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Vaccines impact antibiotic-resistant infections in two ways: through a direct reduction in the organisms and
strains carrying resistant genes that are specifically targeted by the vaccine and also via a secondary effect
through a reduction in febrile illnesses that often lead to the use of antibiotics. We review here the impact
of pneumococcal conjugate vaccines (PCVs) on the prevalence of antibiotic-resistant disease and antibiotic
usage as an example of the direct effect of vaccines on antibiotic resistance and the impact of influenza
vaccination on antibiotic usage as an example of a secondary effect. A prelicensure study of a PCV in Africa
demonstrated 67% fewer penicillin-resistant invasive disease episodes in the PCV group compared with
controls. Similar studies in the United States and Europe demonstrated reductions in antibiotic use
consistent with the vaccines’ impact on the risk of otitis media infections in children. Postlicensure reduc-
tions in the circulation of antibiotic-resistant strains targeted by the vaccines have been dramatic, with
virtual elimination of these strains in children following vaccine introduction. In terms of a secondary effect,
following influenza vaccination reductions of 13–50% have been observed in the use of antibiotics by
individuals receiving influenza vaccine compared with controls. With the demonstrated effectiveness of
vaccination programs in impacting the risk of antibiotic-resistant infections and the increasing threat to
public health that these infections represent, more attention needs to be given to development and
utilization of vaccines to address antibiotic resistance.
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Soon after the beginning of the antibiotic era in the
1950s, resistance to newly developed antibiotics such
as sulfonamides, tetracycline, and penicillin emerged.
This phenomenon has continued with resistance to
each antibiotic occurring shortly after its introduction
(1). More recently, bacteria resistant to multiple antibi-
otics have emerged and become increasingly problem-
atic, with some strains now resistant to almost all or
even all antibiotics (2). It is now estimated that antibiotic
resistance (ABR) currently causes 700,000 deaths annu-
ally (3). Without a dramatic intervention, this number is
projected to grow in coming years with detrimental
effects in both human and economic terms.

The last 25 years have seen an explosion in vaccine
development. Vaccines have been developed to tar-
get major causes of morbidity and mortality globally,
including vaccines directed against the pneumococci,
Haemophilus influenzae type b (Hib), rotavirus, and
the meningococci as well as improved vaccines for

influenza (4). Vaccines against these targets have been
developed because of the high burden of disease
caused by each of these pathogens rather than any
potential impact on ABR. However, many of these
vaccines have had dramatic impacts on ABR. Vaccines
in development such as respiratory syncytial virus
(RSV) vaccines and group B streptococcal (GBS) vac-
cines may similarly further reduce antibiotic use and
resistance. Here we review selected available data
documenting the impact of existing vaccines on ABR
and discuss the implications these data have for future
vaccines specifically targeting ABR organisms.

Types of Vaccine Effects
Vaccines can impact ABR primarily in two ways. Vac-
cines exert their primary effect by reducing or elimi-
nating the risk of infection due to antibiotic-resistant
strains. Such effects can be achieved through antibody-
mediated killing of an organism in the lung or blood
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stream, for example, or through the impact on the colonization and
hence circulation of an organism, or both (5). Examples of such
currently licensed vaccine interventions include conjugate vaccines
for Hib and the pneumococcus. Future vaccines in development in
this category include vaccines for GBS infection and staphylococci.

Vaccines can also have a secondary effect on ABR by obviating
antibiotic use by reducing the rates of febrile illness and the
likelihood of secondary infections following the prevented epi-
sode. Since a clear link has been demonstrated between in-
creased antibiotic usage and increasing antibiotic resistance, such
effects are important (6). Secondary effects can be seen with
current vaccines targeting viral illnesses such as influenza and
measles, which prevent not only febrile illness but also secondary
bacterial infections, as well as potential future vaccines such as an
RSV vaccine.

Here we explore the impact of two examples: pneumococcal
conjugate vaccine (PCV) and influenza vaccine.

