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Background. Respiratory syncytial virus (RSV) is a leading cause of viral pneumonia and bronchiolitis during the first 6 months 
of life. Placentally transferred antibodies can prevent severe RSV illness, and maternal immunization may reduce illness in young 
infants. Identification of protective antibody levels facilitates the advancement of vaccine candidates and maternal immunization.

Methods. We conducted a nested case-control study with 587 Malian mother–infant pairs, followed from birth to age 6 months. 
RSV cases were infants who developed influenza-like illness (ILI) or pneumonia and were RSV-positive by polymerase chain reac-
tion. Cases were matched to healthy controls and RSV-negative ILI controls. RSV-A and RSV-B neutralizing antibodies were meas-
ured in maternal, cord blood, and infant sera at age 3 and 6 months.

Results. Maternal antibodies were efficiently transferred to infants. Maternal and infant RSV titers were strongly cor-
related. Infant antibody titers against RSV-A were 3 times higher than those against RSV-B. At birth, infants who remained 
healthy had significantly higher RSV-A and RSV-B titers compared with infants who subsequently contracted RSV. RSV-A 
inhibitory concentration (IC)80 titer >239 or RSV-B titer >60 at birth was significantly associated with being a healthy control 
compared with an RSV case within the first 3 months of life. RSV-A IC80 titers in cord blood were associated with decreased 
episodes of pneumonia.

Conclusions. Maternally acquired RSV antibodies were associated with protection of infants against community-detected cases 
of RSV-ILI and pneumonia. RSV titers in cord blood can predict whether an infant will be infected with RSV or remain uninfected.
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Respiratory syncytial virus (RSV) is a leading cause of viral pneu-
monia and bronchiolitis among children aged <5 years worldwide 
[1]. Pneumonia before age 6 months is a frequent cause of early 
childhood mortality [2]. While RSV-related infant death remains 
a major problem in developed nations, 99% of RSV-related deaths 
occur in low-resource settings [3]. There are limited treatment op-
tions for RSV, and no vaccine is available to protect infants from 
RSV infection. However, it has been shown that RSV transplacental 
antibody transfer from mother to infant is efficient, suggesting that 
maternal vaccination in the early third trimester may be effective 
for protecting infants early in life [4–6].

Previous studies have shown that RSV neutralizing an-
tibody (nAb) levels in cord blood are associated with pro-
tection from RSV hospitalization among children aged 
<6 months [7, 8]. Additionally, the severity of RSV disease 
and pneumonia has been associated with RSV-specific anti-
body levels [9, 10]. There is evidence that maternally derived 
RSV-specific antibodies can protect against RSV illness and 
RSV-related lower respiratory infections (LRI). However, 
analyses from 2 longitudinal cohort studies showed no as-
sociation between cord blood serum RSV-specific antibody 
level and RSV LRI [11, 12].

Maternal immunization against RSV may be an effective 
measure to simultaneously protect mothers against RSV and 
decrease the risk of illness in infants. Defining protective an-
tibody levels in newborns is necessary to predict the potential 
efficacy of any maternal immunization strategy. Using a nested 
case-control study design, we aimed to assess the association 
between subtype-specific RSV neutralization activity and pro-
tection from RSV in the first 6  months of life and identify 
protective thresholds of maternally derived subtype-specific 
anti-RSV antibodies at birth.
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METHODS

Clinical Specimens

To assess the association between RSV neutralization and RSV 
illness, we used serum and respiratory illness surveillance data 
from a study on the efficacy of maternal influenza vaccination 
on influenza risk in infants [13]. The study was conducted in 
Mali and included pregnant women in their third trimester who 
received either trivalent influenza vaccine or quadrivalent me-
ningococcal conjugate vaccine.

From September 2011 to April 2013, 4193 enrolled preg-
nant women were followed with weekly home visits, and their 
infant(s) was followed up to age 6  months for influenza-like 
illness (ILI) as outlined previously [13]. The infants were ad-
ditionally followed for pneumonia, including severe and very 
severe (as defined by World Health Organization criteria) [14]. 
Case definitions are included in the Supplementary Materials.

