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The best method of evaluating the efficacy of a vaccine is to compare the incidence of the disease against which it is
prepared in randomized, placebo-controlled clinical trials involving vaccinated and unvaccinated subjects. In the case of
Streptococcus pneumoniae, the proposed alternatives are evaluations of the so-called “correlates of protection” (i.e.
markers of the vaccine-induced immune response that predict protection from infection and disease) and
nasopharyngeal carriage. The aim of this paper is to discuss the most important limitations of the immunological
criteria suggested for licensing new pneumococcal vaccines, and comment on the use of carriage as an endpoint for
evaluating efficacy. Data showed why the use of a single serological correlate of protection cannot be considered the
best means of evaluating pneumococcal vaccines and highlighted the importance of using carriage for efficacy
evaluation but in the meantime the need to develop new sensitive and specific methods.

Introduction

The best way of evaluating the efficacy of a vaccine is to mea-
sure clinical outcomes, which is mainly done by means of ran-
domized, placebo-controlled clinical trials comparing the
incidence of the disease against which the vaccine is prepared in
vaccinated and unvaccinated subjects.1 However, these trials are
complicated, time-consuming and expensive because they
involve the enrolment of a large number of subjects who have
to be continuously and carefully followed-up for a long time.
The problem is even greater when it is wanted to evaluate a new
vaccine whose efficacy is presumed to be at least equivalent to
one that is already routinely and effectively administered in the
same age group against the same pathogen not only because the
number of subjects is enormous, but also because it is unethical
to compare the new vaccine with placebo as this would expose a
significant number of subjects to the risk of an otherwise pre-
ventable disease.

In attempt to overcome these issues, it has been suggested to
use so-called “correlates of protection” (i.e., markers of a vaccine-
induced immune response capable of predicting protection)2

because it was thought this would significantly simplify the evalu-
ation of new vaccines, avoid the need for large-scale trials, and
facilitate the approval of new products and formulations. Among
conjugate vaccines, this approach was first used in 1993 for the
approval of a Haemophilus influenzae type b (Hib) conjugate vac-
cine3 and, subsequently in 2003, for the licensing of the menin-
gococcal C conjugate vaccine.4

The same method was used for the licensing of the higher
valency pneumococcal conjugate vaccines (PCVs) that were spe-
cifically prepared to overcome the limitations of the heptavalent
preparation (PCV7). After evaluating the immune response of
children given PCV7 and the correlations between the specific
anticapsular antibody concentrations evoked by the vaccine and
protection against invasive pneumococcal disease (IPD), a World
Health Organization (WHO) working group proposed that a
�0.35 mg/mL concentration of IgG anticapsular polysaccharide
antibodies measured by means of an enzyme-linked immunosor-
bent assay (ELISA) one month after primary immunisation could
be considered as a correlate of efficacy against disease and used to
evaluate all new PCVs.5 The 10- and 13-valent pneumococcal
vaccines (PCV10 and PCV13) were consequently licensed only
on the basis of this immunological criterion, and clinical effec-
tiveness was simply inferred from the efficacy data relating to
PCV7.6 However, it was immediately pointed out that the
method may have a number of limitations,7 and that its system-
atic application in the licensing process could obstruct the
approval of new and very effective vaccines or favor the licensing
of a preparation that actually has little or no impact on public
health. Moreover, the method cannot be used to evaluate the vac-
cines based on protein and other novel mechanisms that are cur-
rently being developed.8

The aim of this paper is to discuss the most important limita-
tions of using immunological criteria for licensing new pneumo-
coccal vaccines, and to comment on the recently suggested use of
carriage as an efficacy endpoint. Discussion will be limited to the
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problems of evaluating PCVs efficacy in children because several
differences exist between children and adults for pneumococcal
disease’s manifestations (e.g., incidence, morbidity and mortal-
ity) and serotypes isolated in nasopharyngeal carriage and dis-
eases. Moreover, there is no evidence that the immune response
translates to clinical efficacy in adults as seen in children.9

Limitations of the serological correlate of protection
for pneumococcal vaccines

In order to determine the serological correlate of protection
for PCVs against IPD, 3 double-blind, controlled efficacy trials
were considered: 2 of PCV7 and one of 9-valent conjugate vac-
cine (PCV9), which contains serotypes 1 and 5 in addition to the
7 serotypes contained in PCV7. In the PCV7 trials, the vaccine
was administered at 2, 4, 6 and 12 months of age to respectively
37,868 infants at Northern California Kaiser Permanente trial10

and 8,292 American Indian infants in South-western USA;11 in
the third study, 19,992 infants living in South Africa received
PCV9 at the ages of 6, 10 and 14 weeks.12 The 3 studies recorded
different efficacy estimates, and different correlates of protection
were calculated: in the Kaiser Permanent trial, global efficacy was
97.3% and the estimated correlate of protection was 0.20 mg/
mL,9 whereas global efficacy in the other trials was respectively
76.8% and 90%, and the estimated correlate of protection was
respectively 1.0 and 0.68 mg/mL.11,12 Consequently, the esti-
mated protective concentration of 0.35 mg/mL was calculated by
pooling the data of the 3 studies.

