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Background. Respiratory syncytial virus (RSV) can cause serious lung infections in young children and there is currently no 
available vaccine.

Methods. We used complementary statistical frameworks to analyze 4 RSV serology measurements in mothers and their infants 
in South Africa who participated in a phase 3 maternal immunization trial of an RSV F protein nanoparticle vaccine as correlates of 
risk and of protection against different RSV disease endpoints.

Results. We found evidence to support each antibody measurement—encompassing RSV-neutralizing antibodies and F surface 
glycoprotein-binding antibodies—as an inverse correlate of risk of RSV-associated acute lower respiratory tract infection with 
severe hypoxia in at least 1 framework, with vaccine-induced fold-rise from the maternal enrollment to day 14 samples of anti-F 
immunoglobulin G (IgG) binding antibodies having the most consistent evidence. This evidence includes a significant 
association of fold-rise anti-F IgG with vaccine efficacy (VE); achieving a baseline covariate-adjusted VE of 75% requires a 
vaccine-induced maternal anti-F IgG fold-rise of around 16. Neither multivariable logistic regression nor superlearning analyses 
showed benefit to including multiple time points or assays in the same model, suggesting a parsimonious correlate. Post hoc 
exploratory analyses supported adherence of vaccine-induced maternal anti-F IgG fold-rise to the Prentice criteria for a valid 
surrogate endpoint.

Conclusions. Our results suggest that the vaccine induced protective anti-F antibody responses. If this finding is confirmed, VE 
could potentially be augmented by increasing these responses.

Keywords. F glycoprotein; nonparametric threshold regression; Prentice criteria surrogate endpoint; principal stratification 
causal inference; superlearning.

Received 22 March 2022; editorial decision 22 December 2022
Present affiliations:
aDepartment of Statistics, University of California, Irvine, Irvine, California, USA
bUniversity of Lausanne and Centre Hospitalier Universitaire Vaudois, Lausanne, 

Switzerland.

Correspondence: Peter B. Gilbert, PhD, Vaccine and Infectious Disease Division, Fred 
Hutchinson Cancer Center, PO Box 19024, 1100 Fairview Ave N, Seattle, WA 98109, USA 
(pgilbert@fredhutch.org).

Open Forum Infectious Diseases® 

© The Author(s) 2023. Published by Oxford University Press on behalf of Infectious Diseases 
Society of America. This is an Open Access article distributed under the terms of the 
Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons. 
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of 
the work, in any medium, provided the original work is not altered or transformed in any 
way, and that the work is properly cited. For commercial re-use, please contact journals.permis-
sions@oup.com
https://doi.org/10.1093/ofid/ofac693

Respiratory syncytial virus (RSV) is the most common etiolog-
ical agent of acute lower respiratory tract infection (LRTI) in 
children aged <5 years [1]. Maternal immunization elicits an-
tibodies that can be transferred transplacentally to the fetus 
and through breast milk to the infant [2]. Three maternal 
RSV vaccine candidates are currently in clinical trials [3]. 
The identification of correlates of protection (CoPs) [4] against 

infant RSV disease or severe disease could aid vaccine develop-
ment and licensure. Serum neutralizing antibodies (nAbs) in 
maternal blood and in infant cord blood are implicated in pro-
tection against RSV-associated LRTI and/or severe RSV disease 
in infants via passive nAb administration/challenge studies in 
animal models [5–8], prospective and case-control observa-
tional studies in infants/young children [9–14], and clinical tri-
als of passively administered high-nAb-titer immune globulin 
[15, 16] and of palivizumab [17, 18] in high-risk infants/young 
children. However, maternal vaccination likely elicits a poly-
functional immune response [19], and thus CoPs of maternal 
immunization may differ from those in natural infection or 
passive transfer studies.

In the Prepare trial [20], healthy pregnant women were 
randomized to a single injection of recombinant prefusogenic 
RSV fusion (F) protein nanoparticle vaccine or placebo. 
Vaccination elicited maternal anti-F immunoglobulin G (IgG) 
antibodies that were transferred transplacentally; estimated vac-
cine efficacy (VE) during the first 90 days of life against the pri-
mary endpoint of RSV-associated, medically significant LRTI was 
modest (39.4% [95% confidence interval [CI], 5.3%–61.2%) [20]. 
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Estimated VE was also modest against the secondary endpoints of 
RSV-associated LRTI with severe hypoxemia (48.3% [95% CI, 
−8.2% to 75.3%]) and RSV-associated LRTI hospitalization 
(44.4% [95% CI, 19.6%–61.5%]).

We assessed maternal and infant antibody markers as corre-
lates of risk and as CoPs against RSV disease endpoints during 
the first 90 days of life in the Prepare trial. The trial was conduct-
ed in both high-income and low- to middle-income countries 
(HICs and LMICs, respectively). As VE against the various end-
points was variable in HICs but consistently moderate to high in 
LMICs [20], and 95% of LMIC cases were in South Africa, we 
restricted analyses to South Africa (South Africa estimated 
VE, 73.8% [95% CI, 50.4%–86.2%] against RSV-associated 
LRTI with severe hypoxemia and estimated VE, 76.7% [95% 
CI, 54.1%–88.2%] against RSV-associated LRTI hospitaliza-
tion). Focusing on a setting with moderate-to-high VE increases 
power to detect CoPs and restricting to 1 country reduces the 
risk of confounding in CoPs analyses.