In this study, we used a subset of influenza-negative speci-
mens taken at the time of ILI or pneumonia from infants whose 
ILI or pneumonia occurred during the months of October 
2012–October 2013 based on known RSV circulation in the 
study area (A. Driscoll, personal oral communication, 2017). 
The specimens included all samples from infants who presented 
with fever without an apparent source, 30% of samples collected 
from infants who presented with fever and acute upper respi-
ratory infection, and all samples collected from infants with 
pneumonia. Preference was given to cases where the infant was 
hospitalized or the outcome resulted in death. Specimens in-
cluded maternal serum at delivery, cord blood, and infant sera 
at age 3 and 6 months.

RSV Diagnostic

RSV was detected with the respiratory pathogens 33 real time-
PCR polymerase chain reaction kit (Fast Track Diagnostics; 
Junglinster, Luxembourg). Positive samples were further tested 
with the RealStar RSV RT-PCR kit (Altona Diagnostics) for 
RSV-A and RSV-B differentiation.

Study Design

A nested case-control study design was used and described in 
detail previously [15]. Briefly, participants were selected from 
those included in RSV testing described above. Cases were in-
fants who experienced pneumonia or ILI and samples from the 
episode tested positive for RSV by PCR. Cases were matched 
by birth date to 2 sets of controls: infants with RSV-negative 
ILI (ILI controls) and infants without any ILI during the study 
(healthy controls). ILI controls were infants who experienced 
pneumonia or ILI within the study, received an RSV test for 
all episodes of pneumonia or ILI, and never tested positive for 
RSV. Up to 2 ILI controls were matched to each case. Healthy 
controls were matched to cases as a simple random sample of 
remaining eligible controls after ILI controls had been assigned. 
A given control could not be matched to more than 1 case. The 

matches were made in chronological order, according to the 
date of RSV case fever onset and RSV case age.

RSV Neutralization Assays

Fluorescently (mKate)-labeled recombinant RSV-expressing F 
genes from subtype A or B were incubated with serially diluted 
serum samples, and the mix was added to Hep 2 cells. Following 
incubation, cells were lysed and fluorescence intensity deter-
mined. Detailed methods are included in the Supplementary 
Materials. The 50% and 80% inhibitory concentrations (IC50 
and IC80) for each sample were calculated using 5-parameter 
curve fitting and nonlinear regression. The limit of detection of 
the assay was 20 (inverse of starting dilution); sera that did not 
reach 50% or 80% inhibition at the 1:20 dilution were assigned 
a titer of 10.

Statistical Analyses

Median and interquartile range were calculated for RSV nAb 
levels (IC80 and IC50 for both RSV-A and RSV-B) at birth for 
samples from mothers and infants by group. The mother-to-
infant ratio was also calculated for each group. Cases were 
analyzed both by RSV subtype and as a single pooled group. 
The geometric mean neutralizing activity was calculated for in-
fants at zero, 3, and 6 months. Preliminary analysis compared 
antibody distribution between groups using nonparametric 
Wilcoxon rank sum tests.

Matched analysis to account for confounding by case age 
and date was done using conditional logistic regression, com-
paring controls to RSV cases. Three distinct matched analyses 
were done for both RSV-A neutralization (IC80) and RSV-B 
neutralization (IC80): using IC80 in cord blood as the predictor 
of interest, using maternal neutralizing activity at birth as the 
predictor, and stratified by timing of RSV case, with cord blood 
neutralizing activity compared among matched infants where 
RSV cases occurred before age 3 months and neutralizing ac-
tivity at 3  months compared among infants where RSV cases 
occurred after age 3 months.

To define a cord blood neutralizing activity IC80 level that 
can predict an infant being a healthy control, the sensitivity and 
specificity of IC80 levels for determining healthy control status 
were calculated. The IC80 value with the maximum sensitivity + 
specificity level, or the minimum value of d (distance from the 
upper left corner of the receiver operating characteristic curve), 
was used to define cutoff points for predictive values of RSV-A 
IC80 and RSV-B IC80.

We hypothesized that the association between ILI controls 
and cases could be confounded by overall poor health among 
ILI controls. To account for this, maternal socioeconomic 
status, household crowding, infant birth weight, and gestational 
age were examined as potential confounders by first assessing 
the bivariate association with case status and later testing for 
inclusion in conditional logistic regression models.
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The same analyses were performed for RSV IC50. All ana-
lyses are summarized in Supplementary Table S0 and were con-
ducted using SAS 9.4.