Pneumococcal Conjugate Vaccine
PCVs were first introduced with the seven-valent vaccine (PCV7) in
2000 (7). The PCV7 vaccine demonstrated more than 90% efficacy
against invasive pneumococcal disease (IPD) in the United States
in the primary target population of young children. Subsequently
both 10- and 13-valent vaccines have been introduced and are
now in widespread use globally (8). For all these vaccines, sig-
nificant reductions in the carriage of the vaccine serotypes has
been observed in children, leading to an indirect reduction in the
rates of disease due to vaccine strains in individuals who did not
receive the vaccine (“herd protection”) (9). In the United States,
these reductions have been dramatic, especially in adults >65 y of
age. In the 1990s, before the introduction of PCV in the United
States, there were an estimated 60,000 cases of IPD/y. At that
time, the proportion of cases due to antibiotic-resistant strains was
increasing, and an increasing number of cases of disease were
due to pneumococci resistant to three or more antibiotics. By
2007, 7 y following PCV7 introduction, an estimated 211,000 of
these cases of disease (both antibiotic-susceptible and -resistant)
caused by the seven serotypes in the vaccine had been prevented
in the US population (10). Although some of this reduction might
be due to reduced blood culture sampling, the virtual elimination
of the circulation of vaccine strains in the population and the
observed reductions of disease in unvaccinated adults make it
likely that the observed reductions in disease in children were
attributable to vaccine use (11).

It is important to note that while the primary selection criteria
for serotypes selected to be included in PCVs was the estimated
of burden of disease for each serotype, most of the selected
strains also harbored antibiotic resistance. The higher-valency
PCVs now target 10–13 pneumococcal strains, including 90% of
the antibiotic-resistant strains causing disease in children at the
time of PCV13 introduction in the United States (12). PCVs have
also been shown to reduce antibiotic-resistant disease in un-
vaccinated adults because of the reduced circulation of these
stains in the population after the introduction of childhood vac-
cination programs (13). While antibiotic use continues to select for
ABR strains in the remaining nonvaccine serotypes, the burden of
pneumococcal disease overall has been greatly reduced. Data
from studies of these vaccines provide further information on their
impact on ABR globally (Table 1).

In the California PCV7 licensure trial, it was noted that the
children receiving PCV7 had 5.4% (95% CI 4.0–6.7%) fewer anti-
biotic prescriptions written compared with controls. The use of

second-line antibiotics was reduced by 12.6% (95% CI 9.6–
15.6%). From the receipt of dose one to age 3.5 y in children
vaccinated per protocol, PCV7 prevented 35 antibiotic prescrip-
tions per 100 children vaccinated (14). For the current US birth
cohort of ∼4 million children, this would be equivalent to an es-
timated 1.4 million avoided antibiotic treatment courses per birth
cohort over a 3.5-y period.

In the South African clinical trial, PCV9 was evaluated for its
impact on antibiotic-resistant invasive disease. In this study, there
were 67% fewer penicillin-resistant IPD episodes, 56% fewer co-
trimoxazole–resistant episodes, and 56% percent fewer infections
resistant to any antibiotic in the vaccine group compared with
controls (15). Trends for disease in children <2 y of age due to
both penicillin-susceptible and -nonsusceptible strains in South
Africa following the introduction of PCV7 and then PCV13 are
shown in Fig. 1 (16). As can be seen, this decline was dramatic for
penicillin-nonsusceptible disease in both HIV-infected and -non-
infected children. In addition to the reduction in penicillin re-
sistance, these data show the rarity of ceftriaxone-resistant
pneumococci post-PCV13 in South Africa. These data are clini-
cally relevant as they argue the safety of empiric ceftriaxone
therapy alone for presumed pneumococcal meningitis post-
PCV13 in South Africa, thus reserving the use of vancomycin only
for cases failing to respond clinically within 24 h rather than the
empirical use of the combination in all cases.