Table 1 summarizes the main limitations of using serological
correlates of protection for pneumococcal vaccines. The first
potential issue concerning the use of antibody concentration as a
marker of protection is the only slight relationship between it
and real protective antibody activity. The serological correlate of
protection determined by means of ELISA indicates the amount
of capsular polysaccharide antibody that assures a high probabil-
ity of protection from IPD due to the serotypes included in a vac-
cine; however, this is only a surrogate measurement of the
vaccine’s likely protective activity, which can be more precisely

estimated by means of other tests of antibody function such as
opsonophagocytic titres or antibody avidity.13 Opsonophago-
cytic titres are the most widely used and, on the basis of the vali-
dated data concerning Neisseria meningitidis serogroup C
conjugate vaccines,14 can be considered to be associated with pro-
tection when they are 1 in 8 or higher,12 whereas a high antibody
titer does not always indicate protection because antibody func-
tion may be suboptimal.15 Furthermore, the accuracy of ELISAs
may be affected by substances in the sera, the quality of the
reagents and the steps used in the assay.16

Other problems arise from the fact that the antibody level
considered to be a correlate of protection refers to the IgG con-
centrations measured one month after completing the priming
vaccine doses; levels after a booster dose were not considered,
although it is highly likely that they play a major role in long-
term protection.17 Furthermore, the serotypes were considered
together even though the (not always available) serotype-specific
efficacy data varied from serotype to serotype in the studies that
led to the currently used correlate of protection. The Kaiser-Per-
manent trial, which included the highest number of subjects,10

showed serotype-specific efficacy in relation to only 4 of the 7
serotypes contained in the vaccine which, at least theoretically,
means that the suggested correlate of protection for 3 serotypes
might be different.

A further limitation relates to the characteristics of the pro-
teins that conjugate the capsular polysaccharides included in
PCVs. PCV7 and PCV9 use the same diphtheria CRM197 pro-
tein, and PCV10 uses protein D derived from non-typeable Hae-
mophilus influenzae for serotypes 1, 4, 5, 6B, 7F, 9V, 14 and
23F, and tetanus toxoid for 18C. As it has been demonstrated
that the characteristics of the protein used for polysaccharide con-
jugation can affect immune response,18 the correlate of protec-
tion vary depending on the carrier.

Another element of discussion is the role played by the sched-
ule of administration in conditioning immune response. The
value of 0.35 mg/mL was based on the findings of studies that
used different schedules and, furthermore, did not take into
account the findings of any study using the simplified schedule of
only 2 doses in the first months of life followed by a booster
administered at about one year of age.19 However, it has been
reported that differences in administration schedules can lead to
variations in antibody response to at least some serotypes,20 and
so it is possible that the suggested correlate of protection may
only be valid in some cases and not for all serotypes.

The definition of immune correlates is further complicated by
population-based differences in antibody response to the same
vaccine antigens, as is demonstrated by the fact that the calcu-
lated correlate of protection was significantly lower in the Kaiser
Permanent trial, which involved healthy American Indian chil-
dren, than that observed in a study limited to the White Moun-
tain Apache population, which is significantly more susceptible
to IPD21. Once again, serological correlates of protection may
vary, and the currently used antibody value may not be univer-
sally valid.

The limited precision of 0.35 mg/mL as a marker of protec-
tion is also highlighted by data recently collected by Andrews

Table 1. Main limitations of using serological correlates to evaluate the pro-
tection provided by pneumococcal vaccines

Main limitations

Antibody levels are evaluated only one month after completing the priming
vaccine doses and not after the booster dose (that is more important for
long-lasting protection)

For all the serotypes included in PCVs, the same antibody level is considered
protective, although there are data indicating that some serotypes
require higher concentrations

Antibody concentrations are influenced by characteristics of the proteins
conjugating capsular polysaccharides

Antibody concentrations are only moderately correlated with
opsonophagocytic antibody titres

1. Antibody concentrations have limited efficacy in measuring PCVs ability
to reduce pneumococcal diseases other than invasive pneumooccal
disease

