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9-valent PCV using CRM carrier
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PCV11-D-T
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protein D of H. Influenzae
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PCV11-PD efficacy trial conducted in Czeck Republic and
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pneumococcal polysaccharide vaccine
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PRP-T
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Preface

This module is part of the series The Immunological Basis for Immunization, which was
initially developed in 1993 as a set of eight modules focusing on the vaccines included in
the Expanded Programme on Immunization (EPI)1. In addition to a general immunology
module, each of the seven other modules covered one of the vaccines recommended as
part of the EPI programme - diphtheria, measles, pertussis, polio, tetanus, tuberculosis
and yellow fever. The modules have become some of the most widely used documents
in the field of immunization.
With the development of the Global Immunization Vision and Strategy (GIVS)
(2005-2015) (http://www.who.int/vaccines-documents/DocsPDF05/GIVS_Final_
EN.pdf) and the expansion of immunization programmes in general, as well as the
large accumulation of new knowledge since 1993, the decision was taken to update
and extend this series.
The main purpose of the modules - which are published as separate disease/vaccinespecific modules - is to give immunization managers and vaccination professionals a
brief and easily-understood overview of the scientific basis of vaccination, and also of
the immunological basis for the World Health Organization (WHO) recommendations
on vaccine use that, since 1998, have been published in the Vaccine Position Papers
(http://www.who.int/immunization/documents/positionpapers_intro/en/index.
html).
WHO would like to thank all the people who were involved in the development of
the initial Immunological Basis for Immunization series, as well as those involved in
its updating, and the development of new modules.

1

This programme was established in 1974 with the main aim of providing immunization for children
in developing countries.
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1. The organism and
the disease
Streptococcus pneumoniae (pneumococcus) is an encapsulated Gram-positive
diplococcus that appears in pairs or short chains. At present, based on serotyping,
over 90 different capsular types have been identified. Although the serotype distribution
varies over time, by age and geographically, approximately 20 serotypes cover most of
the infections worldwide. The Danish nomenclature defines serologically cross-reacting
serotypes into serogroups, while the American nomenclature names the serotypes in
order of their discovery. The Danish nomenclature is the one currently used most
frequently.
Capsular polysaccharide (PS) is the most important virulence factor of pneumococcus.
It protects pneumococci from phagocytosis by phagocytosing cells,
like polymorphonuclear leukocytes, by shielding the inner structures of the
bacterium from immunological defence mechanisms and by being a barrier for
deposition of complement. Usually pneumococci that lack the capsule are avirulent.
Antibodies to polysaccharides are protective and the present pneumococccal vaccines
are PS-based. Other virulence factors include proteins that are associated with several
stages of pneumococcal infection by, for example, inducing inflammation, promotion
of adherence, damaging host tissue and inhibiting complement activation (1,2).
Many of the pneumococcal common proteins are regarded as promising vaccine
candidates; the studies are in preclinical phase (3,4). Pneumococci have been recently
reported to have pili-like structures that enhance the adhesion and invasion of
pneumococci in mice (5).
Pneumococcus causes a wide variety of infections, from symptomless carriage or rather
benign mucosal infections like otitis media, sinusitis and conjunctivitis, to invasive
infections like pneumonia, bacteraemia and meningitis. Among pneumococci, antibiotic
resistance has become a prevalent and threatening problem in the last twenty years (6).
The human nasopharynx is the only reservoir of pneumococci, which are transmitted by
droplet spread between individuals. Carriage of pneumococci is most common during
the first years of life, but varies between different geographical and socio-economic
demographics. In developing countries or among indigenous populations of some
industrialized countries, the carriage rate is much higher and the first acquisition happens
at a much younger age than in industrialized countries. Multiple serotypes are carried
concurrently in some populations (7,8). Carriage is rare among adults, and especially
in the elderly who are at high risk for pneumococcal disease. Mean prevalence of 4%
to 10% has been reported for adults (9,10). Healthy carriers occupy a central position
in the pneumococcal infection, both as a reservoir of the bacteria, and the source of
their transmission to others.

1

Pneumococcal colonization may sometimes spread to cause infection at contiguous sites
such as the middle ear, paranasal sinuses or lung, leading to acute otitis media (AOM),
sinusitis or pneumonia respectively. Much less frequently the bacteria may invade the
bloodstream to cause sepsis, and spread to other secondary sites via the haematogeneous
route to cause meningitis or other syndromes, collectively called invasive pneumococcal
disease (IPD) whereby the pneumococcus is isolated from a normally sterile site.
The incidence of pneumococcal invasive disease varies greatly with age, time, geographic
location, and population. The incidence is highest in early childhood and among the
elderly, and in individuals with immune defects. Pneumonia is the leading cause of
childhood mortality in developing countries. The etiology of pneumonia is difficult
to establish, but recent vaccine trials (11,12,13) suggest that a substantial proportion
of pneumonia in young children is caused by the pneumococcus, killing annually an
estimated 700 000 to one million children less than five years of age. The incidence of
pneumonia is also increased among the elderly population. Other risk factors include
HIV-infection. The burden of vaccine-preventable pneumococcal disease is described
in more detail in the review by the World Health Organization (WHO) Pneumococcal
Conjugate Vaccine Working Group (14).
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2. Pneumococcal vaccines

At present two types of pneumococcal vaccines are commercially available — the
23-valent polysaccharide vaccine (PPSV) and conjugate vaccines (PCV). The first
licensed 7-valent PCV uses nontoxic variant of diphtheria toxin (CRM) as a carrier
protein (PCV7-CRM). The recently licensed 10-valent PCV is a mixed carrier vaccine
and uses protein D (PD) of H. influenzae and diphtheria and tetanus toxoids as
carriers.
In the first efficacy trials with PPSVs the focus was on pneumonia, but in a
population in which a high proportion of the pneumonia patients were bacteraemic.
The 4-valent PPSV was tested successfully in clinical studies in the 1940s among
military recruits and the elderly in the United States of America (USA), and in the
1970s 6 to 14-valent PPSVs were evaluated among mineworkers in South Africa and
also in Papua New Guinea (15–19).
The 14-valent PPSV was licensed in 1977 and the 23-valent PPSV in 1983.
There are now general recommendations in place for broad use of the vaccine to all
those considered at increased risk of pneumococcal pneumonia or its complications;
in the present recommendations this includes all those 65 years of age or older, plus
younger individuals belonging to medically defined risk groups (20). The PPSV is
immunogenic among adults and older children, but not all serotypes are immunogenic
among young children. This vaccine primarily prevents IPD in adults, but does not
affect colonization (21,22). The polysaccharides are T-cell independent antigens and thus
do not induce immunologic memory, one of the corner stones of long-term protection
following vaccination. The impact of the PPSV on pneumonia in the elderly is low,
and in general, at present, the public-health benefit of PPSV in adults is thought to be
limited (23–26).
The immunological properties of the PPSV are changed dramatically when the
polysaccharides are conjugated to protein carriers (27,28). This finding led to the
possibility of protecting young children and high-risk groups who do not respond to
the polysaccharide vaccine. Active research over 20 years culminated in the licensure of
the first pneumococcal conjugate vaccine (PCV7-CRM) in 2000. This vaccine contains
seven capsular polysaccharides conjugated to a non-toxic diphtheria toxin variant —
CRM 197. The second PCV containing serotypes 1, 5 and 7F in addition to those in the
PCV7-CRM has been licensed in Canada and Europe in 2009. Several investigational
pneumococcal conjugate vaccines (PCV) have also been tested.
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Different proteins or protein complexes have been used as carriers in addition to CRM;
diphtheria (DT) and tetanus (TT) toxoids (29–32), meningococcal outer membrane
protein complex (OMPC) (33,34), and protein D (PD) of H. influenzae (35,36).
The seven polysaccharides included to the first registered vaccine, PCV7-CRM,
were the ones which caused 80% of invasive disease in infants in the USA. The serotype
distribution varies in different parts of the world, and so the next generation of PCVs
have been formulated to contain 10 to 13 serotypes that are common worldwide
(37,38,39).
The PCV7-CRM has recently been adopted into the routine childhood immunization
programme of several industrialized countries, and is expected to be introduced into
national immunization programmes in developing countries starting as early as 2008.
Most of the developed countries that have taken PCV7-CRM into their programmes use
the American schedule of three doses in infancy and a booster in the second year of life
(3+1 schedule). However, some countries (e.g. the United Kingdom, parts of Canada,
the Scandinavian countries and Italy) use a schedule with two doses administered in
infancy and a third dose in the second year of life (2+1 schedule).
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3. Measurement of immunity

