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Abstract
Aim—To evaluate whether the avidity of serotype-specific IgG to pneumococcal serotypes is
enhanced by an increased number of doses of the 7-valent pneumococcal conjugate vaccine (PCV)
in infancy or by a 12 month 23-valent pneumococcal polysaccharide vaccine (23vPPS) booster,
and /or subsequent re-exposure to a small dose of pneumococcal polysaccharide antigens (mPPS)
at 17 months.

Methods—Fijian infants aged 6 weeks were recruited, stratified by ethnicity and randomized to 8
groups to receive 0, 1, 2, or 3 doses of PCV, with or without booster 23vPPS at 12 months. All
children received mPPS at 17 months of age. Avidity of serotype-specific IgG for PCV serotypes
in the first 12 months and for all 23vPPS serotypes thereafter was assessed by EIA after sodium
thiocyanate elution.

Results—At one month post primary series, the 2 and 3 PCV dose groups demonstrated similar
avidity, with the single dose group tending to have lower avidity. However, by age 9 months, the
single dose group had similar avidity to the 2 and 3 PCV groups for most serotypes. The 23vPPS
booster enhanced affinity maturation for most serotypes and this was most marked in those groups
that received a single PCV dose. There was little further increase following the mPPS.
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Conclusions—By 9 months of age, similar avidity can be induced following one, 2 or 3 doses
of PCV. A 23vPPS booster at 12 months enhanced affinity maturation with an increase in
antibody avidity for most serotypes. Subsequent re-challenge with mPPS at 17 months did not
further enhance the avidity of serotype-specific response in the 12 month 23vPPS groups.

Introduction
Invasive pneumococcal disease (IPD) is an important cause of morbidity and mortality,
particularly in the very young and the elderly (1). A recent review estimated that over 14
million episodes of serious pneumococcal disease occurred worldwide in the year 2000, with
over 800,000 deaths in children under 5 years (2). At least 40 serogroups comprising of over
90 serotypes of pneumococcus have been identified (3, 4). In all regions of the world,
serotypes 1, 5, and 14 account for 28–43% of IPD in under 5 year olds (5). The 7-valent
pneumococcal conjugate vaccine (PCV, Prevnar™, Wyeth Vaccines) includes only
serotypes 4, 6B, 9V, 14, 18C, 19F, 23F and covers a smaller proportion of the pneumococcal
serotypes causing disease in children in low income countries compared to more affluent
countries.

Immunological memory should be demonstrated for the licensure of new pneumococcal
conjugate vaccine formulations (6). Immunological memory can be demonstrated by
increased serotype-specific IgG titers following administration of a booster dose of
pneumococcal polysaccharide (PPS) or conjugate vaccine, or by enhanced antibody avidity
(6). An important feature of a memory response is the maturation of antibody avidity.
Measurement of antibody avidity following PCV immunisation provides information on
both the development of B cell memory (7) and the functional activity of antibodies (8, 9).
One method of demonstrating immunological priming is to assess the ability of PPS to boost
the immune response and elicit antibodies with increased affinity. Evaluation of affinity
maturation has been used to assess priming capacity of PCV (10–13) and efficacy of
reduced dose schedules (14). In vitro, higher avidity antibody is associated with greater
opsonophagocytic capacity (11, 15). Furthermore, findings from a study assessing the
contribution of avidity, antibody concentration, and IgG subclass to opsonophagocytic
activity demonstrated that lower amounts of high avidity antibody were sufficient for killing
of bacteria whereas higher amounts of low avidity antibody were required for effective
killing activity (11). While the importance of avidity in determining protection from disease
is unclear, studies of Haemophilus influenzae type b (Hib) conjugate vaccine have
demonstrated that antibody avidity is strongly associated with functional activity of anti-Hib
polysaccharide antibodies (16, 17), and anti-Hib polysaccharide antibodies of high avidity
have been found to have protective efficacy in experimental Hib infection (18).