RESULTS

Maternal–Infant Pairs and RSV-Antibody Transfer

Among infants included [15], 157 had ILI episodes that tested 
positive for RSV; among these, 146 infants had cord blood sam-
ples for serological analysis (RSV cases). Of these 146 infants, 
27 had ILI episodes that tested positive for RSV-A and 124 for 
RSV-B. Five ILI episodes tested positive for both RSV-A and 
RSV-B. RSV cases were matched to 190 infants who had ILI and 
tested negative for RSV (ILI controls) and 251 infants who did 
not experience any ILI (healthy controls). There were no signif-
icant differences between mothers at baseline (Table 1).

Maternal and infant subtype-specific nAb at birth is shown 
in Figure  1. The median infant-to-maternal nAb activity 
(IC80) ratio at birth was between 1.01 and 1.15 for all groups, 
except for RSV-B among ILI controls, for which it was 0.93 
(Supplementary Table S1). Maternal and infant nAb levels 
were strongly associated. Correlation between mother–in-
fant IC80 titers was the strongest for RSV-B and in ILI controls 
(Supplementary Table S1).

Association Between Infant Antibodies at Birth and RSV Disease

Initial unmatched analysis of neutralizing activity in cord blood 
for all and subtype-specific cases (Table  2) showed no differ-
ence between RSV cases and ILI controls, although a significant 
difference was found between RSV cases and healthy controls. 
Healthy control infants had significantly higher RSV-A and 
RSV-B neutralizing activity at birth compared with RSV cases 

regardless of the subtype (Table  2). In all groups, infant neu-
tralizing titers against RSV-A were 3 times higher than those 
against RSV-B (Table 2 and Supplementary Table S2).

Among potential confounders examined for the association 
between case status and neutralizing activity at birth, only ges-
tational age was associated with RSV-B nAb activity. None of 
the variables examined were associated with case status, and 
thus no variables were included as confounders for additional 
analyses. Neutralizing activity decreased significantly (to detec-
tion limit) at 3 months in all groups (Figure 2, Supplementary 
Table S2). Levels remained similar at age 6 months.

Timing of RSV Illness

Next, we investigated the association between nAb levels and case 
status by the timing of RSV infection. In preliminary analyses, 
cases with any RSV infection (Table 3) or with RSV-A infection 
(Supplementary Table S4) in the first 3 months had significantly 
lower RSV-A IC80 levels at birth compared with healthy controls. 
There was also a trend of lower IC80 levels among infants with early 
RSV infection compared with ILI controls. No difference in anti-
body titer was detected for RSV-B between cases and controls and 
between later cases of RSV and controls (Table 3).

Adjusted Analysis—Controlling for Matching

Final adjusted analysis, controlling for matching, was done 
using conditional logistic regression with log-transformed 
IC80 titers as the predictor variable and case status as the 
outcome. Before age 3 months, higher RSV-A IC80 neutral-
izing activity was associated with nonsignificant protec-
tion from RSV-A (Supplementary Table S6), and higher 
RSV-A antibodies were significantly predictive of being a 
healthy control compared with having any RSV infection, 

Table 1. Demographic and Clinical Characteristics of Mothers at Baseline, by Case Status

Characteristic RSV Cases (N = 146) ILI Controls (N = 190) Healthy Controls (N = 251)

Maternal characteristics    

 Socioeconomic index,a mean (SD) 0.65 (3.5) −0.09 (3.5) 0.46 (3.8)

 Less than primary education, n (%) 120 (82) 156 (82) 199 (79)

 Primary or more education, n (%) 26 (18) 34 (18) 52 (21)

 Household crowding, people/room, mean (SD) 2.8 (2.1) 2.8 (1.7) 2.8 (1.5)

 Age, mean (SD), y 25.6 (6.2) 24.9 (5.9) 24.0 (6.0)

Infant characteristics    

 Gestational age, mean (SD), weeks 39.9 (2.2) 39.4 (2.3) 39.7 (2.3)

 <37 weeks (preterm), n (%) 11 (7) 11 (6) 15 (6)

