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Reductions in antimicrobial consumption are needed to mitigate the burden of antimi-
crobial resistance. Vaccines may have an important role to play in reducing antimicro-
bial consumption by preventing infections for which treatment is often prescribed,
whether appropriately or inappropriately. However, limited understanding of the vol-
ume of antimicrobial treatment attributable to specific pathogens—and to viruses, in
particular—presently hinders efforts to prioritize vaccines with the greatest potential to
reduce antimicrobial consumption. In a double-blind trial undertaken across 11 coun-
tries, infants born to mothers who were randomized to receive an experimental vaccine
against respiratory syncytial virus (RSV) experienced 12.9% (95% CI: 1.3 to 23.1%)
lower incidence of antimicrobial prescribing over the first 3 mo of life than infants
whose mothers were randomized to receive placebo. Vaccine efficacy against antimicro-
bial prescriptions associated with acute lower respiratory tract infections (LRTIs) was
16.9% (95% CI: 1.4 to 29.4%). Over the first 3 mo of life, maternal vaccination pre-
vented 3.6 antimicrobial prescription courses for every 100 infants born in high-income
countries and 5.1 courses per 100 infants in low- and middle-income countries, repre-
senting 20.2 and 10.9% of all antimicrobial prescribing in these settings, respectively.
While LRTI episodes accounted for 69 to 73% of all antimicrobial prescribing pre-
vented by maternal vaccination, striking vaccine efficacy (71.3% [95% CI: 28.1 to
88.6%]) was also observed against acute otitis media–associated antimicrobial prescrip-
tion among infants in high-income countries. Our findings implicate RSV as a cause of
substantial volumes of antimicrobial prescribing among young infants and demonstrate
the potential for prevention of such prescribing through use of maternal vaccines
against RSV.
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Antimicrobial resistance (AMR) poses a severe threat to human health and well-being.
As human consumption of antimicrobial drugs is an important source of selective pres-
sure contributing to the emergence and expansion of AMR (1), strategies to reduce
antimicrobial use in situations where it is avoidable or unnecessary are a focus of AMR
action plans (2, 3). Vaccines against influenza, pneumococcus, and rotavirus have been
found to prevent substantial antimicrobial consumption and prescribing (4–7). While
understanding the potential for new vaccines to mitigate antimicrobial use and AMR
burden could inform priority setting in vaccine development, evaluation, and approval
(8), challenges surround efforts to define the extent of antimicrobial consumption pre-
ventable by specific vaccines (9). Microbiological diagnosis is seldom undertaken for
common, nonsevere infections that precipitate the greatest volumes of prescribing (10,
11) and is often impractical, as many of the pathogens causing acute respiratory,
febrile, and diarrheal infections are also prevalent among individuals without symptoms
(12). Due to this challenge, substantial antimicrobial consumption is likely associated
with viral infections for which treatment is unnecessary or inappropriate (7). Additionally,
polymicrobial interactions contribute to the pathogenesis of numerous bacterial infec-
tions, as best understood in the context of influenza virus interactions with Streptococcus
pneumoniae and Staphylococcus aureus (13–17). Such interaction pathways may further
implicate viruses in the etiology of conditions that are appropriate to treat with antibiotics.
Vaccines against respiratory viruses may thus have importance for preventing infections
that lead to both appropriate and inappropriate antimicrobial use.
Respiratory syncytial virus (RSV) is a leading cause of severe acute lower respiratory

tract infections (LRTIs) among infants globally (18). While RSV is also recognized as a
prominent contributor to common nonsevere infections, such as acute otitis media
[AOM (19)], the spectrum of clinical illnesses associated with RSV and its resulting
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impact on antimicrobial consumption are incompletely under-
stood (20). Previous ecological studies in the United Kingdom
have reported increases in pediatric antimicrobial prescribing
during periods with greater RSV circulation and have estimated
that RSV may account for a greater than or equal to threefold
higher fraction of pediatric antimicrobial prescribing than
influenza (21, 22). Facilitative interactions between RSV and
S. pneumoniae, Haemophilus influenzae, Moraxella catarrhalis,
and S. aureus have also been reported in the upper respiratory
tract among children with and those without acute respiratory
symptoms (23–27), and seasonal increases in respiratory and
invasive bacterial disease activity are associated with dynamics
of RSV transmission (28–31). These considerations have led to
enthusiasm about the prospects for reducing antimicrobial
consumption through RSV vaccination (32, 33).
A recent randomized trial administering a candidate RSV

fusion (F) protein nanoparticle vaccine to pregnant mothers
provided an opportunity to probe the burden of illness associ-
ated with RSV among young infants (34). Although the trial’s
prespecified primary success criterion was not met and the
vaccine was not licensed, infants whose mothers were random-
ized to receive the RSV F vaccine experienced 41.4% (95% CI:
18.0 to 58.1%) efficacy against medically significant RSV-
associated LRTI during the first 90 d of life in an intention-to-
treat (ITT) analysis including clinical trial–specific and hospital
record data. During the first 180 d of life, infants whose moth-
ers were assigned the RSV F vaccine experienced 24.7% (95%
CI: –1.3 to 44.0%) and 32.2% (95% CI: 15.3 to 45.7%) effi-
cacy against medically significant RSV-associated LRTI and
hospitalized LRTI due to any cause, respectively. To better
understand the contribution of RSV to antimicrobial prescrib-
ing among young infants and to test whether such prescribing
can be prevented by maternal RSV vaccination, we revisited
data from this trial assessing vaccine efficacy (VE) against
antimicrobial prescription end points.