Protection against pneumococcal infections is mediated by concerted action of
antibodies and complement components opsonizing bacteria for phagocytosis.
Consequently, two essential serologic methods assessing immunity to pneumococcus
measure quantity and functional activity of antibodies acquired by vaccination or
after natural exposure to the pathogen. Currently, enzyme immunoassay (EIA)
for quantitation of anti-pneumococcal capsular antibodies is the primary method
recommended by WHO to evaluate immune responses to pneumococcal PS-based
vaccines (40). The EIA method has been well validated and standardized between
laboratories. Furthermore, a bridge of IgG antibody concentration to efficacy data in
infants has been established (41,42,43). For further vaccine evaluation, demonstration
of functionality of antibodies by opsonophagocytosis assay (OPA) is required.
Although the OPA is considered the best biomarker of protective immunity in vivo,
technical challenges have limited its use in vaccine evaluation. With methodological
improvements, it has become a feasible tool in assessment of immune responses in
large-scale vaccine trials. Intensive efforts are ongoing for OPA standardization.
EIA can also be used to quantitate antibodies to different pneumococcal virulence
proteins. However, no vaccines including pneumococcal protein antigens are currently
commercially available, and the protective value in humans of these anti-protein
antibodies is unclear. Additional serologic tests, such as isotype or subclass analysis,
and determination of relative antibody avidity, provide information about the quality of
the immune response. Although these measurements do not seem to be informative with
respect to predicting protective efficacy, development of antibody avidity to PS antigens
has been observed to indicate with establishment of immunological memory following
immunization of infants with conjugate vaccines (44–47). Further information can be
obtained by analyzing cellular and mucosal immune responses to the vaccination.

3.1

Quantitation of antibodies

3.1.1 Radioassay and enzyme immunoassay
The standard method used in the past to measure antibody responses to pneumococcal
vaccines was radioimmunoassay (RIA) developed by Schiffman and colleagues (48).
The method used 14C labelled capsular PS antigens and the Farr technique (49) for
precipitation of antibody-antigen complexes to determine the total amount of antigen
bound. The technique was sensitive and reproducible, but required radio-labelled
PS and was unable to distinguish between the different antibody isotypes and subtypes.
The RIA may also have co-measured antibody to the pneumococcal cell wall PS
(C-PS).
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EIA replaced RIA because it consumed lower quantities of serum, provided isotype
and subclass data, and did not require radioactive reagents. EIA for pneumococcal
capsular antibodies involves binding of purified PS antigens to the wells of microtitre
plates, and quantitation of bound antibodies in serum using secondary antibody with
conjugated enzyme for detection. The early methods were not specific for quantitation
of serotype-specific antibodies, as antibodies to the C-polysaccharide (C-PS) of
pneumococcus were also detected. C-PS is found in PS preparations used as EIA
antigens. Anti-C-PS antibodies have been found to be non-protective and abundant
in almost all human sera (50–53). The EIA protocols have since been modified and
now include an adsorption step with a soluble C-PS preparation to remove the C-PS
antibodies from the sera (52). Recently, an additional adsorbent, a soluble PS of an
irrelevant serotype, e.g. pneumococccal PS 22F, has been recommended to be added
to all subject sera (54–58).
Concentrations of serotype-specific IgG, IgA, and IgM antibodies, as well as IgG
subclasses, can be determined by EIA using a standard reference serum (89SF).
It is a pooled human serum with defined antibody assignments for several
pneumococcal capsular PS antigens and C-PS (59–62). The standard reference serum
is currently available from the United States Food and Drug Administration for
use in assessing pneumococcal vaccines in clinical trials (40,57,63). The use of this
serum enables comparisons between different vaccine formulations. Additionally, it can be
used to compare serologic data from different time periods, different laboratories,
and also using alternative methods. All major pneumococcal laboratories use this
reference serum or an internal reference serum calibrated against standard serum
89SF. Although 89SF contains some level of non-serotype specific antibodies,
addition of a second adsorbent (22F PS) is not recommended because the original
antibody assignments were determined using the C-PS adsorption step only.
International collaboration on standardization of immunological assays for
pneumococcal vaccines resulted in completion of a cross-laboratory standardization
process of the EIA (58). WHO sponsored an expert consultation on serological criteria
for evaluation of pneumococcal conjugate vaccines, and agreed that the EIA protocol
and reference serum described by Quataert and colleagues formed the foundation for
future vaccine evaluations (40). WHO has also published guidelines for quantitation of
serotype-specific IgG antibodies to pneumococcus in human sera (63), and designated
two reference laboratories for pneumococcal antibody assays (at the Institute of Child
Health, London, United Kingdom, and the University of Alabama, Birmingham,
AL). Furthermore, a website with updated technical information enables access to the
current recommended procedures and reagents (57). Data generated in clinical trials by
the standard EIA without 22F adsorption, have enabled establishment of a threshold
pneumococcal anti-PS antibody concentration linked to the clinical efficacy against
invasive disease in infants (40,43). Antibody concentrations using an alternative method
need to be bridged to the standard EIA method to derive an equivalent threshold
concentration.
Pneumococcus invades the human body through mucosal membranes.
Thus, immunological events on the mucosal surfaces are an important part of defence
against pneumococcal infection. Antibody concentrations to pneumococcal PS and
protein antigens can be measured from mucosal secretions e.g. saliva, nasopharyngeal
secretions and bronchial lavage with EIA, in the same way as from serum (64–71).
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In most studies salivary fluid has been used to measure antibody concentrations
against pneumococcus in the upper respiratory tract mucosa. Saliva can be collected
relatively easily and there are different collection methods available (72,73,74).
However, saliva contains degradative enzymes produced by bacteria, for example
IgA1-protease (75). The function of these agents can be prevented by freezing or by
enzyme inhibitors. An efficient method to hinder degradation of antibodies in the saliva
samples is to use 50% glycerol and storage in – 70 °C (76,77).

3.1.2 Luminex method
While the EIA is well suited for screening large numbers of specimens against a
single analyte, a separate assay is required for each pneumococcal serotype. As more
serotypes are included in the new conjugate vaccines, immunogenicity testing by
EIA becomes laborious, time-consuming, and costly. To increase the efficiency of
immunogenicity assessment and to reduce serum consumption, several laboratories have
employed Luminex multiple analyte (LXA) profiling technology to quantitate
pneumococcal capsular antibodies to up to 23 capsular PSs simultaneously (78,79,80).
The LXA technology appears to produce specific, sensitive, and reproducible data.
The antibody concentrations obtained by LXA for multiple serotypes correlate
well with assignments obtained by EIA when using sera from adults (79,80).
However, one needs to be cautious before transitioning from a well-validated method
to a new system. Coupling of pneumococcal PS to microspheres may affect the epitope
configuration of the antigen, causing different populations of antibodies to bind than
in the EIA. Furthermore, the serological correlates of efficacy that have been proposed
based on EIA may be invalid for LXA, and the LXA method needs to be validated for
each serotype of interest and standardized across laboratories.