 Birth weight, mean (SD), g 3124 (476) 3063 (453) 3068 (432)

 <2500 g (low birth weight), n (%) 8 (5) 21 (11) 25 (4)

ILI cases, n 117 173 –

Pneumonia cases, n 29 17 –

RSV-A cases, n 27 – –

 First 3 months, ILI/pneumonia 8/2 – –

RSV-B cases, n 124 – –

 First 3 months, ILI/pneumonia 27/12 – –

Abbreviations: ILI, influenza-like illness; RSV, respiratory syncytial virus; SD, standard deviation; –, not applicable.
aSocioeconomic index has population mean = 0.33, SD = 3.67, range = (−7 to 13).

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
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with a 10-fold increase in the RSV-A IC80 being associated 
with an 84% increase in the odds of being a healthy control 
(Table 4).

Using the IC80 value with the maximum sensitivity + spec-
ificity level for predicting RSV illness, cut-points identified 
were RSV-A IC80  =  239 or greater and RSV-B IC80  =  60 or 
greater. Looking at IC80 titers as a continuous variable, there 

Table 2. Cord Blood Samples, Median and Interquartile Range of Respiratory Syncytial Virus (RSV)-A and RSV-B Neutralization (80% Inhibitory 
Concentration) by Group; P Values Comparing RSV Cases (All and Strain Specific) vs Controls

Group

All Cases (N = 146) Strain-specific Cases

Cord Blood IC80 Median (IQR) P Value (Wilcoxon) Cord Blood IC80 Median (IQR) P Value (Wilcoxon)

RSV-A IC80 levels

 RSV cases 217 (128–377) Ref 219 (108–530) (n = 27) Ref

 ILI controls 240 (137–453) .22 240 (137–453) .62

 Healthy controls 256 (143–447) .04 256 (143–447) .32

RSV-B IC80 levels

 RSV cases 70 (41–159) Ref 72 (44–127) (n = 124) Ref

 ILI controls 75 (44–156) .47 75 (44–156) .54

 Healthy controls 88 (51–163) .03 88 (51–163) .04

Abbreviations: IC80, 80% inhibitory concentration; ILI, influenza-like illness; IQR, interquartile range; Ref, reference group; RSV, respiratory syncytial virus.
aILI controls and healthy controls were compared with RSV cases in unmatched preliminary analysis using nonparametric Wilcoxon rank sum tests.

Figure 2. Infant RSV neutralizing antibody (IC80) kinetics by case status. (A) RSV-A 
and (B) RSV-B. Data show log transformed (base 2) titers in RSV cases and healthy 
controls. (+) indicate RSV cases and (o) indicate healthy controls. Abbreviations: 
IC80, 80% inhibitory concentration; RSV, respiratory syncytial virus.

Figure 1. Maternal and infant RSV neutralizing activity (IC80) at birth. (A) RSV-A and (B) 
RSV-B. Data show log transformed (base 2) reciprocal IC80 sera dilution for mothers and 
infants in healthy controls, ILI (RSV neg), and RSV (ILI pos) groups. Abbreviations: IC80, 
80% inhibitory concentration; ILI, influenza-like illness; RSV, respiratory syncytial virus.
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was no difference in RSV-A antibody levels at birth between 
ILI controls and RSV cases before age 3  months (Table  4). 
However, after dichotomizing nAb levels as low/high using 
the chosen predictive value of RSV-A IC80  =  239, having 
RSV-A nAb titers above 239 at birth was associated with 3 
times the odds of being an ILI control compared with an 
RSV case (Table  5). Looking at RSV-B IC80 neutralization 
as a continuous variable, there was no association between 
RSV-B antibody levels and case status (Table  4). However, 
after dichotomizing RSV-B IC80 neutralization, having high 
RSV-B IC80 greater than 60 in cord blood was significantly 
associated with being a healthy control compared with all 
RSV cases (Table 5).

Association Between Maternal Antibodies and RSV Disease

In initial unmatched analysis, maternal nAb levels at birth 
were associated with an infant being an RSV-B case com-
pared with ILI or healthy controls (Supplementary Table 
S8). This association did not remain when accounting for 
matching in conditional logistic regression (Supplementary 
Table S9). Further, there was no association between 
maternal neutralization and being an RSV case when 

looking only at cases that occurred before age 3  months 
(Supplementary Table S10).

