory syncytial virus (RSV) is the leading global cause of severe
wheezing and lower respiratory illness in infants and young children. RSV vaccines are not yet
available, but are in clinical development. This analysis of data from 7 previous clinical trials
demonstrates that live-attenuated RSV vaccines can protect against RSV-associated medicallyattended respiratory illness (RSV-MAARI), and lower respiratory illness (RSV-MAALRI). To
our knowledge, this is the first demonstration that active immunization of infants and young
children against RSV can protect against RSV disease.
This article has an online data supplement, which is accessible from this issue’s table of content
online at www.atsjournals.org.
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At a Glance
What is the current scientific knowledge on this subject?
A number of RSV vaccines for immunization of infants and children are in development,
including live-attenuated vaccines, but the efficacy of all of these vaccines in the prevention of
RSV-associated illness is unknown.
What does this study add to the field?
This analysis of data from 7 previous clinical trials demonstrates that live-attenuated RSV
vaccines can protect against RSV-associated medically-attended respiratory illness (RSVMAARI), and lower respiratory illness (RSV-MAALRI). To our knowledge, this is the first
demonstration that active immunization of infants and young children against RSV can protect
against RSV disease.
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Abstract
Rationale: Active immunization is needed to protect infants and young children against
respiratory syncytial virus (RSV). Rationally designed live-attenuated RSV vaccines are in
clinical development.
Objectives: Develop preliminary estimates of vaccine efficacy, assess durability of antibody
responses to vaccination and ‘booster’ responses after natural RSV infection, and determine
sample sizes needed for more precise estimates of vaccine efficacy.
Methods: We analyzed data from 7 phase 1 trials of live-attenuated RSV vaccines in 6-to-24month-old children (n=239).
Main Results: The 5 vaccine regimens that induced neutralizing antibody responses in ≥80% of
vaccinees (defined post hoc as ‘more promising’) protected against RSV-associated medicallyattended acute respiratory illness (RSV-MAARI) and medically-attended acute lower respiratory
illness (RSV-MAALRI), and primed for potent anamnestic responses upon natural exposure to
wild-type RSV. Among recipients of ‘more promising’ RSV vaccines, efficacy against RSVMAARI was 67% (95% CI[24, 85],p=0.008) and against RSV-MAALRI was 88% (95% CI[-9,
99], p=0.04). ≥4-fold increase in RSV serum neutralizing antibody following vaccination was
strongly associated with protection against RSV-MAARI (OR=0.26,95% CI [0.09, 0.75],
p=0.014]) and RSV-MAALRI; no child with a ≥4-fold increase developed RSV-MAALRI.
Rates of RSV-MAARI and RSV-MAALRI in placebo recipients were 21% and 7%, respectively.
Given these rates, a study of 540 RSV-naïve children would have 90% power to demonstrate
≥55% efficacy against RSV-MAARI and ≥80% efficacy against RSV-MAALRI; if rates were
10% and 3%, a study of 1300 RSV-naïve children would be needed.
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Conclusions: Rapid development of a live-attenuated RSV vaccine could contribute
substantially to reducing the global burden of RSV disease.
Word count: 250
Keywords: RSV, pediatric, vaccine, immunity, efficacy
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Introduction
Respiratory syncytial virus (RSV) is the leading global cause of acute lower respiratory
illness (LRI) in infants and children (1, 2), and products designed to provide passive or active
immunity in young children against RSV are in clinical development (3, 4). Passive
immunoprophylaxis, either through maternal immunization with RSV fusion (F) glycoprotein
vaccines or infant immunization with long-acting RSV monoclonal antibodies (mAbs), may
provide substantial short-term protection against severe RSV disease in the earliest months of
life. However, >80% of RSV-associated LRI and more than half of RSV deaths occur in
children ages 6 months and older (1, 5). Therefore, RSV vaccines that can be safely
administered to infants and that provide active durable immunity are needed to address the
burden of RSV disease in childhood (1, 5).
Live-attenuated intranasal RSV vaccines are critical for RSV disease prevention, since
they are expected to induce innate immunity and durable local and systemic immunity (6-9). In
addition, live-attenuated RSV vaccines are not associated with enhanced RSV disease (ERD)
that occurred when RSV-naïve children received formalin-inactivated (FI)-RSV and experienced
community-acquired RSV infection (10, 11), whereas RSV subunit vaccines may prime for
ERD (12, 13). However, immune responses can be inefficient in early life, and it has not been
known whether a pediatric RSV vaccine could protect against RSV disease.
Advances in understanding RSV gene function, and the ability to produce engineered live
viruses using reverse genetics, have led to development of promising new-generation liveattenuated RSV vaccine candidates, including those with deletions of proteins that regulate viral
RNA synthesis or suppress host responses. These vaccines are highly restricted in replication and
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appear to be well-tolerated, yet induce serum RSV neutralizing antibody (neutAb) responses in
RSV-naïve infants and children comparable to those following infection with wild-type (wt)
RSV (6) and prime for potent anamnestic antibody responses upon natural exposure to wt RSV
(6-9). While live-attenuated RSV vaccines with these characteristics might prevent RSV LRI,
individual early-stage vaccine trials have neither been large enough nor designed to assess this
outcome. However, pooled data from recent phase I trials of live-attenuated vaccine candidates