Due to the cost and the limited serotype coverage of PCV, some countries use reduced dose
primary PCV series schedules with a 23-valent pneumococcal polysaccharide booster
(23vPPS). In Fiji the 7 serotypes included in PCV would only cover 55% of IPD episodes in
children under 5 year (19), so that the 23vPPS would potentially provide additional coverage
against common disease associated serotypes. The aims of this study were to describe the
kinetics of the avidity of serotype-specific IgG following 1) a reduced dose primary PCV
series compared with a 3 dose primary series; 2) a booster of 23vPPS at 12 months; and 3) a
small re-challenge dose of 23vPPS (mPPS, comprising 20% of the 23vPPS dose) at 17
months of age in infants who had or had not received the 23vPPS at 12 months of age.
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Methods
1. Study participants

A single blind, open-label randomized Phase II vaccine trial was completed in Suva, Fiji
documenting the safety, immunogenicity and impact on pneumococcal carriage of various
pneumococcal vaccination schedules combining one, 2, or 3 doses of PCV in infancy
followed by a booster of 23vPPS. A small 23vPPS re-challenge dose was given to all
children at 17 months of age. Healthy infants aged between 6 and 8 weeks of age were
eligible for enrolment. Details of the selection criteria, randomisation procedure and
immunogenicity results (serum levels of serotype-specific IgG) have been reported
elsewhere (20–22). This manuscript reports findings for avidity of serotype-specific IgG.

The study was approved by the Fiji National Research Ethics Review Committee and the
University of Melbourne Human Research Ethics Committee and was conducted according
to Good Clinical Practice.

2. Study procedures and vaccines
Infants were stratified by ethnicity and randomised into one of 8 groups. Infants received 1,
2, or 3 doses of the 7-valent CRM197 protein-polysaccharide conjugate vaccine (PCV)
containing polysaccharide antigen from pneumococcal serotypes 4, 6B, 9V, 14, 18C, 19F,
23F (Prevnar ™, Wyeth Vaccines). The vaccine contains 2 μg/serotype, except serotype 6B
at 4μg. The 3 dose group received PCV at 6 weeks, 10 weeks, and 14 weeks of age. The 2
dose group received PCV at 6 and 14 weeks of age and the one dose group received PCV at
14 weeks of age. Vaccines were given a minimum of 25 days apart. Routine vaccines
(Hiberix™ mixed with Tritanrix™-HepB™, GlaxoSmithKline) and oral polio were given at
6, 10, and 14 weeks of age. The children in all primary series groups were further
randomised to receive a 23vPPS (23vPPS: Pneumovax™, Merck & Co., Inc., which consists
of a purified mixture of 25μg of capsular polysaccharide from 23 pneumococcal serotypes)
or no 23vPPS at 12 months of age in addition to Measles-Rubella vaccine. A small re-
challenge dose of 20% of the 23vPPS (mPPS) was administered to all groups at 17 months
of age.

3. Laboratory procedures
Table 1 presents the design of the study and the timing of blood draws. All children except
the group randomised to receive no PCV or 23vPPS had blood drawn at 18 weeks and 12
months of age. In addition, those children who were not randomized to receive the 12 month
23vPPS had blood drawn at 9 months of age. Children who received the 12 month 23vPPS
had additional bloods drawn 14 days post-23vPPS. All children had blood drawn at 17
months of age (prior to mPPS) and at 18 months (one month post-mPPS). Sera was
separated by centrifugation in the health centre, kept chilled and transported to the Colonial
War Memorial Hospital laboratory, Suva where it was divided into aliquots and stored at
−70°C on the same day, until transported on dry ice to the Pneumococcal Laboratory,
Murdoch Childrens Research Institute, Melbourne, for analysis.

Specific IgG was measured using a modified 3rd generation ELISA based on current WHO
recommendations (23) previously validated in our laboratory (24). Avidity of serotype-
specific IgG antibodies to all 23 pneumococcal serotypes in 23vPPS was determined by EIA
(25) which uses a 0.5 OD unit cut-off, with & without NaSCN, as the reference point for
calculation of avidity. This assay was validated against an alternative method for
measurement of avidity using a standardized IgG titer of 1 ug/ml as the reference point for
calculation of avidity (14) and equivalent avidity index (AI) results were observed (data not
shown). Initial steps were as for the ELISA method described. After incubation of serum
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samples and washing, sodium thiocyanate (NaSCN) in F-PBS was added to dissociate weak
antibody-antigen complexes. NaSCN or F-PBS were incubated for 15 minutes on a shaker at
room temperature, after which the plates were washed with PBS/T and antibody binding was
detected by the addition of horseradish peroxidase-conjugated anti-human IgG. The colour
was developed by the TMB Peroxidase Substrate system. Absorbance at 450 nm, reference
filter 620 nm was read on an EIA reader. Control serum was added to each plate to assess
reproducibility. The CV was less than 20% for all serotypes. Laboratory staff members were
blinded to the group allocation of each serum sample. Results are expressed as an AI,
assigned as the percentage of antibodies that remained bound to the antigens after NaSCN
elution. The AI was calculated for each serotype assayed for each sample by dividing the
end point titre of the serum sample with NaSCN treatment by the end-point titre of the
sample without NaSCN treatment and multiplying by 100.