3.2

Functional assays (OPA)

Since opsonophagocytosis is the essential host defence mechanism against
pneumococcus, the current pneumococcal vaccines are designed to induce opsonic
antibodies. An ideal surrogate assay reflecting the protective immunity evoked by the
vaccines would therefore directly measure functional i.e. opsonic activity, of antibodies.
Although EIA for pneumococcal capsular antibodies is mostly adequate as a surrogate
measure of immunity for young healthy children, alone it appears to be inadequate
in the elderly, human immunodeficiency virus (HIV) infected individuals, and several
other high-risk populations who seem to produce antibodies with low functional
activity (81–85). Results measured by the functional OPA method correlate better with
clinical efficacy than EIA results, especially in these populations. The accumulating data
from clinical trials clearly demonstrate the added value of OPA in vaccine evaluation
(86,87).
To be useable in large-scale vaccine trials, the OPA needs to be robust, efficient,
standardized, and also use only small volumes of sera. A variety of techniques have been
developed to replicate the biological process of opsonophagocytosis in vitro. In the
classic killing type OPA, pneumococcal bacteria are exposed to antibodies, complement,
and phagocytes, followed by enumeration of the surviving bacteria by counting colonies.
The killing type OPA was first validated by Romero-Steiner and colleagues as a reference
assay (88). This method used cultivable phagocytes (HL-60), commercially available
rabbit complement, and micro-colony counting. The method, with minor modifications,
has since been validated by laboratories of major vaccine manufacturers (89,90).
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The original approach was laborious to perform, but recent development of multiplexed
killing type OPA, and the use of automated colony counters, has made the technique
more efficient (91,92,93). At the same time, serum consumption has decreased.
To overcome difficulties in colony counting, use of chromogenic (94) or fluorogenic (95)
dyes, producing signals proportional to the number of bacteria, has also been introduced.
Alternative OPA techniques for pneumococcus without requirement of colony counting
include uptake assays of radiolabelled (96,97) or fluorescent bacteria (97,98,99) and
chemiluminescence assay (100). None of these assays has been as extensively evaluated
as the killing type OPA, which has served as the reference assay (101).
Based on the WHO criteria, demonstration of functional activity of antibodies as
measured by OPA is the secondary end-point when evaluating new pneumococcal
vaccines for licensing (63). The use of OPA has even been encouraged as the primary
analysis in studies in the elderly. To be able to compare the results from different
laboratories, WHO is currently supporting extensive cross-laboratory standardization
efforts. The first round of multi-laboratory standardization of the single serotype killing
type OPA was led by investigators in the Centers for Disease Control and Prevention.
The variation in OPA results between laboratories was found to be significant (102).
The current approach is to have several types of validated OPA methods in use (89,90,92)
that would give comparable OPA results when compared to the reference assay.
Based on comparisons between opsonic titres and antibody concentrations from clinical
studies in infants, an opsonophagocytic titre of eight has been found to correlate with
the protective efficacy against pneumococcal invasive disease against all serotypes after
three doses of conjugate vaccine (40,89). The protective titre may vary from serotype to
serotype, between different pneumococcal disease syndromes, and between populations.
Additional and larger studies are required to better establish the protective titre.

3.3

Assessment of antibody avidity

Antibody avidity is the strength of the multivalent interaction between antibody and
antigen. Methods based on both EIA and RIA have been developed for determining
avidity of pneumococcal capsular antibodies. In EIA techniques, the binding of antibody
to the coated antigen may be prevented by competitive inhibition (103) or by eluting
the antibody from the antigen with a dissociating agent (47,85,104). Calculation of the
avidity constant value (K), representing a median value for the antibody population
in each specimen, is feasible with the former but not with the latter technique,
which only ranks the antibodies by their relative avidity. With RIA, the avidity constant
can be obtained by evaluating the capacity of antibodies to bind radiolabelled antigen
at different molar concentrations (105,106).
Avidity measurements provide qualitative data about immune responses to different
vaccines but do not seem to be informative with respect to predicting protective efficacy.
However, increases in avidity are believed to correlate with establishment of B-cell
memory (44–47). Measurement of antibody avidity may thus prove useful in assessing
development of immunological memory.
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3.4

Assessment of cell-mediated immunity

Immunogenicity of pneumococcal polysaccharide vaccines can be improved by
conjugating PS to carrier protein, altering the nature of immune response from T-cell
independent to T-cell dependent. The cellular reasons for the improved immunogenicity
have been studied by analyzing T-lymphocyte proliferation and cytokine secretion
upon in vitro antigen stimulation (107,108,109). The importance of T-cell responses
as determinants of immune response to conjugate vaccines has been demonstrated in
mice (110). Assessment of T-cell responses is essential also to understand cellular basis
for the improved immune responses elicited by adjuvanted vaccines, especially when
novel, non-aluminium adjuvants are being tested (111,112).

3.5

Assessment of immunological memory

Pneumococcal conjugate vaccines are T-cell dependent antigens and induce
immunological memory. It is not clear whether certain concentrations of circulating,
functional antibodies, are required for protection against pneumococcal diseases after
immunization, or whether memory alone is sufficient to confer long-term protection.
Probably both are needed for optimal protection. Nevertheless, for the purposes of
vaccine evaluation, it is important to show induction of immunological memory in
response to vaccination. Immunological memory to a polysaccharide antigen is defined
as a response that is present in otherwise non-responsive individuals (e.g. infants),
characterized by a higher antibody response with IgG dominance on exposure to an
antigen, and dominated by antibodies with increased avidity. Direct measurement
and characterization of memory B-cells after booster immunization (113) using flow
cytometric or enzyme-linked immunospot assay (ELISPOT) techniques, is laborious
and rarely feasible.
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4. Immunological response
to natural infection
4.1

Host defence mechanisms

The main host immune mechanism against pneumococcal infection is opsonization of
the bacteria in the presence of early complement components and specific antibodies,
followed by phagocytic killing by polymorphonuclear leukocytes and macrophages
(114). The importance of these host mechanisms is indirectly demonstrated by
the increased risk for infections in patients with hypogammaglobulinaemia,
impaired phagocytic or complement systems, or splenic dysfunction, and the capacity of
replacement immunoglobulin therapy to restore immunity (115,116). Pneumococci have
developed many virulence factors to avoid opsonization (117,118), the most important
being the polysaccharide capsule (119). Pneumococci probably undergo phase variation
in order to adapt and survive in ecological niches of the host; invasive isolates often have
opaque colonies, recognized by a thick polysaccharide capsule, whereas transparent
colonies with less capsule are found more often in mucosal sites. Transparent colonies
express greater amounts of proteins associated with adherence (120,121,122). In blood,
the thick capsule shelters the subcapsular antigens from recognition by host opsonins,
and antibodies that bind to the capsule are required to make the bacterium susceptible
for phagocytosis.
Because asymptomatic nasopharyngeal carriage is the main reservoir for spread of
pneumococci, and a precursor for infection, the factors of innate immunity, and both
mucosal and systemic immunity, contribute in the defence against nasopharyngeal
carriage and in the prevention of subsequent infections. Serum IgG transudates to
mucosal surfaces, and together with locally produced secretory IgA can interfere with
adherence to mucosal epithelium. Upon inflammation, phagocytes migrate into mucosal
sites and augment in the clearance of the pathogen.