PCVs: pneumococcal conjugate vaccines.
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et al.,22 who evaluated the immunogenicity and effectiveness of
PCV13 and found that it was 90% effective in the case of the
PCV7 serotypes, 73% effective in the case of the 6 additional
serotypes included in PCV13, and ineffective in the case of sero-
type 3. The calculated serotype-specific correlates of protection
were �0.35 mg/mL for serotypes 1, 3, 7F, 19A and 19F, and
<0.35 mg/mL for serotypes 6A, 6B, 18C, and 23F, with the
highest values for serotypes 3 and 19F (2.83 and 1.17 mg/mL)
and the lowest for serotypes 18C and 6B (0.14 and 0.16 mg/
mL).22 The very high IgG value needed for protection against
serotype 3 is rarely attained as a result of vaccination, which
explains why the study concluded that PCV13 was ineffective
against it.23 In agreement with in vitro data showing that high
IgG concentrations are needed to achieve complement deposition
and kill this serotype is the high antibody concentrations required
for protection against serotype 19F.24 Interestingly, opsonopha-
gocytic antibody titres of 1 in 8 or higher did not predict protec-
tion, thus suggesting that the validity of this marker should
probably be revised and further reducing the importance of
immune criteria when evaluating the potential protection pro-
vided by new PCVs.

However, the most important limitation of using the sero-
logical correlate of protection is that it does not really measure
a vaccine’s ability to reduce pneumococcal diseases other than
IPD. Streptococcus pneumoniae has a considerable epidemiologi-
cal, clinical, social and economic impact in relation to a number
of conditions, including acute otitis media (AOM),25 non-bac-
teremic community-acquired pneumonia (nbCAP),26 and
naso- and oropharyngeal carriage,27 and knowing whether a
vaccine can influence their epidemiology and severity may be
very important when deciding whether it should be licensed. It
has been demonstrated that all of the currently marketed PCVs
are significantly less effective in preventing pneumococcal car-
riage, AOM, and nbCAP28 than in preventing IPD, thus sug-
gesting that the effectiveness of the immune response depends
on the site of the pathogens to be eradicated and that higher
antibody levels than that currently considered a correlate of
protection are probably needed for mucosal disease protection.
Unfortunately, there are no definite data showing the serologi-
cal correlate of protection against nbCAP, but studies of sub-
jects with AOM confirm that protective antibody levels against
some serotypes are higher than 0.35 mg/mL. Eskola et al.
reported that the efficacy of PCV7 against AOM when adminis-
tered at 2, 4, 6 and 12 months of age was statistically significant
in the case of serotypes 6B, 14 and 23F, but very poor in the
case of 19F, even though polysaccharide-specific antibody con-
centrations at 7 and 13 months were higher than 1 mg/mL in
more than 90% of the cases.29 This finding is in line with the
finding of Jokinen et al.30 that the incidence of AOM due to
serotype 19F was significantly higher than that of cases due to
serotype 6B in children who had received PCVs even though
the antibody titres against the former were several times higher
than those against the latter, and significantly higher than
0.35 mg/mL in almost all of the patients. Other authors have
shown that, although serotypes 6B and 23F elicit similar anti-
body titres, the concentration required for the 50% killing of

the first was 2–10 times higher that required for the 50% kill-
ing of the second.31

In conclusion, the serological correlate of protection currently
used to evaluate new PCVs does not adequately reflect the real
efficacy of the new preparations, which is why a number of
experts suggested that the licensing and use of new PCVs should
be based also on other variables such as their impact on nasopha-
ryngeal carriage.32

Measuring Pneumococcal Vaccine Efficacy
on the Basis of the Carriage of S. pneumoniae

The idea of using pneumococcal carriage as a marker of PCV
efficacy is mainly based on the fact that carriage is a prerequisite
for the development of both IPD and mucosal pneumococcal
diseases, and that the administration of all of the currently avail-
able PCVs significantly reduces pharyngeal colonisation by the
serotypes they contain.33 Although carriage itself does not pose a
risk for pneumococcal disease, various human and experimental
animal studies have shown that it is the first step in its pathogene-
sis.33 Most of the data refer to AOM,34-37 although there are sim-
ilar data available relating to other diseases. Gray et al. monitored
pneumococcal carriage and the development of pneumococcal
diseases in a group of children who were followed up from birth
to the age of 2 years, and found that diseases (mainly AOM)
were very frequently associated with the acquisition of a new
pneumococcal serotype.34 Other authors have confirmed the
close relationship between newly acquired serotypes and the
development of disease, but found that prolonged carriage is not
associated with an increased risk of infection, thus suggesting
that this is actually a protective factor.35-37 It has also been dem-
onstrated that the serotype found at the site of infection can be
simultaneously cultured in the pharynx in children with AOM or
IPD.35,38,39