In a cluster-randomized clinical trial of PCV10 in Finland, the
number of outpatient antibiotic prescriptions filled was monitored
in the vaccine group and compared with controls. Consistent with
the California PCV7 study, vaccinees had an 8% reduction in
prescriptions for antibiotics after a first episode of otitis media
with double that reduction in children with more frequent disease
(17). In an observational Finnish study of invasive and noninvasive
pneumococcal disease in children and adults in Helsinki between
2009 and 2014, the proportion of penicillin-nonsusceptible iso-
lates in children <5 y old declined from 25% to 13% following
PCV10 introduction with multidrug-resistant isolates declining
from 22% to 6% (18). Of note, this trend had not yet been ob-
served in Finnish adults. The most recent Finnish study addressing
this issue focused on young children, in whom otitis media was the
most common driver of antibiotic use. In evaluating the rate of
antibiotic prescribing before and after the introduction of the
routine use of PCV10 in children, it was noted that the diagnosis of
otitis media accounted for 84% of prescribing in children. In the
cohort of children that had been vaccinated with PCV10, there
was a 17.5% reduction in prescriptions written compared with the
reference cohort. Reductions began in young childhood and
persisted up through 45 mo of age (19).

In the United States, the Centers for Disease Control and
Prevention monitors pneumococcal disease as part of its ABC
surveillance program. Trends for penicillin-nonsusceptible dis-
ease in two age groups pre- and post-PCV13 introduction are
shown in Fig. 2. As can be seen, rates of ABR were rising before
the introduction of PCV13 but have fallen after PCV13 introduc-
tion in both age groups, illustrating the dramatic effect of this
vaccine on ABR (20).

The emergence of new serotypes and fluctuation in the rates of
disease caused by them has been observed since pneumococcal
surveillance and serotyping began early in the last century. Fol-
lowing the introduction of PCV7, an increase in disease due to
pneumococcal serotype 19A was observed globally. While clones
of this serotype were more likely to be antibiotic-susceptible be-
fore 2000, over the last decade both the disease incidence of 19A
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and the proportion of strains resistant to one or more antibiotics
have increased (21). This serotype was not included in the PCV7 or
PCV10 formulations, which hoped to rely on cross-protection with
serotype 19F, which is included in both vaccines. Following
identification of this problem, serotype 19A was included in the
PCV13 formulation. Importantly, the emergence of 19A does not
represent the emergence of vaccine resistance per se (since the
serotype was not included in the original vaccine) but rather

indicates that pneumococcal vaccine formulations need to be
reviewed and revised to address changing epidemiology and
newly emerging serotypes, particularly those that are resistant to
current antibiotics.

As ABR remains a significant selective advantage for surviving
pneumococcal lineages post-PCV10 and PCV13, it is instructive to
consider the acquisition of ABR in the remaining nonvaccine types
(NVTs). Subsequent to the introduction of PCV13, ABR has now

Table 1. Impact of PCV and influenza vaccine on ABR

Country Vaccine Observed impact

Prelicensure pneumococcal efficacy studies showing impact on incidence of resistance
Finland PCV10 8% reduction in prescriptions for antibiotics for first episode of otitis media

Higher reduction in children with more frequent otitis media (17)
South Africa PCV9 67% fewer penicillin-resistant IPD episodes

56% fewer co-trimoxazole–resistant episodes
56% fewer infections resistant to any antibiotic compared with controls (15).

United States PCV7 5.4% (95% CI 4.0–6.7%) fewer antibiotic prescriptions written compared with controls.
The use of second-line antibiotics was reduced by 12.6% (95% CI 9.6–15.6%).
PCV7 prevented 35 antibiotic prescriptions per 100 children vaccinated in 3.5 y of

follow-up (14).
Postlicensure observational studies of PCV impact

Australia PCV13 Following PCV introduction, ABR remains low in children and adults with 12% penicillin
nonsusceptible in 2011 and 10% in 2012 (34)

Iceland PCV10 Isolates from the vaccine-eligible cohort had lower penicillin minimum inhibitory
concentrations, less resistance to erythromycin, and less multidrug resistance than
isolates from the control group (35).