might begin to address this question.
Post-vaccination surveillance for RSV-associated medically-attended acute respiratory
illness (RSV-MAARI) and RSV-associated medically-attended acute lower respiratory illness
(RSV-MAALRI; a subset of RSV-MAARI) has been a standard component of clinical trials of
live-attenuated RSV vaccine candidates (6-9, 14-17). Surveillance includes weekly contact
during the RSV season following immunization, and clinical assessment and nasal wash (NW)
for viral testing in the event of MAARI. At the end of RSV surveillance, sera are obtained to
measure serum RSV neutAb titers. While post-vaccination surveillance was originally designed
to assess enhanced RSV disease among vaccinees, it also provides opportunities to learn about:
1) magnitude and durability of primary RSV antibody responses in vaccinees; 2) ability of these
vaccines to prime for anamnestic (memory) antibody responses upon natural exposure to wt
RSV; 3) rates of RSV-MAARI and RSV-MAALRI in placebo recipients to inform sample size
estimates for late-stage vaccine trials; 4) incidence of exposure to wt RSV and 5) comparative
rates of RSV-MAARI and RSV-MAALRI in vaccinees and placebo recipients, which may allow
for preliminary assessments of vaccine efficacy.
In this report, we analyze combined data from pediatric phase 1 trials of 7 different liveattenuated RSV vaccine candidates. We show that the more promising of these candidates
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induced substantial, durable serum RSV neutAb responses and potent memory responses. We
use data on rates of RSV-MAARI and RSV-MAALRI in placebo recipients to develop sample
size estimates for future vaccine trials. Additionally, we provide preliminary evidence of the
efficacy of these live-attenuated vaccines against RSV-MAARI and RSV-MAALRI.
Materials and Methods
Clinical trials
We analyzed data from previous studies of 7 live-attenuated RSV vaccines (Figure 1) (69, 17). All trials were conducted in the same manner, with identical methods for assessment of
MAARI and MAALRI during post-vaccination surveillance; identical viral detection and
antibody assays performed in a single laboratory (15). Data on clinical outcomes, detection of
RSV-MAARI or MAALRI, and antibody responses were pooled across studies. 161 vaccinees
and 80 placebo recipients were enrolled (Figure 1). Participants were followed for safety and
clinical outcomes through surveillance (Figure 1;Table 1). We analyzed efficacy against RSVMAARI and RSV-MAALRI for 160 vaccinees and 79 placebo recipients (6) (Figure 1, blue
boxes). Data from 72 placebo recipients were used for determining background rates of RSVMAARI and RSV-MAALRI (see Results and Figures 1 and 2). We defined serologic evidence
of infection with wt RSV as 4-fold increase in serum 60% complement-enhanced plaque
reduction neutralizing Ab titers (PRNT) between pre-surveillance and post-surveillance
specimens. Pre-surveillance sera were collected in October of the immunization year, and postsurveillance sera were collected the following April. Durability of the antibody response in
vaccinees was assessed from day 56 following vaccination through the end of the surveillance
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period, which ranged from ~5.5 to 13 months. Signs and symptoms of RSV illness were assessed
as previously described (14).
Written informed consent was obtained from parents or guardians before enrollment.
Studies were conducted in accordance with the principles of the Declaration of Helsinki and
Standards of Good Clinical Practice under NIAID-held Investigational New Drug applications and
reviewed by the U.S. Food and Drug Administration. Studies were approved by each site’s
Institutional Review Board and monitored by the Independent Data Safety and Monitoring Board
of the NIAID Division of Clinical Research.
Statistical analysis
RSV-associated MAARIs and MAALRIs (6), peak titers of vaccine virus shed, serum
RSV F IgG titers measured by endpoint tiration, and RSV PRNT were pooled across studies and
analyzed for vaccinees and placebo recipients. We divided the pooled data into subsets of ‘more
promising’ and ‘less promising’ vaccines, based upon rates of RSV neutAb response (Table 1).
Analyses (including power and sample size) were performed with Stata 15 (StataCorp,
College Station, Texas), using unpaired t-tests to compare means of continuous outcomes,
Spearman’s correlation coefficients to evaluate associations, and paired t-tests to compare
differences between paired serum specimens. Logistic regression, 2, and Fisher’s exact tests
were performed to evaluate proportions and dichotomous outcomes. We calculated odds ratios
(OR) of RSV-MAARI and RSV-MAALRI for recipients of each vaccine, group of vaccines, and
placebo, and used 1 – OR to determine vaccine efficacy.  was set at 0.05.
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Results
Study participants
241 RSV-seronegative children ages 6-to-24-months were enrolled: 161 children
received vaccine and 80 received placebo (Table 1, Figure 1). Two children were excluded from
all analyses: one vaccinee who received D46/NS2/N/ΔM2-2-HindIII was lost to follow-up before
the end of surveillance, and one placebo recipient who participated in the study of RSV
MEDIM2-2 was infected with vaccine virus transmitted by his sibling (6). 160 vaccinees and
79 placebo recipients were eligible for the vaccine efficacy analyses (Figure 1; blue boxes).
Of the 160 vaccinees, 135 (84%) had ‘any seroresponse’ ( ≥4-fold rise in serum RSV
PRNT and/or a ≥4-fold rise in serum RSV F IgG) at Day 56 following vaccination (Figure 1).
Of these 135 vaccinees, 122 (90%) had serum RSV neutAb responses (‘RSV neutAb response’)
and 13 vaccinees (10%) had RSV F IgG responses without neutAb responses (Figure 1 and
Table 1).
We categorized vaccines according to immune response, and generated subsets of ‘more
promising’ and ‘less promising’ vaccines (Table 1). Based on substantial differences in rates of