4.2

Development of immunity

In vaccine naive individuals, low concentrations of antibodies to pneumococcal PSs
can be measured quite frequently, reflecting previous pneumococcal infection or
immunization by cross-reacting antigens. Epidemiological data show a clear agespecific susceptibility to pneumococcal carriage and disease, suggesting that protective
immunity develops with age. Indeed, the age-dependent ability to mount an antibody
response to pneumococcal capsular polysaccharides coincides with the decline in the
pneumococcal disease by age in childhood. On the other hand, the senescence of the
immune system, most probably both innate and adaptive (123), increases the risk of
pneumococcal disease among the elderly. Asymptomatic pneumococcal carriage or
disease, induce natural development of antibodies to pneumococcal PS and protein
antigens (124–134).
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Antibodies recognizing the pneumococcal PS antigens in EIA develop through
serotype-specific contact with pneumococci, and also through contact with other
bacteria bearing cross-reactive antigens. However, based on animal experiments,
the protective natural immunity can be antibody or cell mediated (135,136), and thus at
present it can be concluded that the role of natural antibodies induced by pneumococcal
carriage or disease is still unclear. The majority of the anti-PS specific IgG is of IgG2
subclass in adults, while antibodies of young children are mainly of IgG1 subclass
(137,138). IgG antibodies interact with FcγRIIa receptor on the phagocytes. It has
two functionally different allotypes. FcγRIIa-H131 receptor has high affinity to IgG2,
while FcγRIIa-R131 receptor binds IgG2 poorly (139). This functional polymorphism
can have a role in the defence against pneumococcal infection (140,141).
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5. Response to vaccination

5.1

Polysaccharide vaccine

As described above, the first PPSV vaccine was licensed in 1977, and is now
recommended for use among adults and older children at high risk for pneumococcal
disease (see also Sections 2 and 7).
Several studies have evaluated the immunogenicity of the PPSV in elderly adults and
found little or no diminution in IgG antibody concentrations with ageing (85,142–145),
so that the concentration of IgG antibodies to pneumococcal PSs in healthy elderly
adults does not seem to offer a satisfactory explanation to the poor efficacy of PPSV
in this population. Rather, the low functional activity and short duration of immunity
compares to the inefficient protection (84,85,146). High-risk groups e.g. patients with
sickle-cell disease, bone marrow or solid organ transfer transplantation, and asplenia,
tend to have lower and shorter-lasting antibody concentrations after vaccination than
healthy adults (147–152).
A randomized double-blind trial in HIV-infected adults in Uganda (153),
showed no benefit of vaccination with PPSV. In fact, rates of pneumonia and
pneumococcal disease were increased in the vaccine recipients. This effect could not
be associated with immune responses in the same population (154). In an American
retrospective case-control study (155), overall effectiveness was 49% (95% confidence
interval (CI) 12%-70%) against IPD among HIV-infected adults, but a stratified analysis
showed no benefit in African Americans, effectiveness 24% (95% CI - 50% to 61%).
Several immunogenicity studies suggest that PPSV is less immunogenic in HIV-infected
adults than in healthy controls (156–159). Anti-retroviral therapy has only had a minimal
effect on the immune response to PPSV in this population.
Since young adults respond satisfactorily to PPSV, PPSV immunization of mothers has
been considered as a protection for young infants against pneumococcal disease and
colonization. Several studies show that infants of immunized mothers have elevated
serum antibody concentrations up to four months after delivery (160–164). In addition
to the transfer of antibodies through placenta breast milk, antibodies can be important
for protection.
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5.2 Conjugate vaccines
The experience gained from efficacy trials with either PCV7-CRM or similar 9-valent
PCV (PCV9-CRM) has been described in a detailed WHO position paper (14).
IPD was an end-point in four efficacy trials (12,13,41,165). The first one was conducted
in Northern California — Northern California Kaiser Permanente (NCKP) trial.
Subsequent trials were conducted among American Indian, South African and Gambian
infants. The vaccine efficacy against IPD caused by the vaccine serotypes (VT) varied
between 76.8% and 97.4% with overlapping confidence intervals, and was lowest among
American Indian, the Gambian and HIV-infected South African infants.
The efficacy of PCV7-CRM, PCV9-CRM or 11-valent mixed carrier PCV using TT
and DT as carrier proteins (PCV11-D-T) against community-acquired pneumonia
with radiological confirmation, has been evaluated among Northern Californian (11),
South African (13), Gambian (12), American Indian (165) and Philippine infants (166).
The NCKP, South African and Gambian trials showed significant efficacy (20%–35%)
against radiologically confirmed pneumonia, while the trials with American Indian
and Philippine infants showed comparable point estimates, but did not reach statistical
significance.
Two trials have looked at the efficacy of PCVs on culture-confirmed AOM in
infants, and a third trial estimated the efficacy of PCV7-CRM against recurrent
culture- confirmed AOM among older children (167–170). Two vaccines, PCV7CRM and PCV7-OMPC, were tested in parallel in Finland — Finnish Otitis Media
(FinOM) Vaccine Trial. The second infant trial (POET) was conducted in the Czech and
Slovak Republics and used a novel investigational PCV11-PD, in which the
Haemophilus influenzae-derived PD was used as the carrier protein. The observed
efficacy against pneumococcal AOM caused by vaccine serotypes (VT) was very
similar (56%–57.6%) in all of the infant trials. The overall impact on AOM was 0%
for PCV7-OMPC and 6% for PCV7-CRM in the FinOM Vaccine Trial (167,168),
while in the POET trial a 33.6% reduction in the overall incidence of AOM was reported
(169). The difference is most probably due to the prevention of both pneumococcal and
Haemophilus influenzae AOM in the POET trial, and the replacement of VT AOM
by non-vaccine serotype (NVT) AOM in the FinOM Vaccine Trial.
Several studies have confirmed that PCVs have an effect on pneumococcal colonization.
The decrease of VT pneumococcal colonization is offset by an increased carriage
of NVTs with no resultant effect on the overall pneumococcal carriage-rate (171).
Since the asymptomatic carriers are a reservoir and source of the spread of pneumococcal
infection, studies on colonization may provide tools to predict the overall effects of
PCV vaccination.
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5.2.1 Immunogenicity of PCVs used in the efficacy trials
Serotype-specific serum antibody concentrations have been estimated with a standard
EIA without 22F adsorption in nested immunogenicity trials among the IPD and
pneumonia efficacy trial populations (43,172,173), and in trials preceding the efficacy
trials (174,175) (Figure 1). All studies show a robust antibody response. After the third
dose the geometric mean antibody concentrations (GMC) tended to be lowest among
the Californian infants. Serological data for HIV-uninfected and HIV-infected infants
have been reported for a small number of South African vaccinees (83). The GMCs of
antibodies were not significantly different in the two groups, but the functional activity
of antibodies seemed to be lower among HIV-infected infants. This is in accordance with
the vaccine efficacy that appears to be lower and shorter- lasting in HIV-infected children
than in HIV-uninfected children (13,176). In general, the antibody concentrations in
different trials did not vary much. The observed differences in the efficacy against
pneumonia in some of the trials in different populations, seem to be dependent on
other factors such as the variability in case- ascertainment and the predictive value of
the clinical case definitions for pneumonia that were used in the trials.
Figure 1: Geometric mean concentrations (GMC) of antibodies to vaccine
serotypes reported in connection with the PCV efficacy trials with invasive
pneumococcal disease and/or radiologically confirmed pneumonia as
end-points. (Modified from Käyhty et al. Immunogenicity and reactogenicity of
pneumococcal conjugate vaccines in infants and children.
In: Siber et al., eds. Pneumococcal vaccines: the impact of conjugate vaccine.
Washington, DC. ASM Press, 2008).
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Based on meta-analysis (43) of three efficacy trials (NCKP, South African,
American Indians), WHO experts agreed on the use of the threshold of 0.35 µg/ml
in non-inferiority evaluation when comparing new PCVs or PCV formulations to
registered PCV (63). It should be noted that this threshold does not necessarily predict
protection in an individual subject. None of the trials has sufficient IPD cases to provide
serotype-specific thresholds (see also Section 6).
Antibody concentrations in the FinOM Vaccine Trial were determined with EIA
without 22F PS adsorption (45) and in the POET trial with 22F PS adsorption (169),
which should be kept in mind when comparing the results (Table 1). The serotypespecific significant protection could be determined for serotypes 6B, 14, and 23F in
all three studies. Even though the GMCs for serotype 19F were high in all studies,
the point estimates for clinical efficacy were low, and significant protection could be
shown only for PCV7-OMPC and PCV11-PD, but not for PCV7-CRM. PCV7-CRM
induced higher antibody concentrations to serotype 6B than the other PCVs, but the
efficacy was 80% to 90% in all three trials, suggesting that even the lower antibody
concentrations to serotype 6B evoked by PCV7-OMPC or PCV11-PD were sufficient
to provide good protection.
The FinOM Vaccine Trial showed an inverse association between the risk of AOM
and serotype-specific antibody concentration (42). The mean antibody concentration
predicting protection after vaccination varied between serotypes, so that lower
concentration of antibodies was needed to protect against serotype 6B AOM than
against AOM caused by other studied serotypes. In the POET trial the mean antibody
concentration and opsonophagocytic activity against serotype 19F were lower in
post- primary course samples of the breakthrough cases as compared to those who did
not develop AOM caused by serotype 19F (87) .
The functional activity of anti-pneumococcal antibodies was measured by OPA in
FinOM (86) and POET trials (87). Due to the methodological differences, the data from
the two studies cannot be compared directly. In general, the antibody concentration and
the functional activity seem to correlate well when each serotype is evaluated separately.
However the OPA shows differences between serotypes, and might be better associated
with the protection, at least in the case of PCV7-CRM and PCV11-PD (86,87,89),
than the antibody concentration. In all three studies, less antibody was needed for 50%
killing of the serotype 6B strain than for killing of the serotype 19F strain, which is in
accordance with the efficacy of the three PCVs against these serotypes.