Japan PCV7 Proportion of penicillin-resistant isolates declined from 54.7% before widespread PCV
use to 5.1% in 2012.

Increases in 15B and 35B ABR serotypes (36)
Korea PCV7 Of multiply-resistant strains, the proportion due to PCV7 serotypes decreased from

65.2% to 21.7% following availability of PCV7 as an optional vaccine (37).
South Africa PCV7 followed by PCV13 Rates of IPD due to penicillin-nonsusceptible strains declined 82% (95% CI = −85, −78)

Ceftriaxone-nonsusceptible IPD strains declined 85% (95% CI = −91, −77) (38)
Sweden PCV10 and PCV13 Between 2005 and 2016 IPD in vaccinated children decreased by 68.5% and by 13.5%

in the whole population
No reduction in the elderly where NVT strains became prominent
For PCV10 and PCV13, respectively, penicillin nonsusceptibility increased from 2.5% and

4.0% in 2007 to 3.7% and 6.6% in 2013–2016, primarily driven by expansion of
nonsusceptible NVTs (24).

Switzerland PCV7 followed by PCV13 Between 2004 and 2014, the lowest nonsusceptibility rates were found in the recent
years 2013–2014, 3 and 8 y, respectively, after the PCV13 and PCV7 recommendations
for children aged <2 y (39).

United States PCV7 Reduction of 81% in the proportion of penicillin-nonsusceptible IPD strains in children
aged <2 y

Reduction of 49% in the proportion of penicillin-nonsusceptible IPD strains in adults
aged >65 y

For multidrug-resistant strains, a 57% reduction in IPD overall (12)
United States PCV13 Percent nonsusceptible by meningitis breakpoint decreased from 53.9% to 35.3% for

penicillin and from 9.3% to 1.7% for cefotaxime (39)
Efficacy studies of influenza vaccine impact on antibiotic use

Turkey Influenza Episodes of acute otitis media and otitis media with effusions occurred in 2.3% and
22.8% of influenza vaccine recipients, respectively, vs. 5.2% and 31.1% of controls
during influenza season; P < 0.001 (26)

Italy Influenza In a control study of influenza vaccination, vaccinated children had 13.2% fewer
antibiotic prescriptions during the 6-mo observation period in their study; study
children had 54.8% fewer otitis media episodes, which likely contributed to the
reduction in antibiotic use (27)

Europe Influenza In this randomized, controlled study in 6- to 36-mo-old children, influenza vaccinees had
50% fewer antibiotic prescriptions and 47% fewer confirmed influenza infections
during five consecutive seasons (28)

Observational studies of influenza vaccine impact on antibiotic use
Canada Influenza Influenza vaccine recipients had 64% fewer antibiotic prescriptions than controls (29)
United Kingdom Influenza (live attenuated

virus vaccine)
In vaccinated children, 14.5% fewer amoxicillin prescriptions were given during the

period of influenza virus circulation compared with other time periods (30)
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been observed in cases of disease due to previously less common
serotypes such as 15A (22) and 35B (23). For example, in Sweden
ABR among invasive pneumococci has traditionally been among
the lowest observed in Western countries. Following the intro-
duction of PCV vaccination, while the number of cases of IPD due
to vaccine types has been reduced, there has been sufficient ac-
quisition of resistance in NVTs so that the level of nonsus-
ceptibility rose from 1% in 2007 to 4.1% in 2016 (24).