neutAb responses, ‘more promising’ vaccines were those which induced ≥4-fold increase in RSV
PRNT at Day 56 post-vaccination in ≥80% of vaccinees. Conversely, ‘less promising’ vaccines
were those which induced ≥4-fold increase in RSV PRNT at Day 56 post-vaccination in ≤59% of
vaccinees (Table 1). Using these criteria, LIDΔM2-2/1030s, LIDΔM2-2, MEDIΔM2-2,
D46/NS2/N/ΔM2-2-HindIII, and the 106.0 plaque-forming unit (PFU) dose of RSV
ΔNS2/Δ1313/I1314L were considered more promising, whereas LID/cp/ΔM2-2, RSVcps2, and
the 105.0 PFU dose of RSV ΔNS2/Δ1313/I1314L were considered less promising (Table 1). Of
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the 241 children, 152 (101 vaccinees) were enrolled in studies of more promising vaccines, and
89 (60 vaccinees) were enrolled in studies of less promising vaccines (Table 1).
Rates of RSV-MAARI, RSV-MAALRI and wt RSV infection: data from placebo recipients
We assessed attack rates (cumulative incidence) of RSV-MAARI, RSV-MAALRI, and
wt RSV infection in 72 placebo recipients (Figures 1 and 2). Proportions with RSV-MAARI and
RSV-MAALRI varied by year; overall, 21% experienced RSV-MAARI and 7% experienced
RSV-MAALRI (Figure 2). The percent of RSV-infected placebo recipients based upon
seroresponse was significantly greater than the rate of RSV-MAARI (56% vs 21%, p<0.001),
indicating that many children experienced mild RSV infections which did not require medical
attention.
Vaccine efficacy against RSV-MAARI and RSV-MAALRI
We calculated efficacy against RSV-MAARI and RSV-MAALRI for all vaccines
combined, for less promising vaccines, and for more promising vaccines. Within the categories
of all vaccines and more promising vaccines, we also assessed efficacy among the subset of
vaccinees with serum RSV neutAb responses to vaccination (≥4-fold increase in RSV PRNT).
We first assessed data from all vaccinees (Figure 3A and B, “all”, black lines; n=160;
Table 1). Vaccine efficacy was 47% against RSV-MAARI (Figure 3A; 95% confidence interval
(CI) [-0.9, 73], p=0.04) and 51% against RSV-MAALRI (Figure 3B; 95% CI [-66, 85] p=0.2).
However, when analysis was restricted to RSV neutAb responders (n=122; Table 1 and Figure
1), efficacy was 66% against RSV-MAARI (Figure 3A; 95% CI [21, 85], p=0.007) and 100%
against RSV-MAALRI, as no cases of RSV-MAALRI were detected (Figure 3B, p=0.009).
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For the subset of children who received more promising vaccines (Figure 3A and B, blue
lines, n=100, Table 1), efficacy was 67% against RSV-MAARI (Figure 3A; 95% CI [24, 85],
p=0.008) and 88% against RSV-MAALRI (Figure 3B (95% CI [-9, 99], p=0.04), with small
numbers likely accounting for the wide CI). When analysis was restricted to RSV neutAb
responders (n=89; Table 1) efficacy was 67% against RSV-MAARI (Figure 3A; 95% CI [22,
86], p=0.008 and 100% against RSV-MAALRI (Figure 3B; p=0.02). For the 60 children who
received less promising vaccines, we could not demonstrate any evidence of efficacy against
RSV-MAARI or RSV-MAALRI (data not shown).
Predictors of vaccine efficacy
We found that development of a ≥4-fold rise in serum RSV neutAb after vaccination
appeared to be an important determinant of vaccine efficacy. To further explore the relationships
between efficacy, antibody response, and vaccine virus replication in all 160 vaccinees, we
assessed the associations between the occurrence of RSV-MAARI and RSV-MAALRI and: 1)
≥4-fold rise in RSV PRNT after vaccination, 2) magnitude of RSV PRNT, 3) ≥4-fold rise in
RSV F IgG titer, 4) magnitude of RSV F IgG titer, 5) presence or absence of vaccine virus
shedding determined by culture or RT-qPCR, and 6) peak titer of vaccine virus shed determined
by culture or RT-qPCR. The associations between RSV F IgG and efficacy (3 and 4 above) are
presented in the Supplement; others are described below.
In univariable logistic regression, ≥4-fold rise in RSV PRNT was strongly associated
with protection against both RSV-MAARI (OR=0.26, 95% CI [0.09, 0.75], p=0.014]) and RSVMAALRI (OR: N/A, as no child with RSV-MAALRI had a ≥4-fold rise in PRNT). When
assessed as a continuous variable, increases in RSV PRNT were associated with decreased risk
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of both RSV-MAARI and RSV-MAALRI, but evaluation of several a priori cut points
(reciprocal titers of 60, 70, 80, 90, 100) indicated that no single PRNT could be established as a
correlate of protection.
Detection of vaccine virus by culture was not associated with subsequent protection
against RSV-MAARI (OR 0.64, 95% CI [0.23, 1.83], p= 0.41) or RSV-MAALRI (OR 0.12,
95% CI [0.01, 1.13], p= 0.06). We observed no significant difference in mean peak titers of
vaccine virus shed among vaccinees who had serologic evidence of exposure to wt RSV during
surveillance without RSV-MAARI (‘RSV-MAARI-’; orange dots, Figure 4A) and vaccinees
who experienced RSV-MAARI (‘RSV-MAARI+’; blue dots, Figure 4A), 1.56 log10 vs. 1.62
log10, p=0.86. This was also the case when restricting the analysis to recipients of more
promising vaccines (Figure 4B; ‘RSV-MAARI-’; 2.10 log10 [orange] vs. ‘RSV-MAARI+’; 2.28
log10 [blue]). Detection of vaccine virus by RT-qPCR was associated with protection against
RSV-MAALRI (OR=0.13, 95% CI [0.02, 0.84], p=0.032), but protection was incomplete as 2
vaccinees who had vaccine virus detected by RT-qPCR experienced RSV-MAALRI. We did not
observe an association between detection of vaccine virus by RT-qPCR and protection against
RSV-MAARI, nor an association between the magnitude of vaccine virus shed as measured by
RT-qPCR and protection against RSV-MAARI or RSV-MAALRI.
Neutralizing antibody responses to wt RSV infection
We first compared the magnitude of the RSV PRNT at Day 56 post-vaccination and
following RSV surveillance among 36 vaccinees who developed a primary neutAb response to
RSV vaccine and also had serologic evidence of wt RSV infection during surveillance (Figure 5,