Association Between Infant Antibodies and Pneumonia

Last, we determined whether neutralization was predictive of 
severe disease. There were 46 infants in the dataset who had 
been hospitalized for pneumonia. In conditional logistic regres-
sion, increasing RSV-A IC80 neutralizing activity in cord blood 
was associated with significantly decreased odds of pneumonia 
(odds ratio [OR], 0.63; 95% confidence interval [CI], .41–.96), 
and increasing RSV-B IC80 neutralizing activity in cord blood 
was associated with a borderline decrease in odds of pneumonia 
(OR, 0.67; 95% CI, .41–1.10).

Similar analyses were conducted using neutralizing activity 
reported as IC50 (Supplementary Tables S3, S5, S7). Although 
results showed similar trends, calculation using IC50 titers did 
not reach significant associations except for the infant antibody 
levels in cord blood and pneumonia.

RSV Neutralizing Activity Half-life

The half-life of nAb was calculated for controls through age 
12 weeks. Among children without RSV infections, the mean 

Table 3. Neutralizing Activity (80% Inhibitory Concentration) Before Influenza-like Illness (ILI) Stratified by Timing of ILI: Comparing Controls With All 
Respiratory Syncytial Virus Cases

Group

Cases Up to 90 Days Cases After 90 Days

Cord Blood IC80, Median (IQR) P Value  
(Wilcoxon)

3 Month IC80, Median (IQR) P Value (Wilcoxon)

RSV-A IC80 levels

 RSV cases 170.1 (127.6–335.0) Ref (n = 47) 55.0 (44.8–87.3) Ref (n = 93)

 ILI controls 241.2 (134.0–485.4) .10 52.5 (37.9–91.4) .49

 Healthy controls 259.0 (143.0–447.0) .03 58.9 (40.3–99.4) .63

RSV-B IC80 levels

 RSV cases 77.6 (42.1–214.8) Ref (n = 46) 34.5 (26.5–48.7) Ref (n = 91)

 ILI controls 75.6 (43.4–155.9) .70 34.8 (27.1–46.2) .80

 Healthy controls 88.9 (51.3–163.2) .62 39.2 (26.9–57.5) .35

Abbreviations: IC80, 80% inhibitory concentration; ILI, influenza-like illness; IQR, interquartile range; Ref, reference group; RSV, respiratory syncytial virus.
aILI controls and healthy controls were compared with RSV cases in unmatched preliminary analysis using nonparametric Wilcoxon rank sum tests. 

Table 4. Infant Samples, Matched Analysis Using Conditional Logistic Regression for Odds of Being a Control Compared With All Respiratory Syncytial 
Virus Cases (With Any Strain) Stratified by Timing of Case

Group

Case Before 3 Months Case After 3 Months

ORa P Value ORa P Value

Comparing RSV-A IC80 

 RSV cases 1.00 Ref (n = 47) 1.00 Ref (n = 93)

 ILI controls 1.45 (0.87–2.43) .15 0.65 (0.38–1.10) .11

 Healthy controls 1.84 (1.09–3.10) 0.02 1.00 (0.67–1.50) .99

Comparing RSV-B IC80 

 RSV cases 1.00 Ref (n = 46) 1.00 Ref (n = 91)

 ILI controls 0.81 (0.50–1.31) .40 0.46 0.19 (1.11) .09

 Healthy controls 1.41 (0.87–2.30) .16 0.83 (0.40–1.73) .62

Abbreviations: IC80, 80% inhibitory concentration; ILI, influenza-like illness; OR, odds ratio; Ref, reference group; RSV, respiratory syncytial virus.
aOR for a 1 natural log increase in IC80 among infant samples.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa648#supplementary-data
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decrease in log2 RSV-A titers was 0.047 (standard deviation 
[SD] = 0.007)/day, indicating a half-life of 21.3 days. The mean 
decrease in log2 RSV-B titers was 0.037 (SD = 0.007)/day, giving 
a half-life of 27.0 days.