Results

Enrollment in the trial has been described previously (34) and
proceeded from 3 December 2015 to 2 May 2018 across 87 sites
in Argentina, Australia, Chile, Bangladesh, Mexico, New Zea-
land, the Philippines, South Africa, Spain, the United Kingdom,
and the United States. We analyzed VE in an ITT framework,
including data from 3,005 maternal participants and 2,978
infants randomized to the RSV F vaccine and 1,573 maternal
participants and 1,546 infants randomized to placebo who were
present in the final database following all safety follow-up and
data monitoring. In total, 46 (of 3,051 [1.5%]) randomized
mothers and 36 (of 3,014 [1.2%]) live-born infants in the RSV F
vaccine arm and 12 (of 1,585 [0.8%]) randomized mothers and
19 (of 1,565 [1.2%]) live-born infants in the placebo arm were
excluded from the ITT efficacy cohort based on incomplete study
documentation or because data were not available from any study
interaction. Baseline characteristics of maternal participants
and infants were well balanced between the RSV F vaccine and
placebo arms (Table 1), as described previously (34).
Over the first 90 d of life, incidence rates of antimicrobial

prescribing among infants whose mothers were assigned the
RSV F vaccine and placebo were 133.7 and 148.7 prescription
courses per 100 person-years at risk, respectively (Fig. 1 and
Table 2). The corresponding VE estimate against new antimi-
crobial prescription courses through 90 d of life was 12.9%
(95% CI: 1.3 to 23.1%). Incidence rates of LRTI-associated
antimicrobial prescription courses were 71.0 and 82.2 per

100 person-years during the first 90 d of life among infants
whose mothers were assigned the RSV F vaccine and placebo,
respectively, yielding 16.6% (95% CI: 1.4 to 29.4%) VE
against this end point. Estimates of VE did not meet statistical
significance thresholds in analyses covering the full (365-d)
follow-up period for infants. Observed VE translated to preven-
tion of 4.8 (95% CI: 0.5 to 8.6) new antimicrobial prescription
courses per 100 infants during the first 90 d of life and 3.9
(95% CI: –5.5 to 12.5) courses per 100 infants during the first
year of life (Fig. 2).

Among infants in high-income countries (HICs; Argentina,
Australia, Chile, New Zealand, Spain, the United Kingdom, the
United States), VEs were 20.2% (95% CI: –10.1 to 42.2%) and
49.4% (95% CI: 3.5 to 73.5%) against all antimicrobial prescrip-
tion courses and LRTI-associated antimicrobial prescription
courses, respectively, through 90 d of life (Table 2). In low- and
middle-income countries (LMICs; Bangladesh, Mexico, the Phil-
ippines, South Africa), VEs were 10.9% (95% CI: –2.1 to
22.2%) and 12.8% (95% CI: –3.6 to 26.7%) against any and
LRTI-associated antimicrobial prescription courses, respectively,
over the same period. Among infants whose mothers were
assigned placebo, incidence rates of any and LRTI-associated
antimicrobial prescribing were roughly 2.6- and 5.6-fold higher
in LMIC settings than HIC settings, respectively, over the first
90 d of life. Accounting for these differences in incidence of anti-
microbial prescribing across settings, maternal vaccination pre-
vented an estimated 3.6 (95% CI: –1.8 to 7.6) antimicrobial
courses per 100 infants over the first 90 d of life in HICs and
5.1 (95% CI: –1.0 to 10.5) courses per 100 infants over the first
90 d of life in LMICs (Fig. 2). Considering only LRTI-associated
prescribing, maternal vaccination was estimated to avert 2.5
(95% CI: 0.2 to 3.8) and 3.7 (95% CI: –1.0 to 7.7) prescription
courses per 100 infants in HICs and LMICs, respectively, over
the first 90 d of life. Thus, LRTI episodes accounted for 69 to
73% of all antimicrobial prescribing prevented over the first
3 mo of life by maternal RSV vaccination in both HIC and
LMIC settings.

Estimates of VE against any acute respiratory infection–associated
antimicrobial prescribing during the first 90 d of life were 28.0%
(95% CI: –11.4 to 53.5%) and 8.0% (95% CI: –7.6 to 21.3%)
in HIC and LMIC settings, respectively (SI Appendix, Table S1).
For AOM-associated antimicrobial prescribing, VE over the first
90 d of life was 71.3% (95% CI: 28.1 to 88.6%) in HIC set-
tings, where 9.9 AOM-associated prescriptions occurred per 100
person-years in the placebo arm. In contrast, protection was not
evident in LMIC settings where incidence of this end point was
markedly lower, with only 2.0 AOM-associated prescriptions per
100 person-years in the placebo arm.

Differences in VE estimates across HIC and LMIC settings
were driven in large part by observations in the United States and
South Africa, which accounted for 1,067 (23.6%) and 2,368
(52.3%) of 4,524 infants in the ITT efficacy cohort, respectively.
Within the placebo arms, incidence rates of antimicrobial pre-
scribing during the first 90 d of life were 55.8 and 175.8 new
prescription courses per 100 person-years in the United States
and South Africa, respectively (SI Appendix, Table S2). Marked
differences were apparent in the clinical conditions precipitating
antimicrobial prescriptions in the two settings, with LRTI
accounting for 19.0 prescriptions per 100 person-years (34.1% of
all prescribing) among US infants and 110.7 prescriptions per
100 person-years (63.0% of all prescribing) among South African
infants within the placebo arms of both countries (SI Appendix,
Table S3). In contrast, AOM accounted for 10.0 and 2.6 pre-
scriptions per 100 person-years among US and South African
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infants in the placebo arms, respectively (17.9 and 1.5% of
all prescribing in the two settings, respectively). During the first
90 d of life, near-equal volumes of LRTI-associated prescribing
were prevented in the two settings (12.0 [95% CI: 3.5 to 15.9]
and 13.1 [95% CI: –7.8 to 30.3] LRTI-associated courses pre-
vented per 100 person-years in the United States and South

Africa, respectively) (SI Appendix, Table S4). The incidence of
AOM-associated antimicrobial prescribing prevented by maternal
vaccination over the same period was estimated to be 6.6 (95%
CI: 0.3 to 8.8) courses per 100 person-years among US infants
vs. –0.6 (95% CI: –7.5 to 1.6) courses per 100 person-years
among South African infants.