red scatterplots). The geometric mean titer (GMT) of RSV neutAb in the post-surveillance
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serum specimens was 14-fold higher than in Day 56 specimens (1176 [10.2 log2] vs. 84 [6.4
log2], p<0.0001), indicative of strong anamnestic responses. We next compared the magnitude
of this post-surveillance response to the primary neutAb response among the 41 placebo
recipients who had serologic evidence of wt RSV infection during surveillance (Figure 5: black
scatterplot). Again, the magnitude of the anamnestic neutAb response among vaccinees was
nearly 10-fold higher than the primary response among placebo recipients (1176 [10.2 log2] vs.
128 [7.0 log2], p<0.0001). Of note, the primary response to wt RSV among placebo recipients
was not significantly different from the primary response to RSV vaccine among vaccinees with
neutAb responses (128 [7.0 log2] vs. 104 [6.7 log2], Figure 5, black scatterplot vs. orange,
p=0.21).
Durability of vaccine-induced immunity
To assess the durability of vaccine-induced immunity, we compared RSV PRNT at Day
56 and at the end of surveillance among the 83 vaccinees who developed an initial RSV PRNT
response following vaccination but did not have a post-surveillance serologic response indicative
of infection with wt RSV. Although the GMTs of PRNT were statistically significantly different
between these two timepoints (p<0.001), the magnitude of the difference was not large: 111 (6.8
log2) post-immunization vs. 79 (6.3 log2) post-surveillance (Figure 5, blue scatterplots).
Sample size estimates for future RSV vaccine trials
Based upon rates of detection of RSV-MAARI and RSV-MAALRI in placebo recipients,
we calculated the numbers of RSV-naïve infants and children that would provide adequate power
to assess efficacy against RSV-MAARI and RSV-MAALRI in future trials of live-attenuated
RSV vaccines, across a range of efficacy estimates. We used observed rates of 21% RSV-
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MAARI and 7% RSV-MAALRI (Figure 2) as ‘Current Estimates’ (Figure 6A) and rates of 10%
RSV-MAARI and 3% RSV-MAALRI as ‘Conservative Estimates’ (Figure 6B), and considered
1:1 and 2:1 randomization of vaccinees to placebo recipients. We calculated sample sizes
needed to demonstrate 55% efficacy against RSV-MAARI and 80% efficacy against RSVMAALRI, which are well within the ranges demonstrated by the more promising vaccines
(Figure 3). We found that a study of 540 RSV-naïve children (with 1:1 or 2:1 randomization)
would be sufficient to demonstrate 80% efficacy (blue circle) against RSV-MAALRI and to
demonstrate 55% (red circle) efficacy against RSV-MAARI (Figure 6A). If conservative
estimates of RSV-MAARI and RSV-MAALRI are used, then 1300 RSV-naïve children would
be needed (Figure 6B). As the observed rate of RSV-MAARI in our population is ~3-fold greater
than RSV-MAALRI, a study powered for efficacy against RSV-MAALRI should be able to
detect efficacy against RSV-MAARI (Figure 6).
Discussion
RSV infection causes substantial morbidity and mortality in very young infants, older
infants, and young children (1, 18). Passive immunoprophylaxis, whether through maternal
immunization or administration of RSV mAb, will not be sufficiently durable to protect these
latter groups. For this reason, live-attenuated intranasal RSV vaccines have been in development
for decades, with new-generation live-attenuated vaccine candidates produced using rational
vaccine design (19-22). This study is the first to demonstrate substantial protection against both
RSV-MAARI and RSV-MAALRI by the most promising of these vaccine candidates and
strengthens the case for rapid clinical development of live-attenuated RSV vaccines.
Our data show that a ≥4-fold rise in RSV PRNT in vaccinees is predictive of efficacy
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against RSV-MAARI and RSV-MAALRI. The predictive value of a ≥4-fold rise for protection
against RSV-MAALRI was striking; no child with this rise in titer experienced RSV-MAALRI.
It seems unlikely that serum neutralizing antibodies alone would completely account for
protection against RSV-MAARI/MAALRI, since serum antibodies do not efficiently transudate
into the nasal mucosa (23). It is therefore likely that for RSV-MAARI/MAALRI, a ≥4-fold rise
in PRNT is both a direct mediator of protection and a marker for other protective immune
responses, such as mucosal antibody and/or cellular immune responses. Similarly, the substantial
serum RSV neutAb anamnestic (memory) response that we detected in post-surveillance serum
specimens likely reflects exposure to wt RSV and may be a marker for anamnestic mucosal and
cellular immune responses that also restrict RSV replication. In this study, a specific protective
titer of serum RSV neutAb could not be determined, which may be a consequence of small
numbers or may mean that, for these vaccines, other factors are more important for protection
against respiratory disease than the magnitude of the initial serum antibody response, such as
priming for a strong anamnestic response, or induction of local and cellular immunity. Notably,
we could not demonstrate a correlation between the magnitude of vaccine virus shedding and
protection against RSV-MAARI in this relatively small group of children. Thus, while
assessment of shedding is critically important for assessment of vaccine safety in early clinical
trials, it will likely not be needed for efficacy trials of live-attenuated RSV vaccines.
These findings also underscore the importance of considering type and route of
immunization when establishing correlates of protection for RSV immunoprophylaxis.
Achieving a particular level of serum RSV neutAb is likely to be critical when protection of an
infant is mediated exclusively through passively-acquired immunity, as with maternal RSV
immunization or administration of a RSV mAb. However, this is likely less important for active