METHODS

Antibody Assays

Serum nAbs against RSV-A and RSV-B subtypes were mea-
sured by the microneutralization assay [21]. Concentrations 
of anti-F IgG antibodies (enzyme immunoassay [EIA]) and 
palivizumab-competitive antibodies (PCAs), the latter of which 
block the binding of palivizumab to antigenic site II on the F 
protein [22], were measured by enzyme-linked immunosor-
bent assay [23] (Supplementary Methods).

Approach to Assessing Immune Correlates of Risk and of Protection

All analyses were prespecified in the statistical analysis plan ex-
cept where noted.

The immune correlates analyses were restricted to South 
African study sites and follow-up period of infants through 
90 days of age. Correlates for each of 3 nested RSV disease end-
points were assessed: Endpoint 1 was medically significant 
RSV-associated LRTI, RSV-associated LRTI with hospitaliza-
tion, or RSV-associated LRTI with severe hypoxemia (52 
vaccine and 51 placebo endpoints). Endpoint 2 was RSV- 
associated LRTI with severe hypoxemia (14 vaccine and 27 pla-
cebo endpoints). Endpoint 3 was RSV LRTI with severe hypox-
emia without cough as an element of the definition of LRTI (12 
vaccine and 26 placebo endpoints) (Supplementary Figure 1). 
We only report results for endpoints 1 and 2 given that 38 of 
the 41 participants with endpoint 2 also experienced endpoint 
3. Based on a reviewer’s suggestion, correlates were also as-
sessed against a post hoc–defined endpoint, medically signifi-
cant RSV-associated LRTI only (endpoint 4; 38 vaccine and 
44 placebo endpoints).

Sixteen antibody markers were included in the statistical 
analysis plan, as defined by the 4 assays (EIA, PCA, RSV-A, 

RSV-B) cross-classified by measurement time point and whether 
fold-rise was considered (maternal vaccination blood sample at 
day 0 [D0], maternal postvaccination blood sample at day 14 
[D14], maternal fold-change from D0 to D14 [D14/D0], and in-
fant cord blood [Cord]; we refer to these 4 marker sets as the 4 
measurement time point sets, such that D14/D0 is considered to 
be a single time point). Post hoc analyses of fold-change from 
D0 to Cord (Cord/D0) of the 4 assay markers were also performed.

Cohort for Correlates Analyses

The correlates analyses were performed on all mother–infant 
pairs at South African sites whose maternal participants quali-
fied for the per-protocol efficacy cohort for maternal partici-
pants, defined as all maternal participants who received the 
test article and regimen to which they were randomized and 
had at least 1 posttreatment encounter documented during 
which active and/or passive surveillance activities for 
RSV-suspected illness could occur, and had no major protocol 
deviations affecting the primary efficacy outcomes. Only 2 ran-
domized maternal participants did not qualify for the per- 
protocol efficacy cohort.

Case and Control Definitions

Cases are defined as infants in the correlates analysis cohort 
with an RSV illness defined by endpoint 1 or endpoint 2 (as ap-
propriate) through 90 days of age in the “expanded data set,” 
which included physical findings, pulse oximetry data, and 
RSV diagnoses extracted from the medical records of infants 
hospitalized for respiratory or infectious illness in addition to 
data from study sites. When studying correlates for RSV disease 
defined by a given endpoint (1, 2, 3, or 4), controls are defined 
as infants who did not experience RSV disease defined by that 
same endpoint through to 90 days of age in the expanded data 
set. Figure 1 depicts the flow of participants from assessment 
for eligibility in the overall trial to cases and controls included 
in the analysis.

Two-Phase Sampling Design for Measuring Antibody Markers

EIA and PCA antibody concentrations were measured at all 
available time points from

all participants. A 2-phase “cumulative case-control” sam-
pling design was used for determining the subset of participants 
from whom to measure microneutralization antibody titers 
(Supplementary Methods). As the study outcomes were rare, 
a cumulative case-control design was used to ensure that all 
controls were “pure controls” who did not experience the out-
come over the whole follow-up period.

Exploratory Methods for Comparing Antibody Markers 
Between Cases and Controls

Boxplots are used to show the distributions of antibody mark-
ers for cases and controls separately. The midline of the box 
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denotes the median and ends of the box denote the 25th and 
75th percentiles, with whiskers extending to the most extreme 
data points. CIs for the geometric mean concentrations of an-
tibody markers accounting for the 2-phase sampling weights 
are computed using the R package survey [24].

Risk Scores

Before the correlates analyses, superlearning was used to devel-
op a maternal enrollment/baseline RSV risk score based on ma-
ternal characteristics at enrollment and an infant birth/delivery 
RSV risk score based on infant characteristics at birth/delivery 
(Supplementary Methods, Supplementary Figure 2).

Correlates Analyses

The correlates analysis methods are summarized below (see 
Supplementary Methods). All markers were on the log10 scale.