Table 1. Baseline characteristics of maternal participants and their infants included within the ITT population by
intended treatment

Study population and attribute

Participants by intended treatment, no (%)

RSV F vaccine Placebo

Mothers
n 3,005 1,573
Country
Argentina 164 (5.5) 83 (5.3)
Australia 73 (2.4) 40 (2.5)
Bangladesh 63 (2.1) 40 (2.5)
Chile 19 (0.6) 20 (1.3)
Spain 26 (0.9) 12 (0.8)
Mexico 7 (0.2) 4 (0.3)
New Zealand 148 (4.9) 88 (5.6)
Philippines 174 (5.8) 90 (5.7)
United Kingdom 21 (0.7) 11 (0.7)
United States 708 (23.6) 368 (23.4)
South Africa 1,602 (53.3) 817 (51.9)

Age, y
#24 1,225 (40.8) 646 (41.1)
25–29 932 (31.0) 477 (30.3)
30–34 597 (19.9) 331 (21.0)
$35 251 (8.4) 119 (7.6)

Gestational age at randomization, wk
#29 892 (29.7) 471 (29.9)
30–34 1,607 (53.5) 832 (52.9)
$35 484 (16.1) 263 (16.7)
Unknown 22 (0.7) 7 (0.4)

Risk behaviors at the time of randomization
Current smoking 215 (7.2) 108 (7.0)
Alcohol consumption 10 (0.6) 17 (0.6)
Recreational drug use 7 (0.4) 7 (0.2)

Infants
n 2,978 1,546
Country
Argentina 162 (5.4) 81 (5.2)
Australia 73 (2.5) 40 (2.6)
Bangladesh 81 (2.7) 37 (2.4)
Chile 19 (0.6) 20 (1.3)
Spain 26 (0.9) 12 (0.8)
Mexico 7 (0.2) 4 (0.3)
New Zealand 146 (4.9) 88 (5.7)
Philippines 172 (5.8) 89 (5.8)
United Kingdom 21 (0.7) 11 (0.7)
United States 701 (23.5) 366 (23.7)
South Africa 1,570 (52.7) 798 (51.6)

Birth characteristics
Sex, male 1,538 (51.6) 794 (51.4)
Gestational age <37 wk 173 (5.8) 92 (6.0)

Interval from randomization to delivery, wk
0–3 385 (12.9) 207 (13.4)
4–7 1,278 (42.9) 684 (44.2)
8–11 1,154 (38.8) 559 (36.2)
$12 161 (5.4) 96 (6.2)

Further descriptions of enrollment dates (SI Appendix, Table S1), eligibility criteria, and demographic attributes of the study population as well as comprehensive data on LRTI, safety
surveillance, and immunogenicity end points are available in ref. 34.
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Reductions in prescribing among infants differed across drug
classes (Table 3 and SI Appendix, Fig. S1). Overall, infants
whose mothers were assigned the RSV F vaccine and placebo
experienced 127.4 and 141.1 new antibiotic prescription
courses per 100 person-years over the first 90 d of life, respec-
tively, of which most were LRTI associated (70.4 and 81.4
prescription courses per 100 person-years in the two arms,
respectively). These observations corresponded to 13.1% (95%
CI: 1.2 to 23.5%) VE against all antibiotic prescription courses
and 16.4% (95% CI: 1.3 to 29.3%) VE against LRTI-
associated antibiotic prescription courses through 90 d of life.
Drugs for which the greatest reductions in prescribing were

observed included cephalosporins (with 28.0% [95% CI: 7.1 to
44.2%] VE against any prescribing and 46.2% [95% CI: 19.8
to 63.4%] VE against LRTI-associated prescribing over the first
90 d of life) and aminoglycosides (with 46.1% [95% CI: 19.9
to 64.0%] VE against any prescribing and 49.0% [95% CI:
24.0 to 65.8%] VE against LRTI-associated prescribing over
the first 90 d of life). For both drug classes, reduced incidence
of new prescription courses among infants whose mothers were
assigned the RSV F vaccine remained evident through the end
of follow-up. For penicillins, which accounted for 64.2% of all
prescribing observed in the trial, VE was 11.2% (95% CI: –2.2
to 22.7%) over the first 90 d of life. Of the 4.8 (95% CI: 0.5
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Fig. 1. Incidence of new antimicrobial prescription courses among infants within the ITT population by setting and occurrence of a linked LRTI diagnosis.
We present cumulative incidence curves for the denominator of all live-born infants within the ITT population and stratify data for all countries (A and B),
HICs (C and D), and LMICs (E and F). Red and black lines indicate observations among infants whose mothers were randomized to the RSV F vaccine and pla-
cebo, respectively; Insets plot data throughout the first year of life. We further stratify by drug class in SI Appendix, Fig. S1 and present all-antimicrobial and
drug-stratified observations among maternal participants in SI Appendix, Figs. S2 and S3.
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to 8.6) new antimicrobial prescription courses prevented per
100 infants over the first 90 d of life, the averted burdens of
prescribing for penicillins, cephalosporins, and aminoglycosides
totaled 2.8 (95% CI: –0.5 to 5.8), 2.5 (95% CI: 0.6 to 4.0),
and 1.8 (95% CI: 0.2 to 2.9) courses, respectively (Fig. 2).
Of all trial participants, South African infants experienced