AJRCCM Articles in Press. Published September 01, 2020 as 10.1164/rccm.202005-1660OC
Copyright © 2020 by the American Thoracic Society

Page 18 of 37

intranasal immunization, which primes for anamnestic responses yielding serum PRNT ~10-fold
higher than the primary response, and which also likely induces local and cellular immune
responses which could be boosted with RSV infection. Further studies may help elucidate the
relative contributions of these components of the immune response.
Our study also demonstrated that vaccine-induced serum RSV neutAb titers were
sustained over time: while serum neutAb GMT measured 6-12 months post-vaccination in RSVuninfected children was lower than at Day 56, the difference was modest (111 vs. 79). This was
reassuring: immune responses to RSV have been suggested to be short-lived, which was not
evident in this study. These data suggest that a single dose of vaccine may be sufficient to protect
children throughout an RSV season, and that RSV vaccine could therefore be administered either
seasonally or with routine immunizations during the first year of life.
This analysis had several limitations, at least two of which may have lowered our
estimates of efficacy. First, our individual trials were neither designed nor powered to assess
efficacy; even with pooled data (Figure 1), many efficacy estimates had wide CIs (Figure 3) and
may have been sensitive to random variation. Second, our efficacy calculations included 5
placebo recipients with RSV neutAb at Day 56 (presumably a result of asymptomatic wt RSV
infection) and were therefore less susceptible to RSV-MAARI and RSV-MAALRI than RSVnaïve children, which would have decreased efficacy estimates (though we cannot exclude
asymptomatic wt RSV infection in vaccinees during the same time period). In addition, two
vaccinees assessed as experiencing RSV-MAARI received antibiotics for asymptomatic otitis
media during well-child visits and thus this diagnosis may have been made incidentally.
Finally, there are important limitations related to our sample size estimates. Our sample
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size calculations were based upon rates of RSV-MAARI and RSV-MAALRI observed in an
RSV-naïve (seronegative) population, but it is likely that phase 3 efficacy trials will enroll
unscreened infants and young children, some of whom will not be RSV-naïve. Our historical
data suggest that the rate of RSV seropositivity in children 6-18 months of age may range from
10-15%. Studies not restricted to seronegative children will require larger sample sizes. RSVexperienced (seropositive) children would likely derive little benefit from these highly-attenuated
vaccines but would also likely contribute many fewer RSV-MAALRI study endpoints.
Moreover, the studies described here were conducted exclusively in healthy children living in the
United States, during a limited timespan (6). Rates of RSV disease can vary markedly from year
to year or by geography. Other ranges of seasonal attack rates should be considered in the more
complex sample size calculations that will be necessary for optimal design of future trials, which
will need to account for potential differences in rates of RSV-associated illnesses and health care
seeking behavior in the settings where trials will be conducted. Despite these considerations
(and others beyond the scope of this discussion), these preliminary data suggest that the efficacy
of a live-attenuated RSV vaccine that reliably induces neutAb responses could be assessed in a
relatively small phase 3 trial.
In summary, we have shown that serum RSV neutAb following a single dose of vaccine
are comparable to primary responses to wt RSV, that vaccine-induced RSV PRNT are durable,
that live-attenuated RSV vaccines that induce ≥4-fold rises in RSV PRNT provide protection
against RSV-MAARI and substantial protection against RSV-MAALRI, and that more precise
estimates of efficacy could be made with relatively small clinical trials. Efforts to ensure rapid
progress in the clinical development of live-attenuated RSV vaccines could have a substantial
global impact on pediatric health.
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Figure Legends
Figure 1. Allocation by study arm and distribution of vaccinees according to immune response.
241 children ages 6-24 months were randomized in 7 separate studies of live-attenuated RSV
vaccines to receive vaccine (161 children) or placebo (80 children), including RSV
NS2/1313/I1314L, RSVcps2, LID/cp/M2-2, MEDIM2-2, RSV LIDM2-2, RSV
LIDM2-2/1030s, and D46/NS2/N/ΔM2-2-HindIII (registered in clinicaltrials.gov as
NCT01893554, NCT01852266/NCT01968083, NCT02890381/NCT02948127, NCT01459198,
NCT02040831/NCT02237209, NCT02794870/NCT02952339, NCT03099291/NCT03102034;
certain vaccines were evaluated in more than one clinical trial). Subset analyses and losses to
follow-up are as described in Results. RSV F IgG ELISA titers were determined by endpoint
titration.
Figure 2. Percent of the placebo recipients in clinical trials of live-attenuated RSV vaccines
who experienced RSV-associated medically-attended acute respiratory illness (RSV MAARI;
red bars) and percent with 4-fold increase in RSV PRNT when pre-surveillance season and
post-surveillance season sera were compared (‘RSV neutralizing Ab response’, blue bars; Ab,
antibody). Data are from 2011 through 2018; enrollment varied by year. In all,72 placebo
reecipients were included in this analysis. Eight placebo recipients were excluded: in addition to
the one placebo recipient who was infected with vaccine virus (see Methods), 5 placebo
recipients had a rise in RSV antibody titer between days 0 and 56 after receipt of study product,
presumably reflecting natural infection with wild-type (wt) RSV, and 2 placebo recipients,
although assessed for medically-attended respiratory outcomes (and therefore still eligible for the
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analysis of vaccine efficacy), were missing one or more surveillance serum specimens (see
Figure 1).
Wt RSV infection was defined as occurring in any participant who had a ≥4-fold increase in
RSV PRNT between the pre- and post-surveillance serum specimens, detection of wt RSV in a
nasal wash specimen during surveillance, or both.
Figure 3. Vaccine efficacy against RSV-MAARI (panel A) and RSV-MAALRI (panel B), with
point estimates and 95% confidence intervals. In both panels, the black bars show the efficacy
estimates for all 160 vaccinees (top black bars), and for the 122 vaccinees with RSV neutralizing
antibody responses by Day 56 post-vaccination ‘neut responders’ (lower black bars). Similarly,
the blue bars in each grouping show the analyses for the 100 children who received the more
promising vaccines (top blue bars), and further subset of 90 with neutralizing antibody responses
to vaccine (lower blue bars). Among all 160 vaccinees and 79 placebo recipients, there were 31
cases of RSV-MAARI (16 in vaccinees and 15 in placebo recipients) and 10 cases of RSVMAALRI (5 in vaccinees and 5 in placebo recipients).
Figure 4. Peak vaccine titers do not appear to be predictive of vaccine efficacy. Peak log10 titers
of vaccine virus shed among vaccinees who experienced RSV-MAARI (blue dots), vaccinees
who did not experience RSV-MAARI but had serologic evidence of wt RSV exposure during the
RSV season (orange dots), and vaccinees who did not experience RSV-MAARI and who also
had no evidence of wt RSV exposure (black dots) during the subsequent RSV surveillance
season. Means were calculated for RSV-MAARI+ (blue dots) and for RSV-MAARI- who had
evidence of exposure to RSV during surveillance (orange dots). Panel A shows all vaccinees and
panel B shows recipients of the more promising vaccines.