Univariable Correlates of Risk Analyses
Univariable correlates of risk analysis addresses whether an an-
tibody marker associates with an RSV disease outcome for in-
fants of vaccinated mothers, where the finding of an inverse 
correlation provides the first step of evidence that the antibody 
marker may be predictive of the degree of protection conferred 
by the vaccine. Because an antibody marker may be an inverse 
correlate of risk but not predictive of protection due to 

confounding of the effect of the marker on RSV disease or other 
factors (eg, [25]), a correlate of risk is not necessarily a CoP.

Logistic Regression Correlates of Risk Modeling
We assessed the association of each of the 16 antibody markers 
with each endpoint within each study arm. All models adjusted 
for maternal risk score. Time from vaccination to birth was ad-
justed for in analyses of maternal markers but not in analyses of 
infant markers. For the logistic regression analyses, family-wise 
error rate (Holm-Bonferroni) and false-discovery rate (q val-
ues; Benjamini-Hochberg) adjustment was applied, separately 
for the vaccine and placebo groups (see Supplementary 
Materials for details).

Nonparametric Threshold Correlates of Risk Modeling
Targeted maximum likelihood estimation with adjustment for 
the same covariates as with logistic regression was applied to 
each D14, D14/D0 fold-change, Cord, and Cord/D0 fold- 
change antibody marker (the last of these markers was post 
hoc), for each endpoint [26] (see Supplementary Materials 
for details).

Machine Learning Multivariable Correlates of Risk Analysis
The next statistical framework—machine learning of multiple 
antibody marker sets to build best models that classify whether 
infants of vaccinated mothers will acquire an RSV disease 

Figure 1. Participant flow, from assessment for eligibility in the Prepare trial through to cases and controls included in the analysis. Participant flow into endpoint 1, 2, 3, 
and/or 4 case boxes is not mutually exclusive; that is, an infant participant could be classified in multiple endpoint boxes. Abbreviations: D0, day 0; D14, day 14; US, United 
States.
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endpoint of interest—is a type of correlates of risk analysis, not 
a CoP analysis. Its new features compared to the univariable 
framework summarized above are that (1) it focuses on the 
analysis of many input variables seeking to discover the best 
way to aggregate information across these variables (including 
baseline factors, antibody markers at multiple time points, and 
combinations and interactions of these variables) to predict 
RSV disease occurrence; and (2) the evaluation of model per-
formance is based on metrics that quantify how well individual 
infants can be classified by RSV disease outcome, which, being 
about prediction, involves cross-validation to quantify predic-
tion accuracy for infants not included in the model building. 
See Supplementary Figure 2.

For this analysis, superlearning [27, 28] was conducted to 
build models most predictive of individual-level risk of each 
endpoint (see learner–screen combinations in Supplementary 
Table 1), within each treatment arm, based on each input var-
iable set (Supplementary Table 2) using different combinations 
of the 16 antibody markers, always controlling for maternal risk 
factors.

Principal Stratification Correlate of VE CoP Analysis
Principal stratification correlates of VE analyses directly assess 
a CoP, by estimating whether and how the level of VE varies 
over vaccinated subgroups defined by the level of their antibody 
marker. For each endpoint, VE-by-marker-level curves were 
estimated using the pseudo-score estimator [29, 30], for 
D14/D0 fold-change EIA and PCA and for D14 RSV-A and 
RSV-B. Family-wise error rate (Holm-Bonferroni) and false- 
discovery rate (q values; Benjamini-Hochberg) adjustment 
was applied (see Supplementary Materials for details).

Prentice Surrogate Endpoint Evaluation CoP Analysis
Prentice surrogate endpoint analysis—distinct from principal 
stratification analysis—is another approach to directly assess 
a CoP, which evaluates whether the data are consistent with 
the Prentice criteria for whether an antibody marker qualifies 
as a valid surrogate endpoint for an RSV disease endpoint. If 
an antibody marker is a valid surrogate endpoint as defined 
by Prentice [31], then a hypothesis test for whether the vaccine 
increases the antibody marker level compared to placebo is a 
valid test of whether the VE against the RSV disease endpoint 
is positive. In post hoc analyses, logistic regression with adjust-
ment for the same covariates noted above was used to assess the 
Prentice criteria for a valid surrogate endpoint for endpoint 2 
[31]. The models for RSV-A and RSV-B were fit to case/control 
(phase 2) data; the models for PCA and EIA were fit to cohort 
(phase 1) data.

Patient Consent Statement
The protocol of the Prepare trial [20] was reviewed and ap-
proved by regulatory authorities in all countries and by ethical 

review committees at all trial sites. All maternal participants 
provided written informed consent, and parental consent for 
the participation of infants was obtained according to the stan-
dards at each trial site.

RESULTS

Characterization of Vaccine-Elicited Antibody Measurements

Vaccination elicited high levels of maternal RSV antibodies on 
D14, particularly anti-F binding antibodies, with slightly less 
effective induction of nAbs; cord blood levels of each of the 4 
antibody markers were only slightly lower than the maternal 
D14 levels (Supplementary Figure 3). Table 1 (vaccine recipi-
ents) and Table 2 (placebo recipients) present RSV antibody 
levels in mothers and their infants by the severe RSV disease 
composite endpoint (endpoint 1) case, RSV-associated LRTI 
with severe hypoxemia (endpoint 2) case, and control status. 
The EIA and PCA markers were highly correlated in both treat-
ment arms (Spearman ρ ≥ 0.8 for all time points), whereas the 
RSV-A and RSV-B markers were less correlated (Spearman ρ = 
0.44–0.61 across time points) (Supplementary Figure 4).