5.2.2 Mucosal antibody responses to PCVs
PCVs prevent mucosal infections (AOM and colonization), and some groups have
made efforts to characterize the mucosal immune response after vaccination, in the hope
of finding serological correlates of mucosal protection. Such studies have addressed
IgG and secretory IgA antibody concentrations in salivary fluid (64–66,68,177–179).
Lymphocytes encountered by antigens in the respiratory tract migrate back to the
mucosal tissues after maturation to antibody production in local lymph nodes.
Thus another way to demonstrate mucosal immune response to pneumococcal vaccines
has been the measurement of circulating antibody secreting cells by ELISPOT from the
blood, on their way back to the effector sites in mucosa (69,180). The PCVs induce the
production of local antibodies but thus far no direct link has been established between
the salivary antibody concentration and vaccine- induced protection.
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1.92
2.17
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4.2
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3.00

5.96

3.23

9.31

7.58

Modified from Käyhty et al. Immunogenicity and reactogenicity of pneumococcal conjugate vaccines in infants and children.
In: Siber et al., eds. Pneumococcal vaccines: the impact of conjugate vaccine. Washington, DC. ASM Press, 2008.
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3.19
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3.63
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Table 1: The geometric means of antibody concentrations to PSs of vaccine serotypes in efficacy trials in infants
with an end-point of culture- confirmed AOM caused by the vaccine serotypes. 4

3.55

0.9

2.41

0.67

6.13

2.83

23F

5.2.3 Duration of immunity after vaccination with PCVs
The persistence of antibodies has been followed for PCV9-CRM in South Africa
(176,181), for PCV7-CRM in Finland (182), and for PCV11-PD in the Czech Republic
(183). After 6.2 years of follow-up in South Africa, the proportion of children with
IgG antibodies ≥0.35 µg/ml was similar for HIV-infected children in the placebo and
PCV groups for most of the serotypes, while the proportions were significantly higher
in HIV-uninfected PCV recipients compared with the placebo group. This is consistent
with the long-term persistence of protection; among the HIV-uninfected children the
efficacy was still 77.8% after 6.2 years of follow-up, but declined from 65% to 38.8%
(95% CI - 7.8–65.2%) among HIV-infected children (176). Huebner and colleagues
report (Table 2) the antibody concentrations up to 18 months of age in a cohort of
South African vaccinees (181). Their conclusion is that even without a booster dose,
the antibody concentrations remain significantly higher in the PCV9-CRM recipients
until the age of 18 months, as compared with the placebo group.
The persistence of antibodies was determined in the FinOM vaccine trial at
the age of four to five years for the PCV7-CRM and control arms (Table 2).
Antibody concentrations had declined, but less for the frequently carried serotypes 6B, 14,
19F and 23F (182). The follow-up of a subset of children that previously participated
in the POET study up to their fourth year of life showed a similar trend (Table 2)
(183).
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Modified from Käyhty et al. Immunogenicity and reactogenicity of pneumococcal conjugate vaccines in infants and children.
In: Siber et al., eds. Pneumococcal vaccines: the impact of conjugate vaccine. Washington, DC. ASM Press, 2008.

Serotype:

Control group

PCV9-CRM

18 months

Age

Vaccine (N)

South Africa (181)

Country (reference)

382

PCV7-CRM

0.36

1.38

0.34

0.58

0.58

NA

0.59

NA

0.33

NA

341

Control group
NA

4–5 years

Finland (182)

Table 2: Persistence of antibodies after immunization of South African, Czech or Finnish infants with PCVs.
Geometric mean antibody concentrations are given for each vaccine serotype at indicated ages in children
who had received PCV or a control vaccine in infancy. The frequently carried serotypes are in bold type. 1