the greatest reductions in prescribing of cephalosporins and
aminoglycosides (SI Appendix, Tables S5 and S6). As compared
with 10.0 and 13.4 prescriptions of cephalosporins and amino-
glycosides, respectively, per 100 person-years among US infants
aged 0 to 90 d whose mothers were assigned placebo, rates of
prescribing of these drugs among South African infants in the
placebo arm were 32.3 and 30.9 courses per 100 person-years,
respectively (SI Appendix, Tables S5 and S6). Among US
infants, VE against prescribing of penicillins was 42.9% (95%
CI: 5.4 to 65.5%) over the first 90 d of life, similar to the esti-
mate in other high-income settings (VE ¼ 38.2% [95% CI:
–18.0 to 67.6%]). Whereas significant protection against pre-
scribing of penicillins was not observed in South Africa, it
should be noted that penicillins accounted for a higher propor-
tion of all antimicrobial prescribing in that setting (81.9 vs.
62.0% in the placebo arms of South Africa and the United
States, respectively), with 4.2-fold higher rates of new prescrip-
tions among South African infants (144.0 vs. 34.6 prescriptions
per 100 children annually in the placebo arms). The absolute
incidence of penicillin prescribing prevented by maternal vacci-
nation was similar over the first 90 d of life between the two
settings, with 14.8 (95% CI: 1.9 to 22.7) and 12.1 (95% CI:
–11.5 to 32.0) prescriptions prevented per 100 infants annually
in the US and South African trial cohorts, respectively.
Across all settings, we further estimated 75.2% (95% CI: 10.4

to 93.2%) and 64.9% (95% CI: 8.1 to 86.6%) VE against
LRTI-associated prescription of antivirals, antifungals, antiproto-
zoans, and other antimicrobials during the first 90 d and through
end of follow-up, respectively, among infants (Table 3). Infants
whose mothers were randomized to the RSV F vaccine experi-
enced 48.0% (95% CI: 8.9 to 59.2%) VE against all antifungal
prescribing over the first 90 d of life, amounting to 1.0 (95% CI:
0.2 to 1.5) course averted per 100 infants (Fig. 2). We did not

identify evidence of differences in rates of new antimicrobial pre-
scription courses for maternal participants assigned the RSV F
vaccine or placebo overall or for specific drugs (SI Appendix,
Figs. S2 and S3 and Tables S7 and S8).

Discussion

In this randomized, double-blinded, multisite trial, infants of
mothers assigned the RSV F vaccine received fewer antimicro-
bial prescription courses over the first 90 d of life than infants
of mothers assigned placebo. While estimated efficacy of the
RSV F vaccine against RSV-associated, medically significant
LRTI in this trial did not meet the prespecified criterion for
success, our findings implicate RSV as a major contributor to
antimicrobial prescribing among young infants and demon-
strate that this prescribing is preventable by maternal vaccina-
tion. This evidence of protection against all-cause antimicrobial
prescribing end points is particularly noteworthy given that the
bulk of prescribing is associated with nonsevere conditions
against which vaccination may be expected to offer lower
degrees of protection (35); indeed, expanded ITT analyses
including trial-specific and hospital record data revealed incre-
mentally higher VE point estimates of 53.8, 58.6, and 73.7%
for end points of medically significant RSV-associated LRTI,
RSV-associated LRTI with hospitalization, and RSV-associated
LRTI with severe hypoxemia, respectively (34). Future RSV
vaccine candidates achieving higher efficacy may achieve greater
reductions than were evident in this trial, underscoring the
importance of RSV vaccine development as a strategy to reduce
antimicrobial consumption and AMR.

In this trial, the RSV F vaccine yielded the most noteworthy
effects on prescribing of cephalosporins and aminoglycosides.
These findings were most clearly apparent among South Afri-
can infants in site-specific analyses, although it should be noted
that stratification by both drug and setting resulted in under-
powered analyses for most trial sites. While estimated VE
against prescribing of penicillins did not exclude the possibility
of no effect, it is important to note that penicillins were the
most commonly prescribed antibiotic class in this study. Point

Table 2. VE against antimicrobial prescriptions among infants within the ITT population

Setting and end point

Through 90 d from birth Through end of follow-up

RSV F vaccine,
no. of events per
100 person-y
(no. of events)

Placebo, no.
of events per
100 person-y
(no. of events) VE (95% CI), %

RSV F vaccine, no.
of events per
100 person-y
(no. of events)

Placebo, no.
of events per
100 person-y
(no. of events) VE (95% CI), %

All countries, person-y 730 379 2,908 1,504
All antimicrobial prescriptions 133.7 (976) 148.7 (563) 12.9 (1.3–23.1) 111.2 (3,234) 112.8 (1,696) 3.4 (–4.8–11.1)
All antimicrobial prescriptions
for LRTI*

71.0 (518) 82.2 (311) 16.6 (1.4–29.4) 61.8 (1,797) 62.4 (939) 3.3 (–7.6–13.1)