Inverse Association of Vaccine-Elicited Maternal 
Antibody With Infant Severe RSV Disease

We first report results of the markers measured in cord blood as 
correlates of risk, as cord blood levels of neutralizing antibodies 
against RSV-A or RSV-B are hypothesized to be CoPs. 
Moreover, a reviewer recommended first assessing cord blood 
markers as correlates of risk of a post hoc endpoint, medically 
significant RSV-associated LRTI alone, based on the rationale 
that this was the primary endpoint of the Prepare trial [20]. 
We performed this assessment against medically significant 
RSV-associated LRTI alone (endpoint 4), which only differed 
from the primary efficacy endpoint of the Prepare trial in 
that endpoint 4 used the expanded data set instead of only 
the site data (estimated VE against endpoint 4 was 40.9% 
[95% CI, 15.9%–58.5%], which is very close to that estimated 
using only the site data, 39.4% [95% CI, 5.3%–61.2%], but 
with a narrower CI). The results did not provide evidence 
that higher cord blood levels of the RSV-A or RSV-B markers 
correlated with a lower rate of endpoint 4 (Supplementary 
Table 3).

For the prespecified endpoints 1 and 2, the data also did not 
provide evidence that higher cord blood levels of any of the 4 
antibody markers correlated with a lower endpoint rate, for ei-
ther treatment arm (Figure 2). Specifically, based on logistic re-
gression modeling, for endpoint 1 the point estimate of the 
odds ratio (OR) per 10-fold higher cord blood marker value ex-
ceeded 1 for each of the markers in vaccine recipients, and these 
point estimates were near 1 (ranging from 0.76 to 1.32) in pla-
cebo recipients. For endpoint 2 the point estimates suggested 
potential inverse correlates of risk in vaccine recipients (0.56, 
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Figure 2. A–D, Boxplots of enzyme immunoassay, palivizumab-competitive antibody, and respiratory syncytial virus (RSV) subtypes A and B infant cord blood (Cord) levels 
by case/control status (A and C, endpoint 1 cases; B and D, endpoint 2 cases) in the vaccine arm (A and B) or the placebo arm (C and D). E–H, Odds ratios in the vaccine arm 
(E and F ) or the placebo arm (G and H ) of experiencing RSV disease defined by endpoint 1 (E and G) or endpoint 2 (F and H ) per 10-fold increase in the designated immunologic 
biomarker, based on logistic regression modeling adjusting for maternal risk score and number of days from vaccination to birth. Cases were defined as infants in the cor-
relates analysis cohort with an RSV illness defined by endpoint 1 or endpoint 2 (as appropriate) through 90 days of age in the expanded data set. Controls were defined as 
infants who did not experience RSV disease defined by endpoint 1 or endpoint 2 (as appropriate) through 90 days of age in the expanded data set. Endpoint 1 was defined as 
medically significant RSV-associated lower respiratory tract infection (LRTI), RSV-associated LRTI with hospitalization, or RSV-associated LRTI with severe hypoxemia 
(52 vaccine endpoints). Endpoint 2 was defined as RSV-associated LRTI with severe hypoxemia (14 vaccine endpoints). Abbreviations: BH, false-discovery rate (q value, 
Benjamini-Hochberg) adjustment applied separately for the vaccine arm; CI, confidence interval; Cord, infant cord blood; EIA, enzyme immunoassay; Holm, family-wise error 
rate (Holm-Bonferroni); OR, odds ratio; PCA, palivizumab-competitive antibody; RSV-A, respiratory syncytial virus subtype A; RSV-B, respiratory syncytial virus subtype B.
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0.40, 0.68, and 1.03 for EIA, PCA, RSV-A, and RSV-B, respec-
tively), but the 95% CIs overlapped 1; for placebo recipients the 
point estimates were near 1.

Next, we assessed the antibody markers at D14 and D14/D0 
fold-change as correlates of risk. In vaccine recipients, D14/D0 
fold-change was similar between endpoint 1 cases versus con-
trols (Figure 3A); however, D14/D0 fold-change tended to be 
lower for each of the 4 antibody markers in endpoint 2 cases 
versus controls (Figure 3B). For endpoint 1, the OR estimates 
were near 1 with no evidence of marker associations with risk 
(Figure 3C). In contrast, for endpoint 2 the OR estimates sup-
ported inverse correlations of D14/D0 fold-change of each an-
tibody marker with risk (Figure 3D), with estimates of 0.19, 
0.21, 0.13, and 0.19 per 10-fold increase of EIA, PCA, RSV-A, 
and RSV-B D14/D0 fold-change, respectively (Figure 3D). 
The EIA fold-change result was significant after prespecified 
multiple hypothesis testing adjustment (Holm-Bonferroni– 
adjusted P ≤ .10). Point estimates for the D14 (Figure 3D) 
markers also indicated inverse associations with endpoint 2, 
but with OR estimates closer to 1 and wider CIs that all over-
lapped 1. In placebo recipients, many of the corresponding 
D14 and D14/D0 results for each antibody marker also indi-
cated inverse correlations with endpoint 2, with estimated 
ORs per 10-fold increase of EIA, PCA, RSV-A, and RSV-B 
D14/D0 fold-change of 0.95, 0.15, 0.62, and 0.53, respectively 
(Supplementary Figure 5).