5.2.4 Immunogenicity of PCVs in different populations and risk groups
Populations
The licensed or investigational PCV7-CRM or similar PCV9-CRM has now been
used in several populations. Figure 2 compares antibody concentrations for
four vaccine serotypes (6B, 14, 19F and 23F) in 17 studies among African
(174,184), American (43,172,185), German (186,187,188), British (47,189,190,191),
Canadian (192), Finnish (178) (Ekström et al. unpublished), and Icelandic (193) infants,
after immunization with three doses of PCV7-CRM or PCV9-CRM in infancy.
The EIAs were performed in different laboratories and the vaccines given with different
schedules and with different concomitant vaccines. Serotype 6B seems to show the
greatest variation between studies, but in general the PCV-CRM evokes a robust
immune response in different populations.
Figure 2. Geometric mean concentrations (GMC) of antibodies after
three primary doses of PCV7-CRM or PCV9-CRM in studies in the
United Kingdom (47,189–191), Germany (186–188), Canada (192),
the Gambia (175), South Africa (174,184), USA (43,172,185),
Finland (unpublished, 178) and Iceland (193). The PCV was given at 2, 3 and 4
months in the United Kingdom, Germany and the Gambia; at 2, 4 and
6 months in Canada, the USA and Finland; at 3, 4 and 5 months in Iceland
and at 6, 10 and 14 weeks in South Africa. (Modified from Käyhty et al.
Immunogenicity and reactogenicity of pneumococcal conjugate vaccines in
infants and children. In: Siber et al., eds. Pneumococcal vaccines: the impact of
conjugate vaccine. Washington, DC. ASM Press, 2008).
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The investigational mixed carrier aluminium adjuvanted PCV11-D-T was given
concomitantly with whole-cell pertussis vaccine (wP) containing diphtheria,
tetanus and pertussis combination vaccine (DTP) to Philippine, Israeli, and Finnish
infants in two separate studies (194). After the third dose given at 14 weeks in the
Philippines and at six months in Israel and Finland, or a booster dose given at nine
months in the Philippines and at 12 months in Israel and Finland, the Philippine infants
showed higher antibody concentrations to most of the 11 VTs. The difference was
most notable for serotypes conjugated to TT. Possible reasons for the higher responses
among Philippine infants could be infant priming by tetanus vaccination of mothers in
the Philippines, natural boosting by earlier carriage acquisition in the Philippines than
in Finland or Israel, genetic factors, antibodies elicited by cross- reacting antigens or
the vaccination schedule.
Published data on the immunogenicity of the PCV11-PD are available from the
immunogenicity studies in Finland (36), the Philippines (35), and from the phase III
study in the Czech and Slovak Republics (169). Again, even though the PCV was
given with different schedules and with different concomitant vaccines, the mean
concentrations after the third dose were similar in the three populations and also after
the fourth dose given in Finland and the Czech and Slovak Republics.
Risk groups
Studies with PCVs among HIV-infected children show adequate antibody responses
(83,195–198) with the trend towards a higher response in those with less advanced
disease. The South African trial (13) has been, thus far, the only efficacy trial among
HIV-infected children. In that trial, the immunogenicity was lowest among those
infants with the most severe condition, especially with respect to the functional activity
of antibodies. Furthermore, while both the immunogenicity and protection waned
during the several years follow-up in HIV-infected children, it was sustained in healthy
controls (83).
Studies in the USA, Malawi and Uganda show that adult HIV-infected PCV7-CRM
recipients mount high antibody concentrations and OPA titres (199–202). The Malawian
study also reported significant increases in salivary IgA (200) and IgG in in lung fluid
(67), both in the HIV-infected and HIV-uninfected group.
Good immunogenicity of PCV7-CRM in different risk groups has now been shown
in several studies. These studies suggest that immunocompromised patients with, for
example, sickle-cell disease (203,204), bone-marrow transplant (205) and asplenia
(206) can benefit from vaccination with PCV, whereas PPSV might not give protective
immunity. Bone-marrow or stem-cell recipients have satisfactory responses, but the
optimal immunization includes three doses after transplant. Immunization of the donor
one month before the harvest of bone marrow or before harvesting the stem cells,
augments the response (207,208).
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5.2.5 Schedule issues
Efficacy studies among infants have used either 3+1 (41,165,167,168,169) or three- dose
schedules — the local infant immunization schedule (12,13,166). A number of countries
have, however, different schedules for routine infant immunization, and many now
use a 2+1 dose schedule for PCV7-CRM. In addition, to be able to adopt the PCVs
in resource-poor countries, an immunization series of fewer than three doses would
offer the possibility to lower the costs of immunization. Studies comparing alternative
schedules of PCV7-CRM in different populations in Africa, Asia, and Europe are
ongoing. The data from those studies on antibody concentrations, development of
memory, functional activity of antibodies, and the effect on carriage, will be available
in the near future.
Three types of studies have addressed the schedule issue. Kinetics studies, randomized
studies comparing schedules, and studies using published data for comparison. Studies
on the kinetics of antibodies from Finland, the Philippines and South Africa, and the
USA (45,174,185,209) show very similar trends in spite of different PCVs, different
schedules, and concomitant vaccines used. Typically, serotypes 6B and 23F induce
antibody increases only after the second or third dose, while for serotypes 4 and 14,
increases can already be found after the first dose.
Leach and colleagues compared randomized groups that received PCV5-CRM at 2, 3
and 4, or at 2 and 4 months of age (210). Higher antibody concentrations were noted
in the group that had received three doses compared to those receiving two doses, but
due to the small numbers of vaccinees the difference was significant only for serotype
14. In an Icelandic study, infants were randomized to receive PCV9-CRM combined
with group C meningococcal conjugate vaccine (MCV-C-CRM) either at 3 and 5, or at
3, 4 and 5 months with a booster dose at 12 months. The mean antibody concentrations
after the primary courses were similar in the two groups (Table 3), with the exception
of serotypes 6B and 23F (193)). Similar results have been reported from an Israeli
study using PCV7-CRM (211). After a booster dose of either PCV9-CRM or PPSV,
no differences were noted in the Icelandic study.
Goldblatt and colleagues compared data from two studies using PCV9-CRM that had
either a 2, 3, 4 and 12 months, or a 2, 4 and 12 months schedule respectively (47). The
mean antibody concentrations were similar at five months of age (Table 3). The similar
avidity maturation (studied for serotypes 6B, 14 and 19F) and the booster responses
to PPSV or PCV at 12 months, suggest that the 2-dose schedule had induced similar
immunological memory compared to the 3-dose schedule. Esposito and colleagues, and
Käyhty and colleagues reported antibody concentrations for the 2+1 dose schedule (at
3, 5, and 11 or 12 months) of PCV7-CRM in Italian and Swedish infants respectively
(212,213). Comparison with historical controls i.e. studies that have used the same
vaccine with the 3+1 dose schedule (41,45,167) showed that the GMCs for serotypes 6B
and 23F remained lower after the primary 2+1 course, but no clear-cut differences were
noted for other serotypes (Table 3). After the booster at 11 or12 months, the GMCs
were similar (212,213) to those found after boosting in previous studies using three
doses in infancy. In general, the comparative studies suggest that the 2+1 dose schedule
induces a satisfactory immune response with the possible exception of serotypes 6B
and 23F.
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1

3-5-12 mths (99)
2-4-6-12 mths (57)

4.43
1.70

2.05
1.82

2.34
2.97

Post prim

9.43
2.56

5.55
5.19

3.87
4.30

Post boost

0.30
2.00

1.01
1.12

0.69
1.94

Post prim

4.92
9.05

9.68
11.11

9.42
14.01

Post boost

Serotype 6B

3.37
6.28

3.20
4.78

4.69
6.95

Post prim

11.67
10.82

13.88
18.48

8.75
10.15

Post boost

Serotype 14

Modified from Käyhty et al. Immunogenicity and reactogenicity of pneumococcal conjugate vaccines in infants and children.
In: Siber et al., eds. Pneumococcal vaccines: the impact of conjugate vaccine. Washington, DC. ASM Press, 2008.

Sweden/Finland
(167,213)

2-4-12 mths (82)
2-3-4-12 mths (73)

UK
(47)

PCV9-CRM

PCV7-CRM

3-5-12 mths (108)
3-4-5-12 mths (110)

Iceland
(193)

PCV9-CRM

Schedule (N)

Country (ref)

Vaccine

Serotype 4

0.88
2.51

1.15
1.52

0.91
1.77

Post prim

4.59
6.25

6.11
6.40

2.83
4.42

Post boost

Serotype 23F

Table 3: Geometric means of antibody concentrations to serotype 4, 6B, 14 and 23F PSs after primary series
and booster dose in studies that have directly or indirectly compared schedules including two or three primary doses
in early infancy with PCV boosting at 12 months of age. 1

A Philippine study showed similar antibody concentrations at nine months of age in
children immunized with three doses of PCV11-DT at 6, 10 and 14 weeks of age, or
with a single dose at 18 weeks (214). The relative avidity was tested for four serotypes
and was lower in the group that had received one dose at 18 months for serotypes 5,
6B and 23F, but not for serotype 19F (215).