DISCUSSION

We are the first to demonstrate that maternally acquired RSV-
specific neutralizing antibodies can protect infants against 
community-detected cases of RSV-ILI. We are also the first to 
demonstrate the association between subtype-specific nAb and 
protection from RSV illness in infants. We aimed to assess the 
association between RSV nAb levels and protection from RSV 
in the first 6 months of life and to identify protective thresh-
olds of maternally derived anti-RSV antibodies in cord blood. 
Using a nested case-control study, we found a significant asso-
ciation between RSV-A nAb levels at birth and protection from 
RSV-ILI in the first 3  months of life. RSV-A nAb levels were 
also associated with protection against pneumonia in the first 
6 months of life. These findings provide critical evidence sup-
porting maternal vaccination against RSV to protect infants 
during early infancy.

Several studies have addressed the protective role of maternal 
antibodies against RSV. However, it is difficult to compare re-
sults between studies due to a lack of standardized results. 
One previous study, which found higher maternal immuno-
globulin G (IgG) among mothers whose infants did not have 
RSV infections, did not evaluate functional activity [16]. Most 
previous research that examined maternally derived RSV neu-
tralizing antibodies and the risk of disease focused on severe 
RSV, detected through hospital surveillance or at health clinics 
[9, 17–19]. While RSV hospitalizations should be a more sen-
sitive outcome than the outcome we used, previous evidence 
for a protective effect of RSV antibodies at birth have been 
mixed. In Texas, researchers found that cord blood titers for 
RSV nAb were significantly higher in the general population 
than among infants hospitalized for RSV-associated illness 
[9]. However, studies in Turkey, Kenya, and rural Alaska that 

looked at hospital-detected RSV were unable to find significant 
protection associated with cord blood antibody neutralization 
[17–19]. This may be related to the nAb assays used, the lack of 
subtype-specific analysis, or low power, as few outcomes were 
detected. Additionally, use of hospital-detected cases may lead 
to bias toward the null due to outcome misclassification, as 
many infants in the population likely experienced RSV infec-
tions but were not identified as cases. We may have missed some 
RSV cases, particularly those without fever or asymptomatic in-
fections [20]. However, this would have biased our results to-
ward the null, supporting the observed significant differences 
between cases and controls.

In Nepal, the only previous study with actively detected RSV 
cases, no association was found between cord blood nAb titers 
and RSV-ILI [12]. This may have been due to insufficient sample 
size, with only 30 RSV-ILI cases identified.

We are the first to look at subtype-specific RSV antibodies 
in the context of infection. We found predominantly RSV-B 
infections, and RSV-B neutralizing activity was lower than 
that against RSV-A. This could indicate that the RSV-B strain 
used was less sensitive to neutralization than the A strain or 
this may be a consequence of prior immunity to RSV-A in 
the population. We showed, for the first time, an association 
between RSV-A neutralizing activity and protection against 
all RSV infections. The association with all cases, as opposed 
to subtype specificity, suggests potential antibody cross-re-
activity [21]. The robust association between maternal and 
infant antibodies suggests a protective role for maternal IgG 
against infant RSV. Maternal anti-RSV IgG and infant anti-
RSV IgG were not correlated in a previous report [17] that 
did not analyze functional activity. Virus neutralization is 
a more specific readout and reveals antibody features and 
interactions missed by IgG enzyme-linked immunosorbent 
assays. Antibody neutralization measured by IC80 was more 
sensitive than when measured by IC50 and revealed associ-
ations and a predictive threshold of protection, which fur-
ther illustrates the relevance of the methods applied.

Table 5. Infant Samples, Matched Analysis Using Conditional Logistic Regression, Stratified by Timing of Case, Neutralizing Activity (80% Inhibitory 
Concentration) Dichotomized High (Respiratory Syncytial Virus [RSV]-A ≥239, RSV-B ≥60)/low

Group

Case Before 3 Months Case After 3 Months

ORa (95% CI) P Value ORa (95% CI) P Value

Comparing RSV-A IC80 high/low

 RSV cases 1.00 Ref (n = 47) 1.00 Ref (n = 93)

 ILI controls 3.15 (1.28–7.79) .01 0.76 (.22–2.67) .67

 Healthy controls 4.22 (1.67–10.67) .002 1.69 (.57–5.01) .35

Comparing RSV-B IC80 high/low

 RSV cases 1.00 Ref (n = 46) 1.00 Ref (n = 91)