In post hoc analyses assessing Cord/D0 fold-change of each 
antibody marker as a correlate of risk for endpoint 2 using lo-
gistic regression modeling, there was no evidence of correlates 
of risk in placebo recipients (P > .20 for each marker) 
(Supplementary Table 4A). In contrast, each Cord/D0 fold- 
change antibody marker was an inverse correlate of risk in vac-
cine recipients (P values ranging from .014 to .058), with point 
estimates of ORs per 10-fold increase in marker value 0.36, 
0.29, 0.22, and 0.37 for EIA, PCA, RSV-A, and RSV-B, respec-
tively (Supplementary Table 4A). These Cord/D0 fold-change 
results were consistent with the D14/D0 fold-change results 
(Figure 3D), except with weaker estimated correlations (ORs 
per standard deviation increase closer to 1) (Supplementary 
Table 4B). We next assessed whether multivariable logistic re-
gression models improved risk prediction. None of the consid-
ered models provided any evidence, even before multiplicity 
adjustment, that multiple variables were independently predic-
tive of either endpoint 1 or endpoint 2, in either treatment arm 
(Supplementary Table 5).

Vaccine-Elicited Maternal Antibody Thresholds Above Which Risk 
of Infant Severe RSV Disease Is Near Zero

Nonparametric threshold correlates of risk analyses were ap-
plied to each D14, D14/D0 fold-change, and Cord antibody 
marker. A post hoc analysis also assessed fold-change from 
the enrollment sample to the infant cord blood sample 

(Cord/D0 fold-change). For endpoint 2, for all 4 antibody 
markers risk of RSV disease sharply decreased in the vaccine 
arm across D14/D0 fold-change subgroups and across Cord/ 
D0 fold-change subgroups defined by increasing thresholds, 
approaching zero risk at a D14/D0 fold-change threshold of ap-
proximately 18 (EIA), 25 (PCA), 5 (RSV-A), and 4 (RSV-B) 
(Figure 4A–D); results were similar for Cord/D0 fold-change 
(Figure 4E–H ) (Supplementary Table 6). (The estimates in 
Figure 4 have nonsmooth jumps due to the use of nonparamet-
ric estimation; the true curve is likely smoother, though with a 
small number of events the shape cannot be precisely estimat-
ed. Moreover, while the point estimates suggest absolute CoPs, 
the available precision is not sufficient to draw this conclusion; 
additional verification would be needed.) In contrast, risk re-
mained largely similar across vaccinated subgroups defined 
by Cord (Figure 4I–L) or D14 (Supplementary Figure 6) mark-
er threshold. For endpoint 1, risk of RSV disease in the vaccine 
arm generally did not vary markedly depending on threshold 
value of any antibody marker (Supplementary Figures 7 
and 8), consistent with the logistic regression results.

Multivariable Machine Learning Suggests a Parsimonious Correlate

Using SuperLearner to predict individual case/control status 
defined by each endpoint, the maternal baseline variables 
alone provided reasonably good classification accuracy; for ex-
ample, estimated cross-validated area under the receiver oper-
ating characteristic curve (CV-AUC) was 0.853 (95% CI, 
.636–.948) for predicting endpoint 1 in the placebo arm and 
0.727 (95% CI, .548–.851) for predicting endpoint 2 in the pla-
cebo arm (Figure 5). Antibody markers improved prediction 
accuracy (ie, higher CV-AUC) compared to only using mater-
nal baseline variables, within each treatment arm and for each 
endpoint (Figure 5, Supplementary Tables 7–10), albeit with 
overlapping 95% CIs. The greatest improvement across both 
endpoints and treatment arms was seen with the addition of 
PCA Cord to maternal baseline variables for predicting end-
point 2 in the vaccine arm (CV-AUC using maternal baseline 
variables alone: 0.715 [95% CI, .571–.819] versus CV-AUC us-
ing maternal baseline variables and PCA Cord: 0.757 [95% CI, 
.620–.852], an increase of 0.042) (Figure 5, Supplementary 
Table 9).