Secondary Effect of Influenza Vaccine on ABR
Antiviral vaccines have no direct effect on the organisms causing
antibiotic-resistant disease. However, because antiviral vaccines
largely target viral diseases that cause acute febrile illnesses, a
reduction in the rates of these illnesses should result in a reduction
of antibiotics prescribed (often inappropriately) for these epi-
sodes. In addition, influenza infection is known to increase the risk
of secondary bacterial infections such as pneumonia and otitis
media, which then require antibiotic treatment (25). In a pro-
spective blinded study in children, influenza vaccination signifi-
cantly reduced the risk of otitis media during the influenza season
(26). In a study comparing children who received influenza vaccine
with a control group that did not, Marchisio et al. observed that
vaccinated children had 13.2% fewer antibiotic prescriptions
during the 6-mo observation period in their study. Study children
had 54.8% fewer otitis media episodes, which likely contributed to
the reduction in antibiotic use (27).

In a recent multicenter European trial, children 6–36 mo of age
were randomized to receive either quadrivalent influenza vaccine
or placebo during five consecutive influenza seasons. The inci-
dence of RT-PCR–confirmed influenza was 47% lower in the vac-
cine group. This was consistent with the 50% reduction in
antibiotic use observed in children receiving influenza vaccine in
this study (28). A similar observational study in Canada following
the introduction of universal influenza vaccination in children in

Ontario comparing antibiotic-usage patterns in Ontario with the
patterns in other provinces without universal vaccination revealed
64% fewer antibiotic prescriptions in the vaccinated children in
Ontario (29). In the United Kingdom in a self-control study using
The Health Improvement Network (THIN) database, there was a
14.5% reduction in amoxicillin prescribing during the period of
influenza virus circulation in vaccinated children. This occurred
although not all children in the cohort were vaccinated (30).

Given the annual recurrence of influenza epidemics and the
high frequency of influenza disease, the potential impact of in-
fluenza vaccine on ABR is high. However, this may be just the tip
of the iceberg, in that it has been estimated that half of all anti-
biotic prescriptions are inappropriately written for viral respiratory
illnesses in the United States (31). Hence, future vaccines target-
ing other respiratory pathogens such as RSV or rhinovirus could
result in an even more dramatic effect in reducing antibiotic use
and consequent drug pressure in inducing ABR.

Discussion
Over the last decade we have observed a dramatic increase in
serious disease due to organisms resistant to multiple antibiotics.
Some Gram-negative bacterial strains have been susceptible only
to colistin, and transmissible colistin resistance now threatens
even that last-resort antibiotic (32). Obviously, the emergence of
these strains poses a serious public health threat. This is especially
challenging because the pipeline for new antibiotics has largely
run dry, with no new classes of antibiotics licensed in the last
decade (33). Because of the need to address this problem, the
Wellcome Trust and the Gates Foundation, among others, have
called for the development of vaccines targeting these antibiotic-
resistant strains. With the availability of whole-genome sequenc-
ing for bacteria to define conserved genes and the demon-
strated effectiveness of newer vaccine-development techniques
such as structural biology and reverse vaccinology, this should
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Fig. 1. Trends in invasive pneumococcal disease in South Africa pre- and post-PCV introduction. Adapted from figure S4 in ref. 16.
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be feasible. Here we have presented two examples of vaccines
that have had significant impact against ABR. This demonstrated
effectiveness of existing vaccines, including PCVs and influenza
vaccines, against ABR as presented here provide scientific jus-
tification for such an effort.

To move forward expeditiously to address ABR, in the future
the designated endpoints of pre- and postlicensure vaccine trials
should include ABR as a prespecified outcome with recognition
by regulators, recommending bodies, and manufacturers that
such trials are not only desirable and feasible but are critical to

moving forward to address the threat of ABR. The vaccine-
development effort should be undertaken concomitantly with
ongoing surveillance of strains causing disease because such
monitoring of ABR may need to guide the development of
evolving vaccines that address the shifting target that bacteria are
likely to provide. In addition, the development of vaccines for
common respiratory viral pathogens should be considered, as
these are a major driver of antibiotic use. Only by moving in these
directions can we optimally address the growing threat of ABR to
public health.
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