HICs 242 132 953 516
All antimicrobial prescriptions 55.8 (135) 72.2 (95) 20.2 (–10.1–42.2) 62.8 (599) 66.1 (341) 5.2 (–14.2–21.3)
All antimicrobial prescriptions
for LRTI*

10.3 (25) 20.5 (27) 49.4 (3.5–73.5) 10.4 (99) 12.6 (65) 13.2 (–30.6–42.4)

LMICs 488 247 1,955 988
All antimicrobial prescriptions 172.3 (841) 189.5 (468) 10.9 (–2.1–22.2) 134.8 (2,635) 137.1 (1,355) 2.8 (–6.5–11.3)
All antimicrobial prescriptions
for LRTI*

101.0 (493) 115.0 (284) 12.8 (–3.6–26.7) 86.9 (1,698) 88.5 (874) 2.2 (–9.2–12.5)

VE is estimated as one minus the hazard ratio fitted via Cox proportional hazards models, allowing for recurrent events and using gamma frailty terms to account for interindividual
heterogeneity as well as differing baseline hazards within country-level strata. Further information on drugs prescribed is presented in SI Appendix, Table S2, and estimates of VE
against prescribing associated with differing respiratory infection end points are presented in SI Appendix, Table S3. Data on antimicrobial consumption among mothers and VE
estimates among mothers are presented in SI Appendix, Tables S4 and S5.
*LRTI was defined by the presence of at least one of the following signs or symptoms: cough, nasal flaring, chest indrawing, subcostal retractions, stridor, rales, rhonchi, wheezing,
crackles or crepitations, apnea, hypoxemia (defined as peripheral O2 saturation of <95% at sea level or <92% at altitudes of >1,800 m), or tachypnea (defined as $70 breaths per
minute at ages 0 to 59 d and $60 breaths per minute thereafter).
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estimates indicating prevention of 2.8 penicillin prescriptions
per 100 infants over the first 90 d of life accounted for over
half the estimated vaccine-attributable reduction in all antimi-
crobial prescribing in the trial. Among US infants who experi-
enced 42.9% (95% CI: 5.4 to 65.5%) VE against prescribing
of penicillins during the first 90 d of life, penicillins accounted
for nearly all prescribing prevented by maternal vaccination.
Our findings likely reflect international guidelines for the man-
agement of severe pneumonia with ampicillin/amoxicillin (or
penicillin) and gentamicin as the first-line treatment and ceftri-
axone as a second-line therapy (36). The extended duration
over which we identified protection against LRTI-associated
prescribing of certain drugs may have been anticipated from
adverse event monitoring in the trial, which revealed 24.6,
32.4, and 15.0% lower incidence of all-cause pneumonia, ear
infection, and rhinitis, respectively, through the first year of life
among infants whose mothers were assigned vaccination (34).
Whereas most prescribing of aminoglycosides occurred during
the first 90 d of life, the same was not true for prescribing of
other drugs against which we identified protection through the
end of follow-up.

In an earlier publication (34), expanded ITT analyses of the
primary trial end points identified greater VE against all RSV-
associated LRTI end points in LMICs as compared with HICs.
In comparing findings for these microbiologically specific end
points with findings from the present analysis, it is important
to consider that VE against antimicrobial use end points is
influenced not only by protection against RSV infection and
progression to disease, but also by antimicrobial prescribing
practices and burden of RSV-associated disease, each of which
may differ across settings. In the placebo arm of this trial, inci-
dence rates of antimicrobial prescribing due to any cause and
due to LRTI were 2.6- and 5.6-fold higher in LMICs than
HICs, respectively, during the first 90 d of life (189.5 vs. 72.2
prescriptions per 100 child-years and 115.0 vs. 20.5 prescrip-
tions per 100 child-years, respectively), indicating differences in
the burden associated with respiratory pathogens beyond RSV.
Whereas our 20.2% VE point estimate against antimicrobial
prescriptions among HIC infants through 90 d of life translated
to prevention of 3.6 prescriptions per 100 infants, a 10.9% VE
point estimate in LMIC settings translated to prevention of 5.1
prescriptions per 100 infants. Among infants in the United

All settings
First 90 days of life
First year of life

HIC settings
First 90 days of life
First year of life

LMIC settings
First 90 days of life
First year of life

All antibiotics
First 90 days of life
First year of life
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First 90 days of life
First year of life

Cephalosporins
First 90 days of life
First year of life

Macrolides
First 90 days of life
First year of life

Aminoglycosides
First 90 days of life
First year of life

Other antibiotics
First 90 days of life
First year of life
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First year of life

Antivirals
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Fig. 2. Total antimicrobial prescribing averted by the RSV F vaccine among infants within the ITT population. We plot the number of antimicrobial prescrip-
tion courses averted over each period as points with lines signifying 95% CIs, derived from primary effect estimates presented in Tables 2 and 3. Estimates
are stratified for all prescribing and LRTI-associated prescribing by HIC or LMIC setting and by drug class.
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States and South Africa specifically, maternal vaccination pre-
vented 3.0 and 3.2 LRTI-associated prescriptions, respectively,
per 100 infants over the first 90 d of life, despite substantial
differences in VE point estimates in the two settings (63.4% in
the United States vs. 11.9% in South Africa). Pathways by
which RSV infection contributes to common, nonsevere ill-
nesses that account for the majority of antimicrobial prescribing
merit further investigation. While some antimicrobial treatment
may occur for LRTI episodes directly attributable to RSV, a
substantial proportion may also occur for bacterial infections
precipitated by prior and possibly, mild or asymptomatic RSV
infection in the respiratory tract (37–39). It remains to be
determined to what extent the observed efficacy of the RSV F
vaccine against RSV-associated LRTI in this trial resulted from
prevention of acquisition of RSV or protection against progres-
sion to medically significant illness and how these modes of
protection may impact risk of diseases that result in antimicro-
bial prescriptions. Regardless of the specific mechanisms
involved, however, our findings signify a similar burden of
vaccine-preventable antimicrobial prescribing in the United
States and other HICs as compared with South Africa and
other LMICs in the context of substantially differing incidence
of antimicrobial prescribing due to other causes.
This trial also revealed substantial VE against AOM-related