 ILI controls 0.86 (.41–2.78) .72 0.74 (.49–1.78) .39

 Healthy controls 3.94 (1.22–12.62) .02 0.80 (.25–2.50) .70

Abbreviations: IC80, 80% inhibitory concentration; ILI, influenza-like illness; OR, odds ratio; Ref, reference group; RSV, respiratory syncytial virus.
aOR for having high IC80 among controls compared with all RSV cases
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We were unable to identify a significant difference between ILI 
controls and RSV cases in most analyses. ILI controls had the lowest 
infant-to-maternal ratio of RSV-B neutralizing activity in the popu-
lation, suggestive of predisposition to poor health or other unmeas-
ured confounders. However, our use of a robust study design, nested 
case control within a clinical trial, allowed us to identify sufficient 
numbers of cases and improves the strength of our inferences. Large 
numbers of cases allowed us to look at infections that occurred in the 
first 3 months of life, as previously recommended [22]. Due to fre-
quent active follow-up, we are confident that we identified most RSV 
cases in our population, limiting bias due to misclassification. The 
half-life of RSV antibodies in our study ranged from 21 to 27 days. 
These values are consistent with the RSV neutralization half-life of 
27 days previously reported at 10 weeks of age in Bangladeshi infants 
[4], supporting the relevance of our findings.

Our results provide strong evidence of the potential for 
a vaccine against RSV delivered to pregnant women to pro-
tect infants against RSV infection in early infancy. The data 
also suggest that protection from RSV disease is related to 
antibody properties, including neutralizing activity and sub-
type specificity, and may be more apparent when the disease 
end point is more severe. Maternal vaccination is expected 
to induce significantly higher maternal anti-RSV IgG levels 
at birth than those seen in this study. As maternal antibodies 
have a predictable decay time, vaccine-derived antibodies are 
expected to protect infants for at least 6 months, when infant 
vaccination would be appropriate. These data also support 
birth-dose administration to newborns of novel monoclonal 
antibodies engineered to achieve protective serum neutral-
izing activity for up to 5–6 months, a new technology being 
proposed as an alternative to immunization [23]. Ongoing 
studies involve analysis of epitope-specific antibody binding 
patterns, Fc-mediated functional activity, and antibody 
glycosylation profiles. Epitope-specific neutralizing activity 
will also be assessed based on the underlying premise that de-
fining antibody specificity and function with more precision 
will guide future strategies for maternal immunization.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, so 
questions or comments should be addressed to the corresponding author.

Notes
Acknowledgments. The authors thank Christopher Moore, Lori 

Romaine, and Consolee Karangwa for assay setup and Bob Bailer for assay 
supervision.

Financial support. This study was supported by the Bill & Melinda Gates 
Foundation (grant OPP1002744). This study was supported, in part, by 
intramural funding from the National Institutes of Allergy and Infectious 
Diseases, National Institutes of Health.

Potential conflicts of interest. The authors: No reported conflicts of 
interest. All authors have submitted the ICMJE Form for Disclosure of 
Potential Conflicts of Interest.

References
1. Leader S, Kohlhase K. Recent trends in severe respiratory syncytial virus (RSV) 

among US infants, 1997 to 2000. J Pediatr 2003; 143:127–32.
2. Walker CLF, Rudan I, Liu L, et al. Global burden of childhood pneumonia and 

diarrhoea. Lancet 2013; 381:1405–16.
3. Langley GF, Anderson LJ. Epidemiology and prevention of respiratory syncytial 

virus infections among infants and young children. Pediatr Infect Dis J 2011; 
30:510–7.

4. Chu HY, Steinhoff MC, Magaret A, et al. Respiratory syncytial virus transplacental 
antibody transfer and kinetics in mother-infant pairs in Bangladesh. J Infect Dis 
2014; 210:1582–9.

5. Roca A, Abacassamo F, Loscertales MP, et al. Prevalence of respiratory syncytial 
virus IgG antibodies in infants living in a rural area of Mozambique. J Med Virol 
2002; 67:616–23.