AJRCCM Articles in Press. Published September 01, 2020 as 10.1164/rccm.202005-1660OC
Copyright © 2020 by the American Thoracic Society

Page 28 of 37

Figure 5. Comparisons of RSV PRNT post-immunization (Day 56) and after the surveillance
period, with titers expressed as reciprocal log2. Dots of the same color represent identical
participants, but at different timepoints. Open circles are post-immunization PRNTs; closed
circles are post-surveillance PRNTs. Lines indicate the mean PRNT. Red scatterplots:
anamnestic antibody responses following exposure to wt RSV in 36 vaccinees who developed a
4-fold PRNT response after immunization, and also had a 4-fold PRNT response during the
surveillance period, indicating exposure to wt RSV. PRNT post-immunization (red open circles,
mean 6.4 log2, GMT=84) are compared to PRNT following surveillance (red closed circles,
mean 10.2 log2, 1176). Blue scatterplots: durability of neutralizing antibody responses following
vaccination in 83 vaccinees who developed a 4-fold PRNT response after immunization but did
not have a 4-fold PRNT response during the surveillance period, indicating they were not
exposed to wt RSV. PRNT post-immunization (open blue circles, mean 6.8 log2, 111) are
compared to PRNT post-surveillance (closed blue circles, mean 6.3 log2, 79). Orange and black
scatterplots: PRNT induced by vaccination are comparable to those induced by wt RSV
infection. The mean PRNT on Day 56 following vaccination among all 122 vaccinees was 6.7
log2 (orange scatterplot), and the post-surveillance PRNT among 41 placebo recipients exposed
to wt RSV during surveillance was 7.0 log2 (black scatterplot).
Figure 6. Power curves showing estimates of sample sizes needed to detect varying levels of
vaccine efficacy against RSV MAARI in RSV-seronegative children (red, 90% power; orange,
80% power) and against RSV-MAALRI (dark blue, 90% power; light blue, 80% power). In each
case, the solid lines assume a 1:1 vaccine-to-placebo allocation, while dotted lines indicate a 2:1
allocation (note that these lines are very similar). The upper panel uses estimates of RSV
MAARI and MAALRI attack rates derived from our study data (‘current estimate’; 21% and 7%,
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respectively), while the lower panel assumes attack rates that are half as large (‘conservative
estimate’; 10% and 3%, respectively). Dotted lines indicate a sample size of 540 (panel A) and
1300 (panel B); red circles, 55% efficacy against RSV-MAARI; blue circles, 80% efficacy
against RSV-MAALRI.
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TABLE 1. Vaccinees and placebo recipients enrolled in Phase 1 clinical trials of 7 live-attenuated RSV vaccines
Vaccinees