antimicrobial prescribing among infants in HIC settings but no
protection against this end point among LMIC infants. Incidence
of AOM-associated antimicrobial prescribing was 5.0-fold higher

within the placebo cohort of infants in HIC settings than LMIC
settings (9.9 vs. 2.0 prescriptions per 100 child-years). Underdi-
agnosis of AOM in LMICs is widely recognized (40) and may
contribute to these differences. Previous studies have implicated
RSV as the most prominent viral etiology of AOM (19), particu-
larly during the first year of life (41), substantiating the biological
basis for our findings in HIC settings.

It is unsurprising that this trial did not reveal effects of the
RSV F vaccine against antimicrobial prescribing among mater-
nal participants. First exposure to RSV typically occurs early in
life, and young adults are frequently reexposed and thus, rela-
tively resistant to clinically important disease involving this
pathogen (20, 42). Relative to observations among infants,
acute respiratory infections and LRTIs were less prominent
causes of antimicrobial prescribing among maternal partici-
pants; prophylaxis for group B Streptococcus or labor-related
surgeries accounted for a high proportion of all antimicrobial
prescribing within this group.

The 12.9% VE against all-cause antimicrobial prescribing
estimated in this trial should be considered in the context of
other interventions aiming to reduce antimicrobial exposure.
When successful, intensive antimicrobial stewardship cam-
paigns targeted to health care providers have reduced all-cause
outpatient antibiotic prescribing by orders of only 3 to 6% (43,
44) and have proven difficult to implement in a cost-effective
manner (45). While some RSV-attributable antimicrobial pre-
scribing observed in this trial is unlikely to provide clinical

Table 3. VE against antimicrobial prescriptions by drug class among infants within the ITT population

End point and drug

Through 90d from birth Through end of follow-up

RSV F vaccine,
no. of events per
100 person-y
(no. of events)

Placebo, no.
of events per
100 person-y
(no. of events) VE (95% CI), %

RSV F vaccine,
no. of events

per 100 person-y
(no. of events)

Placebo, no.
of events per
100 person-y
(no. of events) VE (95% CI), %

All antimicrobial
prescriptions, person-y

730 379 2,908 1,504

Any antibiotic 127.4 (930) 141.1 (534) 13.1 (1.2–23.5) 108.1 (3,145) 109.8 (1,651) 3.7 (–4.6–11.4)
Penicillins 92.2 (673) 101.7 (385) 11.2 (–2.2–22.7) 79.7 (2,317) 80.9 (1,216) 2.9 (–6.2–11.2)
Cephalosporins 29.6 (216) 36.2 (137) 28.0 (7.1–44.2) 17.2 (499) 20.1 (302) 22.9 (7.9–35.5)
Macrolides 7.7 (56) 9.5 (36) 17.8 (–30.1–48.1) 9.4 (274) 8.1 (122) �15.1 (–46.4–9.5)
Aminoglycosides 21.5 (157) 28.0 (106) 25.3 (3.5–42.1) 6.0 (175) 8.1 (122) 27.9 (8.3–43.3)
Other antibiotics 10.3 (75) 15.1 (57) 29.2 (–4.4–51.9) 8.0 (232) 9.0 (136) 11.8 (–14.0–31.8)
Antivirals, antifungals,
antiprotozoans, and other
antimicrobials

7.3 (53) 11.9 (45) 35.3 (–2.5–59.2) 3.7 (107) 4.3 (65) 12.7 (–23.9–38.5)

Antivirals 3.2 (23) 3.4 (13) �20.7 (–184.2–48.7) 1.7 (49) 1.5 (22) �25.8 (–121.0–28.3)
Antifungals 4.1 (30) 8.5 (32) 48.0 (8.9–70.3) 2.0 (58) 2.9 (43) 27.8 (–13.9–54.3)

All antimicrobial prescriptions
for LRTI*
Any antibiotic 70.4 (514) 81.4 (308) 16.4 (1.3–29.3) 61.6 (1,791) 62.2 (935) 3.2 (–7.7–13.0)
Penicillins 56.4 (412) 63.4 (240) 13.0 (–3.6–26.9) 49.5 (1,439) 49.6 (746) 2.0 (–9.8–12.6)
Cephalosporins 9.6 (70) 15.3 (58) 46.2 (19.8–63.4) 5.9 (173) 8.7 (131) 38.1 (18.9–52.8)
Macrolides 4.4 (32) 7.7 (29) 42.6 (–1.7–67.6) 6.0 (175) 4.8 (72) �23.8 (–69.7–9.6)
Aminoglycosides 7.4 (54) 13.5 (51) 46.1 (19.9–64.0) 2.1 (62) 4.1 (62) 49.1 (26.8–64.6)
Other antibiotics 1.4 (10) 3.2 (12) 48.0 (–32.7–79.6) 1.3 (37) 2.3 (35) 44.6 (0.9–69.0)
Antivirals, antifungals,
antiprotozoans,
and other antimicrobials

0.5 (4) 2.6 (10) 75.2 (10.4–93.2) 0.3 (8) 0.9 (13) 64.9 (8.1–86.6)