D14/D0 fold-change EIA and D14/D0 fold-change PCA 
were generally the most predictive markers, across endpoints 
and treatment arms. For example, the SuperLearner model 
with D14/D0 fold-change PCA and maternal baseline variables 
yielded estimated CV-AUCs of 0.871 (95% CI, .731–.938) for 
predicting endpoint 1 in the vaccine arm and 0.748 (95% CI, 
.577–.862) for predicting endpoint 2 in the placebo arm, while 
the SuperLearner model with D14/D0 EIA fold-change yielded 
an estimated CV-AUC of 0.890 (95% CI, .604–.968) for predict-
ing endpoint 1 in the placebo arm (Figure 5). The D14 markers 
were generally weaker predictors, and RSV-A and RSV-B 
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Figure 3. A and B, Boxplots of enzyme immunoassay, palivizumab-competitive antibody, and respiratory syncytial virus (RSV) subtypes A and B day 14/day 0 fold-change by 
case/control status (A, endpoint 1 cases; B, endpoint 2 cases) in the vaccine arm. C and D, Odds ratios in the vaccine arm of experiencing RSV disease defined by endpoint 1 
(C ) or endpoint 2 (D) per 10-fold increase in the designated immunologic biomarker, based on logistic regression modeling adjusting for maternal risk score and number of 
days from vaccination to birth. Cases were defined as infants in the correlates analysis cohort with an RSV illness defined by endpoint 1 or endpoint 2 (as appropriate) through 
90 days of age in the expanded data set. Controls were defined as infants who did not experience RSV disease defined by endpoint 1 or endpoint 2 (as appropriate) through 
90 days of age in the expanded data set. Endpoint 1 was defined as medically significant RSV-associated lower respiratory tract infection (LRTI), RSV-associated LRTI with 
hospitalization, or RSV-associated LRTI with severe hypoxemia (52 vaccine endpoints). Endpoint 2 was defined as RSV-associated LRTI with severe hypoxemia (14 vaccine 
endpoints). Abbreviations: BH, false-discovery rate (q value, Benjamini-Hochberg) adjustment applied separately for the vaccine arm; CI, confidence interval; Cord, infant cord 
blood; D0, day 0; D14, day 14; EIA, enzyme immunoassay; Holm, family-wise error rate (Holm-Bonferroni); OR, odds ratio; PCA, palivizumab-competitive antibody; RSV-A, 
respiratory syncytial virus subtype A; RSV-B, respiratory syncytial virus subtype B.
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markers were inferior predictors to EIA and PCA 
(Supplementary Tables 7–10). The modeling did not support 
any improved performance, measured by the CV-AUC point 
estimate, gained by including multiple time points (where 
D14/D0 fold-rise is considered to be a single time point) or 
multiple assays/markers in the same predictive model. Thus, 
the data support that a single assay/biomarker may provide 
the best correlate.

Higher VE Against Infant Severe RSV Disease With Higher 
Vaccine-Elicited Maternal Anti-F Antibody

Principal stratification causal inference analyses were next 
conducted to assess how VE varied over vaccinated subgroups 
defined by each of 4 antibody markers: EIA D14/D0 fold- 
change, PCA D14/D0 fold-change, RSV-A D14, and RSV-B 
D14. EIA D14/D0 fold-change was positively correlated 
with VE against endpoint 2 (P = .013; Figure 6). For vaccine 
recipients with EIA D14/D0 fold-change less than around 3, 
estimated VE was less than 50% and the 95% CIs were wide. 
The CIs were more precise for larger values of EIA D14/D0 
fold-change, with estimated VE exceeding 75% for values of 
EIA D14/D0 fold-change above about 16 and approaching 
90% and greater for higher fold-change values. These results 

imply that a vaccine-induced boost (from baseline) of around 
15- to 20-fold of anti-F IgG binding antibodies is associated 
with high-level VE. None of the other examined antibody 
markers had evidence for correlation with VE against RSV 
disease (all P >.10; Figure 6). The model adjusted for baseline 
marker level in addition to maternal baseline variables 
showed a trend of VE correlating with EIA D14/D0 fold- 
change (P = .10, Supplementary Figure 9).

Exploratory Analyses of Surrogate Endpoint Evaluation

We applied causal mediation methods to assess each D14/D0 
fold-change and D14 antibody marker as a mediator of VE 
against each endpoint. The methods did not provide reliable 
answers, likely due to violations of assumptions of these meth-
ods. Therefore, we conducted post hoc exploratory analyses us-
ing a standard approach to surrogate endpoint evaluation [31] 
developed before the causal mediation framework. If an anti-
body marker is a valid surrogate endpoint as defined by 
Prentice [30], then a hypothesis test for whether the vaccine in-
creases the antibody marker level compared to placebo is a valid 
test of whether the VE against the RSV disease endpoint is pos-
itive. Based on the logistic regression modeling, an antibody re-
sponse marker is supported to meet the Prentice criteria if all of 