Vaccine

Infected
with
Evaluable vaccine
for VE*
virus‡
n
n (%)

Placebo Recipients

Any
antibody RSV PRNT
response§ response ll
n (%)
n (%)

Evaluable
for
Evaluable MAARI
for VE
rates**
n
n

Study
Years

Tota
l
n

2014-15

15

15

12 (80)

10 (67)

8 (53)

7

7

6

2013-15

34

34

29 (85)

23 (68)

20 (59)

16

16

14

2016-17

11

11

6 (55)

6 (55)

5 (45)

6

6

3

60

60

47 (78)

39 (65)

33 (55)

29

29

23

2011-14

20

20

20 (100)

19 (95)

19 (95)

10

9

9

2015-17

20

20

20 (100)

19 (95)

16 (80)

10

10

10

2014-15

20

20

19 (95)

18 (90)

18 (90)

9

9

9

2016-17

20

20

20 (100)

20 (100)

17 (85)

11

11

10

2017-18

21

20

20 (100)

20 (100)

19 (95)

11

11

11

101

100

99 (99)

96 (96)

89 (89)

51

50

49

161†

160

146

135†

122

80

79

72

Total
n

Less promising††
NS2/1313/I1314L
(105)
RSVcps2
LID/cp/M2-2
Total, Less promising
More promising‡‡
MEDIM2-2
NS2/1313/I1314L
(106)
LIDM2-2
LIDM2-2/1030s
D46/NS2/N/ΔM2-2HindIII
Total, More promising

Total (All Vaccines)
*Evaluable
†Of

for VE: Vaccinees included in the analysis of vaccine efficacy (VE).

161 vaccinees, 1 was lost to follow-up, thus data from 160 vaccinees in total and 135 vaccinees with any antibody response

were evaluable for vaccine efficacy.
‡Infected

with vaccine virus: defined as detection of vaccine virus by culture or PCR and/or a ≥4-fold rise in serum RSV plaque-

reduction neutralizing antibody titer [PRNT] and/or a ≥4-fold rise in serum ELISA IgG antibody titer to the RSV fusion (F)
glycoprotein as measured by endpoint titration. Note that for consistency between all studies, ELISA IgG titers measured by
endpoint titration were used for these analyses, while interpolated ELISA titers were previously reported for several studies (7, 8,
9, 17).
§With any
ll

antibody response: ≥4-fold rise in RSV PRNT or RSV F IgG titers between Study Days 0 and 56

With RSV PRNT response: ≥4-fold rise in RSV PRNT between Study Days 0 and 56.
Placebo recipients evaluable for serosurveillance: placebo recipients with surveillance serum specimens available who did not

**

have a ≥4-fold rise in RSV PRNT between Days 0 and 56, and could therefore be included in analyses of background rates of
MAARI and MAALRI.
††‘Less

promising’: PRNT response 59%.