4. Statistical analysis
Cleaned data were exported to Stata version 9.0 (Stata Corporation, College Station, Texas)
for analysis. PCV serotypes were serotypes contained within PCV (4, 6B, 9V, 14, 18C, 19F,
23F). Non-PCV serotypes were those not contained in PCV but contained in 23vPPS (1, 2,
3, 5, 7F, 8, 9N, 10A, 11A, 12F, 15B, 17F, 19A, 20, 22F, 33F). For analyses of serotype-
specific increases in avidity to non-PCV serotypes following the 12 month 23vPPS booster,
comparisons of avidity were performed by pooling data from the 4 groups that received
the12 month 23vPPS and were compared with pooled data from the 4 groups that did not
receive the 12 month 23vPPS. The results are expressed as a serotype-specific median AI
(the median percentage of serotype-specific IgG that is avid) at each time point for each
treatment group. To test for differences in distributions, between group comparisons of the
median serotype-specific AI were performed using the Rank sum test, and paired
comparisons of the median serotype-specific AI within groups were performed using the
Sign rank test. A p-value of <0.01 was considered statistically significant.

Results
There were 552 infants enrolled in the study. The number of infants randomized to each
group is shown in Table 1. The characteristics of children have been reported elsewhere (20,
22). There were 90 (16.3%) withdrawals. No participants were withdrawn due to an adverse
event attributable to any of the vaccines.

Figure 1 shows the kinetics of the median AI for each PCV group 4 weeks post primary
series (18 weeks of age), and at 9 and 12 months of age. The median AI were significantly
higher (each p<0.01) in the 2 PCV dose group as compared to the 3 PCV dose group at 18
weeks for 4 of 7 PCV serotypes (4, 6B, 18C, 19F) and significantly lower for serotype 23F
(p<0.001). By 9 months of age these differences were no longer evident. At 12 months of
age the median AI were significantly higher in the 3 PCV dose group as compared to the 2
dose group for 3 of 7 serotypes - serotypes 6B (p<0.001), 14 (p=0.002), and 23F (p<0.001).
When comparing the 3 PCV dose group with the single dose group, the median AI in the 3
dose group were significantly higher for all PCV serotypes post primary series (each
p≤0.001). Nevertheless, by 9 and 12 months of age these differences were no longer present,
with similar median AI in the 2 groups for the majority of serotypes, except that the 3 PCV
dose group had a higher median AI for serotype 23F (p 0.001) at 9 months, and serotypes 14
(p<0.001) and 23F (p<0.001) at 12 months, as compared to the single PCV dose group.
These findings show that while 2 or 3 doses of PCV provide greater increases in the median
percentage with high antibody avidity as compared with a single PCV dose in the early
stages post primary series, the avidity of serotype-specific IgG in the single PCV dose group
increases over time and are similar to those in the 2 and 3 PCV dose groups by 9 months of
age.
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To assess the effect of 23vPPS booster on avidity, the serotype-specific AI immediately
prior to and 2 weeks following 23vPPS booster were compared. In all PCV dose groups, the
23vPPS booster resulted in a significant increase in median AI for the majority of PCV
serotypes. The increase in the median percentage with high avidity following 23vPPS was
higher in the single PCV group as compared to the 2 or 3 PCV groups for several of the
PCV serotypes. There were no significant differences in the median AI post-23vPPS for all
PCV serotypes when comparing the 3 and 2 PCV dose groups. There were no significant
differences in the median AI 2 weeks following the 23vPPS between the 3 and single PCV
dose groups for 5 of 7 PCV serotypes with serotypes 4 (p<0.001) and 9V (p=0.004) being
significantly higher in the single dose group. This suggests that a 23vPPS booster
administered at 12 months results in similar increase in post immunization serotype-specific
IgG avidity for the majority of serotypes irrespective of whether infants received one, 2 or 3
PCV doses in their primary series. Furthermore, a single PCV dose followed by 23vPPS
appeared to provide a greater increase in serotype-specific IgG avidity when compared to
the 3 dose PCV/23vPPS group for at least some serotypes. It has been reported previously
that a single PCV dose resulted in higher serotype-specific IgG post- 23vPPS for 5 of 7 PCV
serotypes (21) and in this study 4 of these 5 serotypes also demonstrated higher avidity when
compared to the 2 or 3 PCV dose groups.