Figure 4. Risk of respiratory syncytial virus (RSV) disease (defined by endpoint 2) in vaccine arm subgroups defined by antibody marker exceeding thresholds with antibody 
marker defined by fold-change (day 14/day 0 [D0]) in enzyme immunoassay (EIA) (A), palivizumab-competitive antibody (PCA) (B), RSV-A (C ), or RSV-B (D); fold-change (infant 
cord blood [Cord]/D0) in EIA (E), PCA (F ), RSV-A (G), or RSV-A (H ); or Cord levels of EIA (I ), PCA (J ), RSV-A (K ), or RSV-B (L), with adjustment for covariates. The Cord/D0 
fold-change analyses were post hoc. The gray-shaded region indicates pointwise 95% confidence intervals and the green shaded region is the area under the reverse cu-
mulative distribution function. The vertical dashed red line marks the threshold of estimated zero risk. Endpoint 2 was defined as RSV-associated lower respiratory tract 
infection with severe hypoxemia (14 vaccine endpoints). Abbreviations: CDF, cumulative distribution function; Cord, infant cord blood; D0, day 0; D14, day 14; EIA, enzyme 
immunoassay; OD, optical density; PCA, palivizumab-competitive antibody; RSV-A, respiratory syncytial virus subtype A; RSV-B, respiratory syncytial virus subtype B.
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the following conditions are met, all in the context of adjusting 
for baseline potential confounding variables: (1) there is no ev-
idence of an interaction between treatment and the marker; (2) 
in a main effects model taking out the interaction term, there is 
an association of the antibody marker with outcome; (3) in this 
main effects model, there is no evidence of an association of the 
treatment/randomization assignment with outcome (ie, after 
accounting for the marker, treatment contains no additional in-
formation about risk). All models that included an interaction 
term for treatment and the antibody marker gave no evidence 
for interaction (P > .20), satisfying (1). The results from the 
main effects models containing the fold-change markers are 
shown in Table 3. For EIA D14/D0 fold-change and PCA 
D14/D0 fold-change, the results aligned with Prentice surro-
gate endpoint criteria (2) and (3). For RSV-A and RSV-B, treat-
ment arm still predicted RSV disease (endpoint 2) after 
accounting for the marker in the model, implying violation 
of criterion (3). Similar results were seen for the D14 analysis 
(not shown).

DISCUSSION

The maternal fold-rise markers showed, in general, stronger evi-
dence as inverse correlates of risk for RSV-associated acute LRTI 
with severe hypoxemia than the D14 or infant cord blood 

markers. These results suggest that the ability of the F nanoparti-
cle vaccine to boost preexisting maternal levels of neutralizing an-
tibodies against either RSV subtype, IgG antibodies that bind to 
the RSV fusion glycoprotein, or antibodies that compete for bind-
ing with palivizumab to the RSV fusion glycoprotein is more rel-
evant to the prediction of risk or protection than the absolute 
levels of these markers 2 weeks after vaccination or in infants 
at birth. One potential explanation for our findings is that anti-
body fold-change is a nonmechanistic CoP [25], in that a higher 
fold-change reflects acquisition of some qualitative feature of 
RSV F-specific antibodies important for conferring protection, 
such as having undergone appropriate affinity maturation [32]. 
Alternatively, fold-change might be a marker for the acquisition 
of enhanced Fc receptor binding or complement activating ca-
pacity by the maternal F protein–specific antibody pool.

Among the fold-change antibody markers, anti-F glycoprotein- 
binding antibodies and PCAs appeared to be better correlates 
than neutralizing antibodies against either RSV subtype. We in-
terpret this finding as suggestive of a potential role for 
Fc-mediated antibody effector functions not captured by neu-
tralization assays in the clearance of extracellular virus and/or 
infected cells [33]. In addition, the binding antibody markers 
appeared to have less technical measurement error than the 
neutralizing antibody markers, which led to narrower CIs 
about association parameters based on these markers.

Figure 5. Performance by treatment arm of SuperLearner for predicting respiratory syncytial virus (RSV) disease case/control status defined by endpoint 1 or by endpoint 
2. Cases were defined as infants in the correlates analysis cohort with an RSV illness defined by endpoint 1 or endpoint 2 (as appropriate) through 90 days of age in the 
expanded data set. Controls were defined as infants who did not experience RSV disease defined by endpoint 1 or endpoint 2 (as appropriate) through 90 days of age in the 
expanded data set. Endpoint 1 was defined as medically significant RSV-associated lower respiratory tract infection (LRTI), RSV-associated LRTI with hospitalization, or 
RSV-associated LRTI with severe hypoxemia (52 vaccine and 51 placebo endpoints). Endpoint 2 was defined as RSV-associated LRTI with severe hypoxemia (14 vaccine 
and 27 placebo endpoints). *All models include maternal baseline covariates. Abbreviations: CI, confidence interval; Cord, infant cord blood; CV-AUC, cross-validated ar-
ea under the receiver operating characteristic curve; D0, day 0; D14, day 14; EIA, enzyme immunoassay; PCA, palivizumab-competitive antibody; RSV, respiratory syncytial 
virus.
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Between the anti-F binding antibody and PCA enrollment to 
D14 fold-change markers, we observed the most consistent ev-
idence for fold-change anti-F binding antibody as a correlate of 
risk and CoP against RSV-associated acute LRTI with severe 
hypoxemia. This marker was the only antibody marker that sig-
nificantly inversely correlated with risk in the logistic regres-
sion analysis after the prespecified multiple hypothesis testing 
adjustment and the only marker that associated with VE; more-
over, it inversely correlated with risk in nonparametric thresh-
old regression and adhered to the Prentice criteria for a valid 

surrogate endpoint (caveated that this last analysis was post 
hoc exploratory). A conclusion that the marker satisfies the 
Prentice criteria relies on there being no unmeasured maternal 
factors that predict both RSV disease and the antibody marker, 
an assumption that cannot be verified from the data. The re-
sults for fold-change PCA were generally comparable, except 
that this marker was not found to associate with VE. 
However, the small numbers of vaccine breakthrough end-
points and the fact that neutralizing antibodies were only mea-
sured in a subset of the controls limit the level of confidence in 