Antivirals 0.4 (3) 2.1 (8) 75.9 (–10.1–94.7) 0.2 (6) 0.7 (10) 64.9 (–11.1–88.9)
Antifungals 0.1 (1) 0.5 (2) 73.1 (–196.8–97.6) 0.1 (2) 0.2 (3) 65.0 (–109.6–94.2)

VE is estimated as one minus the hazard ratio fitted via Cox proportional hazards models, allowing for recurrent events and using gamma frailty terms to account for interindividual
heterogeneity as well as differing baseline hazards within country-level strata. Further information on drugs prescribed is presented in SI Appendix, Table S2, and estimates of VE
against prescribing associated with differing respiratory infection end points are presented in SI Appendix, Table S3. Data on antimicrobial consumption among mothers and VE
estimates among mothers are presented in SI Appendix, Tables S4 and S5.
*LRTI was defined by the presence of at least one of the following signs or symptoms: cough, nasal flaring, chest indrawing, subcostal retractions, stridor, rales, rhonchi, wheezing,
crackles or crepitations, apnea, hypoxemia (defined as peripheral O2 saturation of <95% at sea level or <92% at altitudes of >1,800 m), or tachypnea (defined as $70 breaths per
minute at ages 0 to 59 d and $60 breaths per minute thereafter).
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benefit (46), facilitative interactions between bacteria and RSV
in the upper airway (23–27) contribute to bacterial disease
pathogenesis, ultimately necessitating antimicrobial use, which
would not be preventable through stewardship. Moreover,
prompt antibiotic treatment—before microbial etiology can be
established—is recommended for children with severe LRTI
owing to the risk for rapid clinical deterioration in cases with
bacterial etiology (36). Thus, benefits of RSV vaccination likely
encompass reductions in both appropriate and inappropriate
antimicrobial prescribing. Prior studies have estimated that
pneumococcal conjugate vaccines and rotavirus vaccines pre-
vent 20 and 11% of antibiotic-treated episodes of acute respira-
tory infection and diarrhea, respectively, among young children
(5); during the influenza season, all-cause antimicrobial pre-
scribing was reduced by 42% in communities randomized to
receive influenza vaccination in a cluster-randomized trial (47).
These findings underscore the relative importance of vaccina-
tion as a strategy to control antimicrobial use, in addition to
reducing disease burden, and suggest that maternal RSV vacci-
nation could have a quantitatively similar impact to other
vaccine programs.
Our study has limitations. Results of this post hoc secondary

analysis should be viewed as hypothesis generating, as the trial
was not powered for determination of effects against antimicro-
bial prescribing, and our analyses were not adjusted for multiplic-
ity. As enrollment was timed relative to the season of peak RSV
transmission in each setting, estimates do not necessarily reflect
the overall burden of disease or antimicrobial prescribing associ-
ated with RSV, particularly at older ages when infants in our
study were unlikely to be exposed to RSV. The trial excluded
maternal participants with high-risk pregnancies, whose infants
may comprise an important risk group for RSV infection. Larger
studies are needed to estimate smaller vaccine effect sizes with
appropriate precision throughout the first year of life, as protec-
tion from maternally derived immunity wanes and RSV may
cause less prescribing during later infancy. Immunogenicity analy-
ses within the trial cohort estimated 31- to 49-d half-lives for
palivizumab-competitive antibody, anti–F protein immunoglobu-
lin G (IgG), and RSV A/B microneutralization titers (34); in a
smaller phase II immunogenicity study, antibody levels among
infants whose mothers were assigned the RSV F vaccine and pla-
cebo converged around 180 d after birth (48).
Future studies are warranted to better define the contribu-

tion of RSV to antimicrobial prescribing among infants, includ-
ing the extent to which RSV acts as a primary or coinfecting
pathogen in LRTI and other syndromes for which antimicro-
bial drugs are often prescribed. Averting antimicrobial prescrib-
ing is of particular importance for assessments of the public
health impact and value proposition of RSV vaccines, which
may ultimately prevent fewer severe disease cases and deaths
than other vaccines, such as those targeting S. pneumoniae, rota-
virus, and influenza, due to differences in the global burden of
these pathogens (49, 50). Our findings that RSV contributes to
antimicrobial prescribing among young infants and that this
prescribing is preventable by maternal vaccination suggest that
assessments of efficacy and impact on antimicrobial prescribing
should be included in the evaluation of interventions against
RSV and other viral respiratory pathogens.

Materials and Methods

Procedures. Trial design and primary safety and efficacy end points have been
reported previously (34). Briefly, healthy women ages 18 to 40 y with low-risk
singleton pregnancies were recruited and were randomized to receive RSV F

vaccination or placebo at between 28 and 36 wk of gestation before the start of
the typical RSV season in their location (SI Appendix, Table S9). Participants and
trial staff were blinded to vaccine or placebo assignment throughout the trial;
investigators worked with unblinded datasets for this secondary analysis.
Detailed eligibility criteria are included in the original study protocol (34).

Maternal participants were randomized to receive a 0.5-mL intramuscular
injection, which was either a 120-g dose of RSV F protein, adsorbed to a 0.4-mg
dose of aluminum as the phosphate salt, or a placebo formulation buffer without
aluminum. Block randomization was conducted by each participating site using
an interactive web-based randomization system; blocks were stratified by trial
site and maternal age (18 to 28 or 29 to 40 y). The trial followed a group-
sequential design, assigning treatment at a 1:1 (vaccine/placebo) ratio during
the first (2015 to 2016) RSV season and a 2:1 ratio thereafter based on a benign
safety profile in the first season.