6. Piedra PA, Jewell AM, Cron SG, Atmar RL, Glezen WP. Correlates of immunity 
to respiratory syncytial virus (RSV) associated-hospitalization: establishment of 
minimum protective threshold levels of serum neutralizing antibodies. Vaccine 
2003; 21:3479–82.

7. Eick A, Karron R, Shaw J, et al. The role of neutralizing antibodies in protection of 
American Indian infants against respiratory syncytial virus disease. Pediatr Infect 
Dis J 2008; 27:207–12.

8. Stensballe LG, Ravn H, Kristensen K, et al. Respiratory syncytial virus neutral-
izing antibodies in cord blood, respiratory syncytial virus hospitalization, and re-
current wheeze. J Allergy Clin Immunol 2009; 123:398–403.

9. Glezen WP, Paredes A, Allison JE, Taber LH, Frank AL. Risk of respiratory syn-
cytial virus infection for infants from low-income families in relationship to age, 
sex, ethnic group, and maternal antibody level. J Pediatr 1981; 98:708–15.

10. Lamprecht CL, Krause HE, Mufson MA. Role of maternal antibody in pneumonia 
and bronchiolitis due to respiratory syncytial virus. J Infect Dis 1976; 134:211–7.

11. Holberg CJ, Wright AL, Martinez FD, Ray CG, Taussig LM, Lebowitz MD. Risk 
factors for respiratory syncytial virus-associated lower respiratory illnesses in the 
first year of life. Am J Epidemiol 1991; 133:1135–51.

12. Chu HY, Tielsch  J, Katz  J, et al. Transplacental transfer of maternal respiratory 
syncytial virus (RSV) antibody and protection against RSV disease in infants in 
rural Nepal. J Clin Virol 2017; 95:90–5.

13. Tapia  MD, Sow  SO, Tamboura  B, et  al. Maternal immunisation with trivalent 
inactivated influenza vaccine for prevention of influenza in infants in Mali: a 
prospective, active-controlled, observer-blind, randomised phase 4 trial. Lancet 
Infect Dis 2016; 16:1026–35.

14. World Health Organization. Revised WHO classification and treatment of 
childhood pneumonia at health facilities. Geneva, Switzerland: World Health 
Organization, 2014:6–14.

15. Buchwald AG, Tamboura B, Tennant SM, et al. Epidemiology, risk factors, and 
outcomes of respiratory syncytial virus infections in newborns in Bamako, Mali. 
Clin Infect Dis 2019; 70:59–66.

16. Ogilvie MM, Vathenen AS, Radford M, Codd  J, Key S. Maternal antibody and 
respiratory syncytial virus infection in infancy. J Med Virol 1981; 7:263–71.

17. Hacimustafaoglu M, Celebi S, Aynaci E, et al. The progression of maternal RSV 
antibodies in the offspring. Arch Dis Child 2004; 89:52–3.

18. Nyiro JU, Sande CJ, Mutunga M, et al. Absence of association between cord spe-
cific antibody levels and severe respiratory syncytial virus (RSV) disease in early 
infants: a case control study from coastal Kenya. PLoS One 2016; 11:e0166706.

19. Bulkow LR, Singleton RJ, Karron RA, Harrison LH; Alaska RSV Study Group. 
Risk factors for severe respiratory syncytial virus infection among Alaska native 
children. Pediatrics 2002; 109:210–6.

20. Munywoki PK, Koech DC, Agoti CN, et al. Frequent asymptomatic respiratory 
syncytial virus infections during an epidemic in a rural Kenyan household cohort. 
J Infect Dis 2015; 212:1711–8.

21. Murphy BR, Alling DW, Snyder MH, et al. Effect of age and preexisting antibody 
on serum antibody response of infants and children to the F and G glycoproteins 
during respiratory syncytial virus infection. J Clin Microbiol 1986; 24:894–8.

22. Munoz FM, Glezen WP. Why no effect of maternal respiratory syncytial virus-
neutralizing antibody? Pediatrics 2003; 111:218–20; author reply 218–20.

23. Zhu Q, McLellan JS, Kallewaard NL, et al. A highly potent extended half-life an-
tibody as a potential RSV vaccine surrogate for all infants. Sci Trans Med 2017; 
9:eaaj1928.