5.2.6 A booster dose of PCV or PPSV
Independently from the PCV formulation or the primary immunization schedule,
a booster dose of either PCV or PPSV is able to induce higher or similar antibody
concentrations compared with the primary immunization. In many cases the
PPSV boosting induces higher mean antibody concentrations than the PCV boosting
(29,31,32,36,47,86,168,178,181,193,216). The development of B-cell memory during
the primary course can be studied by comparing antibody response after PPSV or
PCV booster in age-matched previously unimmunized versus PCV-immunized
children. The booster response to PPSV has been used, for example for testing the
persistence of memory (47,183), or the induction of memory by different schedules (47),
different PCV doses (32), different vaccine combinations (190), or when comparing
responses of pre-term and full-term infants (191).
British experience with Haemophilus influenzae type b (Hib) and meningococcal group
C conjugate vaccines suggests that there is a need for a booster dose of conjugate vaccine
in the developed world; the 3-dose schedule in early infancy without boosting did not
provide satisfactory long-lasting protection (217,218), especially when these vaccines
are co-administered with acellular pertussis vaccine (aP) containing DTP. Furthermore,
the South African follow-up study suggests that HIV-infected children would benefit
from a booster immunization, while HIV-uninfected children might have persistent
protection due to natural boosting via pneumococcal colonization or cross-reacting
antigens (176).

5.2.7 Interactions between PCV and simultaneously administered other
vaccines
Four trials have addressed the effect of concomitant vaccines on the responses to
PCV. In three trials, differences in concomitant vaccines had no effect on the response
to PCV7-CRM (192,219,220). A fourth study in Israel compared two groups,
one receiving investigational PCV11-D-T concomitantly with DTwP-IPV/PRP-T,
and the other with DTaP-IPV/PRP-T. The response to TT-based conjugates after
the third and fourth dose, was significantly lower among infants who had received
aP-containing combination vaccine (221).
Antibody response to the DT has been measured in a number of PCV7-CRM studies.
The response to a primary series of DTP alone has been compared to the response to
DTP co-administered with PCV7-CRM. The GMCs of antibodies against DT were
generally higher in the group given PCV7-CRM than in studies with both wP [190]
and aP-containing combination vaccines (186,187,188,190).
PCV7-CRM has not been administered alone to determine the immunizing or boosting
effect of the carrier, CRM. PCV11-D-T given at 18 weeks of age was able to boost
the DT and TT responses of Philippine infants who had received DTwP at 6, 10 and
14 weeks (222). Similarly, vaccination of toddlers with PCV11-D-T (223) was able to
boost responses to, respectively, DT and TT.
23

The administration PCV can either increase or decrease the antibody response to
other conjugate vaccines using the same carrier protein. When PCV7-CRM was
administered at the same time as a CRM-based Hib conjugate vaccine (PRP-CRM),
the mean antibody concentration to Hib PS was doubled compared with subjects
not receiving concomitant PCV7-CRM (190). A similar effect was observed when
CRM- based group C meningococcal conjugate vaccine was co-administered with
PRP-CRM (224). Although PCV7-CRM in general showed evidence of enhancement
of response to concomitant CRM-based conjugate vaccines, there is also some evidence
of carrier-mediated suppression with CRM (189,220).
Reduced antibody responses were reported in a Finnish dose-ranging study of a
4-valent TT-conjugated PCV (PCV4-T), in which infants also received TT-conjugated
Hib vaccine (PRP-T) and DTwP combination vaccine (32,225). After the three primary
vaccinations, both anti-Hib PS and -TT GMCs were inversely related to PCV4-T
dose (225). A similar placebo-controlled study of a single dose level of PCV4-T in the
State of Israel, also showed reduced anti-Hib PS responses in the subjects given
concomitant PCV4-T (225,226).
The immunogenicity of immunologically unrelated vaccines administered with and
without concomitant PCV has been examined in several studies. These include studies
with DTaP or DTwP-containing combination vaccines, including also Hepatitis B vaccine
(Hep B) PRP-T and/or IPV (36,186,187,188,192,227,228), Hep B (186,188,192,220),
oral polio vaccine (220), IPV and PRP-T (187,188,192,228,229), MMR (229)
and monovalent attenuated human rotavirus vaccine (230). Further studies have
been conducted with PCV9-CRM (174,175), PCV9CRM-MCV-C-CRM (189) and
PCV11-PD (169). The studies show minor and variable differences between the groups
for particular antigens in vaccines given concomitantly with PCVs, but in general these
are unlikely to be of clinical significance.

24

The immunological basis for immunization series - 12: Pneumococcal vaccines

6. Serological correlates for
protection
Due to the various infections caused by pneumococci, and the multiplicity of important
disease-causing serotypes, a definitive serological correlate of protection is hard to
establish. Similarly, the paucity of individual serotypes captured in the context of a
vaccine efficacy trial with IPD as an end-point, means that clinical serotype- specific
efficacy estimates have not been established (40,41). The etiology of non-bacteraemic
pneumonia cannot be specifically defined with current diagnostic tools, thereby making
it unlikely that a serological correlate for protection against the major pneumococcal
disease burden can be achieved.
The protective effect of systemic circulating antibodies that bind to the capsular
polysaccharide of pneumococci, enabling the killing of the bacteria by phagocytes,
has been well established for invasive pneumococcal disease. In 2003, data was available
from three randomized controlled efficacy trials against invasive pneumococcal disease
with the licensed PCV7-CRM or its closely related PCV9-CRM (12,13,41). On this basis
WHO undertook a series of consultations to develop serological criteria for evaluation
of pneumococcal conjugate vaccines for licensure purposes (63). The approach
adopted was to define a threshold concentration that would best predict protection
at a population level. A protective threshold serum IgG antibody concentration of
0.35µg/ml measured one month after vaccination by EIA, was defined by extrapolating
to pooled immunogenicity data from the pooled point-estimate of clinical efficacy
against invasive pneumococcal disease from three different clinical trials. This threshold
antibody concentration is applicable for evaluation of new vaccine formulations,
vaccination schedules, or combination vaccines in head-to-head comparisons with the
already licensed PCV7-CRM for non-inferiority, when efficacy trial is not feasible.
In addition to showing non-inferiority in antibody concentrations, direct measurement
of opsonophagocytosis by an OPA assay, and markers of immunologic memory, are
recommended in order to confirm good immunogenicity.
The antibody data used for the calculation of this threshold was generated by a
standardized EIA. As many laboratories are moving to an improved EIA with 22F
PS adsorption to increase assay specificity, the threshold has been under discussion
(43,231). The approach chosen for the definition of this correlate for protection
required several simplifying assumptions that should be considered in the application
of this estimate. Firstly, it is only applicable for IPD. The currently recommended
serologic criteria cannot be used to evaluate efficacy against other clinical end-points;
higher antibody thresholds appear to be needed for protection from acute otitis media
(AOM), pneumonia, or nasopharyngeal carriage (42,232,233,234). Secondly, this
relatively low protective antibody concentration is a threshold meant to establish noninferiority of a new product as compared with a product of proven clinical efficacy
aggregated across all the vaccine serotypes, and should not be used to predict protection
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at an individual level. Because of immunological memory, vaccinated individuals can
mount a rapid and vigorous immune response upon contact, and protection can be
achieved in spite of a low antibody concentration at the time of infection. Therefore, a
similar low antibody concentration in unvaccinated individuals may be insufficient to
confer protection. Thirdly, it is an aggregate-level estimate for all the serotypes in the
vaccine and does not necessarily reflect the differences between individual serotypes
in its capacity to mediate opsonophagocytosis. Fourthly, caution must be applied in
using thresholds derived from a population of infants, to other populations differing
by age and/or health status.
The protective effect of the PCV7-CRM as well as other PCVs, against mucosal
infections such as serotype-specific AOM, has been lower than for IPD, and different
for the individual serotypes (167,168,169). A different approach was undertaken by
investigators who defined mean serum antibody concentrations in vaccinated infants
associated with the risk of serotype-specific AOM (42). On the basis of this association,
they showed that the mean serotype-specific antibody concentrations that predicted
vaccine efficacy, varied by serotype. For 6B a constant efficacy was found with a low
mean concentration of ≥0.5µg/ml, whereas mean concentrations as high as >10µg/ml
were not able to protect against AOM caused by serotype 19F. Thus, a single threshold
concentration may underestimate clinical efficacy for some serotypes and overestimate
it for others. Alternatively, the lower level of protection against mucosal infections,
may be due to the limits of protection that systemic antibodies to capsular polysaccharides
are able to mediate (136).
Accumulating data from efficacy trials against AOM suggest that opsonophagocytic
activity, currently recommended as a secondary end-point in PCV evaluation, could
predict serotype-specific efficacy better than the concentration of antibodies (86,87). For
example, serotype 19F conjugates induce high concentrations of antibodies, but their
functional activity, and the clinical efficacy of the conjugate is low. By contrast, serotype
6B conjugates induce lower concentrations of antibodies, but their functional activity
and clinical efficacy is high (86,87,167,168,169). Immune responses at mucosal sites and
the persistence of immunity, may be as important as the concentration of circulating
antibody, in protection against pneumonia and less invasive mucosal infections such
as AOM and nasopharyngeal carriage.
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7. Vaccine effectiveness