By 17 months of age, for those who had received 3 PCV doses, there were no significant
differences in the median percentage with high serotype-specific IgG avidity between those
who had or had not received the 23vPPS at 12 months of age for any serotypes except 19F
(p=0.002). Similar results were found for the 2 PCV dose group. In the single PCV dose
group, the median percentage with high avidity antibody at 17 months was significantly
higher in those that had received the 12 month 23vPPS compared with those that had not
received the 12 month 23vPPS for serotypes 6B (p=0.004), 18C (p<0.001), 19F (p<0.001),
and 23F (p<0.001). For those groups that had received the 23vPPS at 12 months of age,
there were no significant increases in avidity following the re-challenge with mPPS at 17
months of age (comparing the pre and post-mPPS sera within each PCV group) for all PCV
serotypes except serotype 9V (p=0.001) in the 2 PCV/23vPPS group. For those groups that
had not received the 23vPPS at 12 months, there were significant increases in avidity
following the re-challenge dose (comparing pre and post-mPPS sera within each PCV
group) for all PCV groups except serotypes 4 (p=0.731) in the 3 PCV dose group, and
serotype 19F (p=0.914) in the no PCV dose group.

Figure 2 shows the kinetics of the serotype-specific IgG avidity following the 23vPPS at 12
months of age for each PCV serotype. These findings suggest that although a 23vPPS
booster at 12 months induces a marked increase in avidity, a similar increase is achieved
with mPPS administered at 18 months. Indeed, the median percentage with high avidity
serotype-specific IgG were significantly higher at 18 months for many serotypes in the
children who did not receive a prior 23vPPS at 12 months as compared to those who did.

For the non-PCV serotypes, the median AI at 2 weeks following the 12 month 23vPPS were
significantly higher in the groups that received the 12 month 23vPPS when compared with
those that had not received the 12 month 23vPPS (each p<0.001). These differences between
the groups that received the 12 month 23vPPS and those that did not receive the 23vPPS
persisted to 17 months of age for all non-PCV serotypes (each p<0.01). At 18 months,
following the mPPS booster, the median AI for all non-PCV serotypes were no longer
significantly different between those groups that received the 23vPPS and those that did not
for 9 of 16 non-PCV serotypes. Furthermore, there were no significant increases in median
AI following the re-challenge mPPS dose in the groups that had received the 12 month
23vPPS for the majority of serotypes. The kinetics of the serotype-specific IgG avidity to 8
of the non-PCV serotypes are shown in Figure 3.
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Discussion
This is the first comprehensive study describing the kinetics of the avidity of serotype-
specific IgG for all 23vPPS serotypes following different pneumococcal vaccination
schedules. This study has shown that in the first 12 months of life, a 2 or 3 PCV dose
primary series in infancy increased the median percentage with high avidity for PCV
serotypes. Surprisingly however, although the single PCV dose group induced minimal
increases in the median percentage with serotype-specific IgG immediately post primary
series, levels of high avidity serotype-specific IgG increased progressively thereafter so that
levels were similar to those observed for the 2 and 3 dose groups by 9 months, with the
exception of serotype 23F. Consistent with our findings, a study from the United Kingdom
trialing reduced PCV dose schedules together with a booster at 12 months of age (14) found
that induction of high avidity serotype-specific IgG against the 3 serotypes tested (6B, 14,
23F) were similar for those receiving 2 or 3 PCV doses and increased significantly for both
groups in the period following priming and post boosting (14).