Figure 6. Point and 95% confidence interval estimates of vaccine efficacy against respiratory syncytial virus (RSV) disease defined by endpoint 1 (top row) or endpoint 2 
(bottom row) as a function of enzyme immunoassay day 14 (D14)/day 0 (D0) fold-change (A and E), palivizumab-competitive antibody (PCA) D14/D0 fold-change (B and F ), 
RSV-A D14 (C and G), and RSV-B D14 (D and H ) in vaccine recipients, denoted S(1). P indicates 2-sided P values based on the Wald test for interaction between treatment and 
S(1) in the risk model, which evaluates whether vaccine efficacy changes over subgroups defined by S(1). Endpoint 1 was defined as medically significant RSV-associated 
lower respiratory tract infection (LRTI), RSV-associated LRTI with hospitalization, or RSV-associated LRTI with severe hypoxemia (52 vaccine endpoints). Endpoint 2 was 
defined as RSV-associated LRTI with severe hypoxemia (14 vaccine endpoints). All P values are with covariate adjustment. Abbreviations: BH, false-discovery rate (q value, 
Benjamini-Hochberg) adjustment; CI, confidence interval; D0, day 0; D14, day 14; EIA, enzyme immunoassay; Holm, family-wise error rate (Holm-Bonferroni); PCA, palivi-
zumab-competitive antibody; RSV-A, respiratory syncytial virus subtype A; RSV-B, respiratory syncytial virus subtype B.

Table 3. Logistic Regression Models for Each of the 4 Day 4/Day 0 Fold-Change Markers With Treatment Arm and Adjustment for Covariates

Variable EIA PCA RSV-A RSV-B

Treatment 1.24 (.35–4.41, P = .743) 1.68 (.49–5.80, P = .410) 0.34 (.17–.67, P = .002) 0.39 (.19–.79, P = .009)

D14/D0 fold-change 0.28 (.10–.78, P = .014) 0.18 (.06–.54, P = .002) 0.37 (.13–1.07, P = .068) 0.36 (.14–.91, P = .031)

Maternal risk score for endpoint 2 1.20 (.97–1.47, P = .095) 1.21 (.98–1.49, P = .081) 1.39 (1.00–1.94, P = .051) 1.38 (1.00–1.90, P = .052)

Days between vaccination and birth 0.99 (.97–1.00, P = .100) 0.99 (.97–1.00, P = .103) 0.99 (.97–1.00, P = .072) 0.99 (.97–1.00, P = .099)

Values are presented as odds ratios (95% confidence intervals and 2-sided P values), where for D14/D0 fold-change odds ratios are per 10-fold increase. All models that included an interaction 
term for treatment and the antibody marker gave no evidence for interaction (P > .20); thus, the interaction terms were removed from the models. Endpoint 2 was defined as RSV-associated 
lower respiratory tract infection with severe hypoxemia.  

Abbreviations: D0, day 0; D14, day 14; EIA, enzyme immunoassay; PCA, palivizumab-competitive antibody; RSV-A, respiratory syncytial virus subtype A; RSV-B, respiratory syncytial virus 
subtype B.
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any conclusions related to the relative merit of the 4 antibody 
markers as correlates.

Among the RSV severe disease endpoints considered in the 
analyses, the majority of antibody correlates were against 
RSV-associated acute LRTI with severe hypoxemia (endpoint 
2). This suggests that severe hypoxemia may be the critical as-
pect of the endpoint that defines a correlate of F nanoparticle 
vaccine–induced protection. To our knowledge, previous stud-
ies reporting on neutralizing antibody cutoffs for protection 
against RSV disease have not included severe hypoxemia in 
their disease definitions, instead considering protection 
against, for example, RSV polymerase chain reaction–positive 
pneumonia or influenza-like illness [14], 2 potentially subjec-
tive definitions. Our results thus suggest that severe hypoxemia 
should be an important parameter to include in future RSV dis-
ease correlates analyses, perhaps by providing a key quantita-
tive element of severity.

Overall, our results are encouraging for the RSV vaccine field 
and suggest that—if the F nanoparticle vaccine is confirmed to 
have induced protective responses—efficacy could be enhanced 
by augmenting the vaccine’s ability to boost preexisting binding 
and/or neutralizing antibody responses, particularly anti-F IgG 
binding antibodies. Given that the F nanoparticle vaccine in-
duced anti-F binding antibodies more effectively than it did 
neutralizing antibodies, it is perhaps not surprising that protec-
tion associated with this vaccine might be associated with in-
duction of anti-F antibodies. However, a challenge posed to 
the RSV vaccine field is that it is not known whether the anti-
body correlates identified here apply to other vaccine candi-
dates/platforms in development [3]. A further limitation of 
this analysis was the restriction to South Africa, which was ne-
cessitated due to the lack of available antibody data from other 
countries. Additional immune correlates studies would need to 
be performed using efficacy trial data from other vaccine can-
didates/platforms/countries to answer this question. Another 
conclusion is that measurement of neutralization alone may 
not capture all the protective features of the vaccine-induced 
antibody response. However, given that the correlates results 
are based on only 27 cases in the placebo arm and 14 cases in 
the vaccine arm (for endpoint 2), future studies with higher 
case numbers are needed.
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