The 23-valent PPSV is widely recommended for persons ≥ 65 years old and for persons
2–65 years old with high risk for pneumococcal disease e.g. underlying disease or
splenectomy (20). PPSV has proven effectiveness against IPD in the healthy target
group (24,235–240). However, its effectiveness in risk groups is arguable. For example,
it reduces IPD in indigenous Australian children (241), but not in Alaskan natives
≥ 55 years old (242). Furthermore, the PPSV has not provided a significant effect on
morbidity or mortality of patients suffering from chronic obstructive pulmonary disease
(243) or other immunocompromising conditions e.g. sickle-cell disease or leukemia
(238). The impact of PPSV on pneumonia is also controversial (23,26,235,244,245,246).
In contrast to the PCVs, the PPSV does not reduce carriage (15,22,247), so it is not
expected to have any effect on the transmission of pneumococci, and accordingly no
indirect effect (herd immunity).
Most of the information regarding the effectiveness of the PCV7-CRM has been
derived from the USA, where it has been in the routine vaccination schedule since 2000.
In the USA, the PCV is recommended for all children younger than two years of
age, and high-risk children aged 2–4 years (248,249,250). After six years routine use,
the overall effectiveness of the PCV7-CRM against IPD (irrespective of the serotype)
in children under five years old, has been estimated to be 70% (251), and highest
among healthy children against the VT IPD (96%). The effectiveness against IPD
has also been recorded in other countries that have introduced PCV7-CRM in their
national childhood immunization programmes. Data is available from the Barcelona
and Navarra districts in Spain (252,253), Australia (254), and the Greater Vancouver
area in Canada (255).
According to post-licensure surveillance in the USA, PCV7-CRM has reduced
the rates of community-acquired pneumonia hospital admissions (CAP) in infants
0 to 2 years old (256,257), as well as in adults in the age group 18–39 years;
reduction in other age groups did not achieve statistical significance however.
The decline in hospital admissions due to all-cause pneumonia has been estimated to
be 39% in the target population (256). The routine use of PCV has also diminished the
incidence of AOM (258), the number of persistent AOM cases, and the prevalence of
penicillin-resistant pneumococcal strains (259). The vaccination has also decreased the
recovery of pneumococci in acute maxillary sinusitis (260).
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PCVs reduce the pneumococcal carriage and thus are able to prevent the transmission
of VT pneumococci. The results of post-licensure surveillance confirm this as the
carriage of vaccine-type pneumococci has been decreasing in both vaccinated and
unvaccinated individuals (261,262). Routine vaccination with PCV7-CRM has reduced
the incidence of IPD significantly in the target group, in unvaccinated younger
infants (263), young adults, and in elderly people aged 65 or older (264,265,266).
Pneumococcal infections have also decreased among HIV-infected adults living with
children immunized with PCV7-CRM (267).
The disease reduction gains from the large-scale use of the PCV7-CRM has been offset
to varying degrees by increase of infections caused by NVT. The overall effect of the
vaccine on nasopharyngeal carriage has been estimated as zero due to the replacement
of VTs by NVTs (257,261,262,268). The replacement effect has also been seen with
pneumococcal disease (266,269–273). As with nasopharyngeal carriage, the increase
in AOM caused by NVT substantially offsets the gain from reduction in VT AOM,
especially for PCV-CRM and PCV-OMP. However, increase in NVT IPD has been
marginal compared with the reduction in VT IPD.
PCV has also been shown to cause reduction in disease due to related serotypes,
i.e. serotypes within the same serogroup, with 43% effectiveness against the IPD due
to the vaccine-related serotypes being reported (251). The effect is most notable for
serotype 6A. On the other hand however, 19A disease has increased, and it is one of
the major replacement serotypes (271,273–277). Worryingly, the increase of NVT
disease, especially of serotype 19A, is due to an increase of antimicrobial-resistant
pneumococcal clones (275–279). However, it has to be noted that 19A disease has also
increased in some countries that have not introduced PCV7-CRM via the spread of a
19A clone (280,281).
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8. Future prospects

There is currently one licensed PCV (PCV7-CRM) which has proved effective in
preventing VT disease and colonization. However, the vaccine is fairly new, and the
serotype coverage is not optimal globally. Experience of large-scale use in different
developed countries is accumulating steadily. The use of PCV in resource-poor countries
is expected to begin starting in 2008. For optimal and feasible adoption of the PCV,
ongoing and future studies (together with the post-licensure follow-up) need to show
how many doses would be needed for optimal protection in the target population,
as well as in the unvaccinated population. The need for and feasibility of a booster dose
needs to be clarified. Furthermore, the PCVs might need to be given in combination
with new vaccines. The possible interactions should be studied.
New infant formulations with wider serotype coverage are expected to come to the
market within the next five years. Their effectiveness is expected to be better than that of
the 7-valent vaccine, especially in populations where serotypes 1, 5 and 7F are prevalent.
Furthermore, inclusion of serotype 19A to the vaccine will hopefully decrease not only
19A infections but also the spread of antimicrobial resistance.
Studies on pneumococcal colonization will improve the understanding of the biological
mechanisms, kinetics of transmission, and the effects of PCVs. Studies on colonization
can provide tools to predict both direct and indirect effects of pneumococcal vaccines.
It is therefore possible that optimally-designed clinical trials with colonization
end-points will offer an alternative and/or additional way to evaluate the efficacy of
new pneumococcal vaccines, vaccine formulations, and vaccination schedules.
Experience with PCVs in adults and high-risk groups is still sparse. Studies addressing
the optimal vaccine serotype coverage, formulations, adjuvants and the number of doses
needed, will provide guidance on how to proceed in the prevention of pneumococcal
disease in these important groups.
Finally, the new third-generation pneumococcal vaccines containing pneumococcal
proteins, both PCVs and protein antigens, or pneumococcal PSs conjugated to
pneumococcal proteins, will be tested in clinical trials in the next 5–10 years.
Such trials will determine the feasibility of these approaches, and hopefully provide
more information on the protective mechanisms and immunological basis of protection
evoked by pneumococcal protein vaccines.
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