It is still unclear why colonising pneumococcal strains only
sometimes cause disease, although it is supposed that both the
pathogen and host factors contribute to the outcome of carriage.
The virulence of the pneumococcal strain and the characteristics
of the subjects (such as their immunological status, the presence
of severe chronic underlying disease, and simultaneous colonisa-
tion with other bacteria or viruses) may play a role increasing the
risk of the transition from simple carriage to disease.33 However,
not all pneumococcal serotypes have the same tendency to colo-
nise the pharynx and, although being important causes of disease,
some (such as serotypes 1, 5, 7 and 12F) are rarely found in pha-
ryngeal samples taken from healthy children. The main reasons
for this seem to be the short duration of carriage and difficulties
in identifying these serotypes when several others are present, but
it is also thought that only some of the steps in the transition
may be short-lasting.32

It has been found that PCVs are very effective in reducing the
incidence of pneumococcal diseases due to the serotypes they
contain regardless of schedule of administration, although the
proportion of avoided IPDs is greater than that of avoided muco-
sal diseases. The rate of prevention of diseases due to PCV7
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serotypes is higher than 90% in the case of IPD,40 30–70% in the
case of pneumonia,41 and about 50% in the case of AOM.42 A
similar or only slightly lower reduction than that reported for
AOM has been found in the case of carriage: a number of studies
of PCV743 and more recent studies of the higher valency prepara-
tions44,45 have shown that vaccination is followed by a sharp
reduction in carriage, and that the proportion of vaccinated chil-
dren carrying vaccine-type pneumococci 6 months after receiving
the primary series was significantly lower than that of unvacci-
nated controls.46-50 For example, Mbelle et al.49 in South Africa
found that the prevalence of carriage of vaccine-type serotypes
was 17.8% in the vaccinated children and 36.0% in controls.
Similarly, O’Brien et al.50 reported that among American Indi-
ans in the USA the percentages of carriers were 10.6% in the vac-
cinated group and 25.0% among unvaccinated children.

An assessment of the concurrent effects of PCV7 on carriage
and disease showed that both were exclusively related to the
reduction in the importance of the vaccine-type serotypes, which
simultaneously disappeared (albeit at different rates) as causes of
disease and as carried pathogens.33

Together with this direct effect, the administration of PCV7
to children is followed by 2 indirect effects: herd immunity51

and serotype replacement,52 both of which are mediated by the
vaccine’s direct effect on carriage. It has been found that the
reduction in carriage in children who have received PCV7 signifi-
cantly reduces the circulation of vaccine-type serotypes, limits
their colonisation of unvaccinated subjects and significantly
reduces the development of pneumococcal diseases. However,
the disappearance of PCV7 serotypes as causes of disease and col-
onisation in both vaccinated and unvaccinated subjects led to
them being replaced by non-vaccine strains in the pharynx, and
consequently the etiology of the developed diseases. This obvi-
ously reduced the benefits of PCV7 itself, which was the most
important reason for the development of new vaccines containing
a larger number of serotypes.53

It was this that led to the suggestion that carriage may be a
good candidate surrogate of protection on the grounds that a vac-
cine capable of eliminating or reducing carriage is really effective
because this not only protects vaccinated subjects from disease,
but also simultaneously prevents them from transmitting the
pathogens, and those avoids colonisation and disease in unvacci-
nated individuals.8 It has also been pointed out that, unlike the
currently used serological criterion, serotype-specific colonisation
endpoints can be directly estimated and may allow a more precise
evaluation of the true efficacy of a vaccine.8

In terms of colonisation, it is possible to study the ability of a
vaccine to interfere with pneumococcal acquisition, the duration
of carriage, and pharyngeal bacterial load. Moreover, evaluation
of these primary endpoints can be combined. If acquisition and
duration of carriage are evaluated together, a feasible measure of
an individual’s capacity to transmit the pathogen can be
obtained.

Furthermore, the effects can be measured in relation to a sin-
gle serotype or in an aggregate manner, and in individual subjects
or large groups of people. It is also easy to study interactions with
factors that may influence acquisition and persistence of carriage.