‡‡‘More

promising’: PRNT response  80%. Each of these definitions is described in more detail in the text.
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Figure 1. Allocation by study arm and distribution of vaccinees according to immune response. 241
children ages 6-24 months were randomized in 7 separate studies of live-attenuated RSV vaccines to receive
vaccine (161 children) or placebo (80 children), including RSV NS2/1313/I1314L, RSVcps2,
LID/cp/M2-2, MEDIM2-2, RSV LIDM2-2, RSV LIDM2-2/1030s, and D46/NS2/N/ΔM2-2-HindIII
(registered in clinicaltrials.gov as NCT01893554, NCT01852266/NCT01968083,
NCT02890381/NCT02948127, NCT01459198, NCT02040831/NCT02237209, NCT02794870/NCT02952339,
NCT03099291/NCT03102034; certain vaccines were evaluated in more than one clinical trial). Subset
analyses and losses to follow-up are as described in Results. RSV F IgG ELISA titers were determined by
endpoint titration.
338x190mm (200 x 200 DPI)
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Figure 2. Percent of the placebo recipients in clinical trials of live-attenuated RSV vaccines who
experienced RSV-associated medically-attended acute respiratory illness (RSV MAARI; red bars) and percent
with 4-fold increase in RSV PRNT when pre-surveillance season and post-surveillance season sera were
compared (‘RSV neutralizing Ab response’, blue bars; Ab, antibody). Data are from 2011 through 2018;
enrollment varied by year. In all,72 placebo reecipients were included in this analysis. Eight placebo
recipients were excluded: in addition to the one placebo recipient who was infected with vaccine virus (see
Methods), 5 placebo recipients had a rise in RSV antibody titer between days 0 and 56 after receipt of study
product, presumably reflecting natural infection with wild-type (wt) RSV, and 2 placebo recipients, although
assessed for medically-attended respiratory outcomes (and therefore still eligible for the analysis of vaccine
efficacy), were missing one or more surveillance serum specimens (see Figure 1).
Wt RSV infection was defined as occurring in any participant who had a ≥4-fold increase in RSV PRNT
between the pre- and post-surveillance serum specimens, detection of wt RSV in a nasal wash specimen
during surveillance, or both.
141x86mm (300 x 300 DPI)
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Figure 3. Vaccine efficacy against RSV-MAARI (panel A) and RSV-MAALRI (panel B), with point estimates
and 95% confidence intervals. In both panels, the black bars show the efficacy estimates for all 160
vaccinees (top black bars), and for the 122 vaccinees with RSV neutralizing antibody responses by Day 56
post-vaccination ‘neut responders’ (lower black bars). Similarly, the blue bars in each grouping show the
analyses for the 100 children who received the more promising vaccines (top blue bars), and further subset
of 90 with neutralizing antibody responses to vaccine (lower blue bars). Among all 160 vaccinees and 79
placebo recipients, there were 31 cases of RSV-MAARI (16 in vaccinees and 15 in placebo recipients) and
10 cases of RSV-MAALRI (5 in vaccinees and 5 in placebo recipients).
194x175mm (300 x 300 DPI)
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Figure 4. Peak vaccine titers do not appear to be predictive of vaccine efficacy. Peak log10 titers of vaccine
virus shed among vaccinees who experienced RSV-MAARI (blue dots), vaccinees who did not experience
RSV-MAARI but had serologic evidence of wt RSV exposure during the RSV season (orange dots), and
vaccinees who did not experience RSV-MAARI and who also had no evidence of wt RSV exposure (black
dots) during the subsequent RSV surveillance season. Means were calculated for RSV-MAARI+ (blue dots)
and for RSV-MAARI- who had evidence of exposure to RSV during surveillance (orange dots). Panel A shows
all vaccinees and panel B shows recipients of the more promising vaccines.
140x177mm (300 x 300 DPI)
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Figure 5. Comparisons of RSV PRNT post-immunization (Day 56) and after the surveillance period, with
titers expressed as reciprocal log2. Dots of the same color represent identical participants, but at different
timepoints. Open circles are post-immunization PRNTs; closed circles are post-surveillance PRNTs. Lines
indicate the mean PRNT. Red scatterplots: anamnestic antibody responses following exposure to wt RSV in
36 vaccinees who developed a 4-fold PRNT response after immunization, and also had a 4-fold PRNT
response during the surveillance period, indicating exposure to wt RSV. PRNT post-immunization (red open
circles, mean 6.4 log2, GMT=84) are compared to PRNT following surveillance (red closed circles, mean 10.2
log2, 1176). Blue scatterplots: durability of neutralizing antibody responses following vaccination in 83
vaccinees who developed a 4-fold PRNT response after immunization but did not have a 4-fold PRNT
response during the surveillance period, indicating they were not exposed to wt RSV. PRNT postimmunization (open blue circles, mean 6.8 log2, 111) are compared to PRNT post-surveillance (closed blue
circles, mean 6.3 log2, 79). Orange and black scatterplots: PRNT induced by vaccination are comparable to
those induced by wt RSV infection. The mean PRNT on Day 56 following vaccination among all 122 vaccinees
was 6.7 log2 (orange scatterplot), and the post-surveillance PRNT among 41 placebo recipients exposed to
wt RSV during surveillance was 7.0 log2 (black scatterplot).
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Figure 6. Power curves showing estimates of sample sizes needed to detect varying levels of vaccine
efficacy against RSV MAARI in RSV-seronegative children (red, 90% power; orange, 80% power) and
against RSV-MAALRI (dark blue, 90% power; light blue, 80% power). In each case, the solid lines assume a
1:1 vaccine-to-placebo allocation, while dotted lines indicate a 2:1 allocation (note that these lines are very
similar). The upper panel uses estimates of RSV MAARI and MAALRI attack rates derived from our study
data (‘current estimate’; 21% and 7%, respectively), while the lower panel assumes attack rates that are
half as large (‘conservative estimate’; 10% and 3%, respectively). Dotted lines indicate a sample size of
540 (panel A) and 1300 (panel B); red circles, 55% efficacy against RSV-MAARI; blue circles, 80% efficacy
against RSV-MAALRI.
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Online Data Supplement
RSV F IgG as a predictor of vaccine efficacy
We found that induction of a ≥4-fold rise in serum RSV neutAb after vaccination
appeared to be an important determinant of vaccine efficacy. The associations between RSV F
IgG and efficacy are described below.
In contrast to RSV neutAb, a ≥4-fold rise in RSV F IgG (measured by ELISA) was not
associated with a reduction in odds of RSV-MAARI (OR=0.57, 95% CI [0.17, 1.92], p=0.37),
although it was associated with protection against RSV-MAALRI (OR=0.12, 95% CI
[0.02,0.77], p=0.03). When assessed as a continuous variable, increases in RSV F IgG were
associated with decreased risk of both RSV-MAARI and RSV-MAALRI. Participants with ≥10
log2 RSV F IgG were less likely to experience RSV-MAARI (OR 0.23, 95% CI [0.10, 0.53],
p=0.001) or RSV-MAALRI (OR: 0.08, 95% CI [0.01, 0.65], p=0.018) compared to participants
with RSV F IgG <10 log2. However, RSV PRNT and RSV F IgG titers were highly correlated
(R2 =0.80): of the 135 vaccinees with any seroresponse, 122 (90%) had a seroresponse postimmunization defined as either ≥4-fold rises in RSV F IgG titer and/or ≥4-fold rises in PRNT.
Thirteen (10%) had ≥4-fold rises in RSV F only, and two (1.5%) had ≥4-fold rises in PRNT
only. While both RSV neutralizing antibody responses and RSV F IgG responses were predictive
of protection in univariable logistic regression, RSV F IgG responses were not statistically
significantly associated with protection against RSV-MAARI or RSV-MAALRI in multivariable
models that controlled for RSV neutralizing antibody responses. Moreover, while no child with
an RSV PRNT response experienced RSV-MAALRI, the same was not true with respect to RSV
F IgG responses: 2 of the 13 children with only RSV F IgG responses experienced RSVMAALRI.
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