The original trial design targeted a sample size of up to 8,618 third-trimester
pregnant subjects to meet power requirements for the primary end point of
RSV-associated medically significant LRTI in the first 90 d of life. Enrollment was
terminated after a third RSV season, when an informational analysis was consis-
tent with the presence of efficacy and the number of maternal participants in the
vaccine arm exceeded 3,000 (a minimum target for detection of safety signals
involving severe adverse events).

Trial Objectives, End Points, and Monitoring. This post hoc secondary anal-
ysis was undertaken to determine VE against new antimicrobial prescription
courses among infants during the first 90 d of life and through end of follow-up
(scheduled around 365 d of life). We also assessed VE against new antimicrobial
prescription courses among maternal participants through the end of follow-up
(scheduled around 180 d postdelivery). We considered new antimicrobial pre-
scription courses to have occurred any day when individuals received a prescrip-
tion for one or more antimicrobial drugs (as multiple drugs could be prescribed
as part of the same treatment course). Monitoring of all prescriptions for mater-
nal participants and infants occurred as a routine component of adverse event
surveillance in the trial. Investigators were responsible for recording medical
indications for each new prescription ordered in consultation with children’s
primary clinical care providers and parents or guardians in instances where
prescriptions were not ordered by study personnel.

We also evaluated VE against new antimicrobial prescription courses for LRTI,
AOM, and all (upper or lower) acute respiratory tract infections based on medical
indications recorded for each antimicrobial prescription. We considered LRTI to
encompass illness episodes where the presence of one or more of the following
signs or symptoms was noted: cough, nasal flaring, chest indrawing, subcostal
retractions, stridor, rales, rhonchi, wheezing, crackles or crepitations, apnea, hyp-
oxemia (defined as peripheral O2 saturation of <95% at sea level or <92% at
altitudes of >1,800 m), or tachypnea (defined as $70 breaths per minute at
ages 0 to 59 d and$60 breaths per minute thereafter). Passive surveillance for
LRTI proceeded as follows; maternal participants or infants’ guardians were
instructed to contact study staff, preferably<72 h from symptoms onset, if their
infants experienced any LRTI symptoms (as listed above) or poor feeding/failure
to feed, lethargy, or irritability. Maternal participants were likewise encouraged
to contact study staff if they themselves experienced cough, nasal congestion,
fever with one or more respiratory symptoms, runny nose, pharyngitis, or dys-
pnea. For each illness episode alerted to study staff, a visit was scheduled for
medical assessment within 72 h. As an additional active surveillance measure,
study staff members made telephone calls to maternal participants or infants’
guardians (at minimum) every 7 d during the first 180 d of life to determine
whether infants had recently experienced any acute respiratory symptoms
or adverse events. From approximately day 180 to 364 of life, adverse
events, including respiratory infections and any attendant antibiotic use, were
ascertained through passive reporting or at scheduled visits as detailed below.

Study staff recorded medication history for all other causes via interview of
parents and review of medical records at scheduled follow-up visits (at 14, 35,
60, 90, 112, 180, 252, and 364 d after delivery for infants; for maternal partici-
pants, at 7, 14, and 28 d after randomization, at delivery, and 35 and 180 d
after delivery) and at unscheduled follow-up visits in case of any medically
attended adverse event. Infants’ primary pediatricians were also notified before
or shortly after delivery that infants were participating in an investigational study
and were encouraged (along with parents/guardians of infants) to report adverse
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events to study staff. We report total antimicrobial prescriptions for individual
drugs by country, follow-up period, and randomization arm in SI Appendix,
Tables S10 and S11 for infants and maternal participants, respectively.

Statistical Analysis. The ITT efficacy analysis population for this study included
maternal participants who underwent randomization and their live-born infants
for whom complete informed consent documentation was available, regardless
of treatment errors or other protocol deviations. Consistent with the primary trial
analysis (34), the ITT efficacy analysis population was limited to infants and
maternal participants who were randomized, received a study treatment, and
completed one or more study visits from which efficacy could be calculated,
meaning that source data on prescription medications were available to and
were obtained by study staff. We truncated individuals’ observations at dates of
trial exit if this preceded the end of scheduled follow-up.

We used Cox proportional hazards models to compute hazard ratios for infants
and maternal participants assigned the RSV F vaccine vs. placebo for each out-
come. Analyses accommodated recurrent events via the Andersen–Gill method
(51); we used gamma frailty distributions to account for heterogeneity among
individuals in the context of repeated measures (52). We allowed for country-
specific baseline hazards (via regression strata) to address imbalance in the distri-
bution of countries among maternal participants assigned the RSV F vaccine and
placebo, which resulted from the midstudy transition from a 1:1 to 2:1 vaccine/
placebo randomization scheme. We measured VE as ð1–hazard ratioÞ � 100%.
We computed 95% CIs without adjustment for multiplicity and considered esti-
mates with 2.5-percentile lower-bound VE> 0% to provide statistically significant
evidence of protection. However, as the primary trial design was not explicitly
powered for these exploratory end points, we caution that estimates for which CIs
include the null value of zero should not be considered to definitively rule out
clinically meaningful vaccine effects. Relevant considerations for the interpretation
of statistical testing and effect size measurement in the context of secondary data

analyses have been described elsewhere (53, 54). We estimated vaccine-avertible
incidence of antimicrobial prescribing by multiplying VE estimates against
observed incidence within the placebo cohort. We conducted all analyses in R
(version 4.0.5; R Foundation for Statistical Computing) and used the survival (55)
package to fit proportional hazards models.
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