A number of studies have tried to directly estimate PCV efficacy
against acquisition using longitudinal data from repeated naso-
pharyngeal samples, showing that different schemes of adminis-
tration of PCV can have different impact on carriage, at least for
same serotypes.54,55

However, to estimate rates of acquisition and clearance of col-
onization repeated active sampling of the same individual is
required overtime, an expensive and invasive undertaking. Thus,
investigators have turned to using cross-sectional data, and several
mathematical models have been developed8. A method for defin-
ing susceptibility to acquisition of colonization starting from
published data that reported vaccine effects against all vaccine
types was proposed by Rinta-Kokko et al.56 Studies simulating
randomized controlled trials and leading to mathematical models
useful to evaluate the best timing for pharyngeal sampling and
estimating strain-specific and overall vaccine efficacy were
recently reported by Scott et al.57 and by Auranen et al.58,
respectively. However, even if all these studies have laid the basis
for a possible new approach to the evaluation of pneumococcal
vaccines, none of the suggested methods was till now adequately
validated even because several potential problems that can ques-
tion real effectiveness of using carriage as a means of evaluating
the efficacy of pneumococcal vaccines can be raised (Table 2).
First of all, the absence of carriage after vaccine administration
does not always mean that a vaccine is really effective because, as
mentioned, some rarely carried pneumococcal serotypes are sig-
nificant causes of disease. Secondly, carriage is greatly influenced
by various factors including co-colonisation with other bacteria
and viruses, the use of antibiotics, and breastfeeding.

Furthermore, it needs to be remembered that the method used
to identify S. pneumoniae and the site at which pharyngeal secre-
tions are collected are both important for evaluating carriage pre-
cisely. The identification of S. pneumoniae can be significantly
improved by using molecular biology methods which, albeit with
some exceptions, have been found to be significantly more reli-
able than the traditional non-enriched cultures used in routine
practice59 and, although S. pneumoniae is bet sampled nasophar-
yngeally in infants and young children,60 recent studies have
shown that oropharyngeal sampling is better in older children,
adolescents and adults.61,62

Finally, it is still unclear exactly when the effect of a vaccine on
carriage should be evaluated. Most studies measuring the changes
in carriage secondary to vaccine use have been carried out after
only a few months or years after vaccination, when antibody lev-
els against the different serotypes are at their peak and the effect

Table 2. Main limitations of using carriage to evaluate the efficacy of pneu-
mococcal vaccines

Main limitations

Influenced by various factors, including co-colonisation with other bacteria
and viruses, the use of antibiotics, and breastfeeding

Influenced by methods used to identify S. pneumoniae
Influenced by the site of pharyngeal swabbing
Carriage is usually evaluated only some months after vaccine administration

and does not indicate long-term protection
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of a vaccine is greatest. However, evaluations made some years
after the last vaccine dose can lead to different conclusions, and
may indicate more precisely the duration of the effect. One
recent study found that most of the sample of school-age children
who had been fully vaccinated with PCV7 some years before were
colonised by some of the vaccine’s serotypes.63 As 19F was the
most frequently identified serotype and it is known that its eradi-
cation requires high antibody levels64 it can be presumed that the
antibody levels evoked by PCV7 significantly decline over time
and are no longer sufficient to eliminate carriage.

Even if very expensive and difficult to organize, most of these
problems could be solved planning clinical trials in which puta-
tive correlates of protection are evaluated simultaneously with
the impact of PCV on carriage.

Conclusions

There are a number of reasons for the difficulty in evaluating
the real impact of PCVs. First of all, the various serotypes may
not only be different in terms of their ability to cause disease, but
may also be cleared from the pharynx before giving rise to any
clinical problems. Furthermore, it is not clear precisely what
causes the development of disease.

The currently available vaccines are based on capsular polysac-
charides and contain only a relatively small number of serotypes.
When the polysaccharides are conjugated with carrier proteins,
they induce a strong immune response against the proteins that is
capable of preventing both colonisation and disease, but this
response is neither quantitatively nor qualitatively uniform.

Moreover, the antibody concentrations needed to eradicate
pathogens vary from serotype to serotype, and from site to site of
infection. Higher concentrations are required to avoid colonisa-
tion than those necessary to prevent IPD.

All of these limitations explain why the use of a single serolog-
ical correlate of protection cannot be considered the best means
of evaluating potential efficacy of the polysaccharide-based pneu-
mococcal vaccines or the vaccines based on selected bacterial pro-
teins, and this has led to the proposal of using carriage for
purposes of evaluation. However, at the moment, because there
are still no concrete data indicating how the monitoring of car-
riage can be used to evaluate vaccine efficacy, the use of putative
correlate of protection for the different diseases and for pneumo-
coccal carriage remains the only possible means to evaluate
potential efficacy of conjugated vaccine. However, to overcome
the limitations of this method and to favor a precise evaluation of
the new pneumococcal protein vaccines, evaluation of carriage
has to be further developed. Trials comparing immunologic eval-
uation and carriage are needed to solve at least in part the prob-
lems presently not solved by carriage evaluation alone.
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