From 12 to 17 months of age, the 12 month 23vPPS booster increased the median
percentage with high avidity for most PCV serotypes and all non-PCV serotypes. At 17
months these differences persisted as there were significantly higher median AI for all non-
PCV serotypes in the 23vPPS group compared to the group that had not received the
23vPPS at 12 months of age. Avidity may be seen as a surrogate measure of the induction of
immunological memory for conjugate vaccines (7), so these findings indicate that one, 2, or
3 PCV doses prime infants to a similar degree. Furthermore, the single PCV dose group had
at least similar or higher avidity for all PCV serotypes post the 12 month 23vPPS except for
serotypes 14 and 23F as compared to 2 or 3 PCV dose groups, suggesting better priming
following a single PCV dose. We have previously demonstrated similar trends for serum
titers of serotype-specific IgG (21). Others have found that a conjugate vaccine booster is
better than a PPS booster (11, 12, 14, 26). Infants primed with PCV and who received a
PCV booster, but not PPS booster, had an increase in the amount of high avidity serotype-
specific IgG (12) which suggested that the response to PCV was T cell dependent, while the
T cell-independent PPS only activated existing memory B cells. A study in infants
immunized at 2, 4, and 6 months of age with one of 4 different conjugate vaccines, and
boosted at 14 months with the homologous conjugate or PPS found that while the induction
of high avidity serotype-specific IgG against serotypes 6B, 14, 19F and 23F increased with
age, only a booster dose of conjugate further increased avidity whereas a PPS booster did
not (11). Similarly, a reduced dose UK study found that a booster with PCV induced
significantly higher avidity responses against the 3 serotypes tested (6B, 14, 23F) compared
to a 23vPPS booster, and induction of high avidity serotype- specific IgG against 3 serotypes
tested in Ghanaian children was higher in those who had received PCV as compared to
23vPPS (26).

In this study, following a re-challenge with mPPS, there were no further increases in avidity
in the groups that received the 12 month 23vPPS. In contrast, there was a significant
increase in avidity induced by mPPS in the groups that had not received the 23vPPS at 12
months. Nevertheless, at the end of the study there was little difference in avidity between
any of the groups that were primed with PCV that had or had not received the 12 month
23vPPS. We have demonstrated previously that prior receipt of 23vPPS causes
immunological hyporesponsiveness to a 23vPPS re-challenge, as assessed by serum levels
of serotype-specific IgG (22). Although the children who had received the 12 month 23vPPS
had higher circulating antibody concentrations at 17 months of age, the response to a re-
challenge dose demonstrated a lack of secondary response to all 23 serotypes irrespective of
the pre-existing antibody level. In contrast, those who had not received the 12 month
23vPPS could clearly mount a response to mPPS (22). Our data (for PCV serotypes at least)
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suggests that hyporesponsiveness is not related to deletion of high avidity B cell clones as
avidity does not decrease following the 12 month 23vPPS. The clinical relevance of this
finding is unknown, as is the clinical relevance of the finding in this current study of no
increase in antibody concentration or avidity in the group that had received the 12 month
23vPPS prior to mPPS. Moreover, all vaccinated groups had similar serotype-specific IgG at
the end of the study.

The kinetics of avidity following vaccination varied for individual serotypes. The amount of
high avidity serotype-specific IgG against serotype 6B increased post primary series
following 2 or 3 PCV doses but not following a single PCV dose. However by 9 months of
age, amounts of high avidity serotype-specific IgG were similar for serotype 6B across all
PCV dose groups. In contrast to the avidity for serotype 6B, the avidity for serotype 23F did
not increase by 9 months. Nevertheless, following the 12 month 23vPPS the increase in
avidity for serotypes 6B and 23F increased with similar kinetics as observed for all other
PCV groups. As expected, there was no significant increase in the avidity for the majority of
non-PCV serotypes (except 15B and 19A) from 9 months to 12 months of age, prior to
23vPPS, and 12 month 23vPPS resulted in an increase in avidity for all non-PCV serotypes
compared to those that did not receive the vaccine. As this is the first study to document
avidity for non-PCV serotypes there are no other studies to compare results with.

Antibody avidity is an expression of the functional antibody affinity and is considered to
affect the protective efficacy of antibodies. In vitro, higher avidity antibody is associated
with greater opsonophagocytic capacity (11, 15). Avidity is therefore expected to correlate
with specific IgG and OPA results (27), however this has not been consistently
demonstrated. We have previously assessed the correlation between OPA titer, specific IgG,
and avid IgG and have demonstrated a good correlation between OPA titer and specific IgG,
and OPA titer and avid IgG for 5 of 6 PCV serotypes (4, 6B, 9V, 18C, 23F) both post-PCV
and 23vPPS (28). However no relationship was found between the OPA titer and avid IgG
for the non-PCV serotypes 1 and 5 (28). Other researchers have shown no association
between antibody avidity and opsonophagocytic capacity however there was a tendency to
negative correlation between the antibody concentration needed for opsonophagocytosis and
relative avidity, suggesting that lesser amounts of high avidity antibody than of low avidity
antibody were needed for bacterial killing (27). One caveat of our study is that avidity
assays have not been standardized. However, our current findings for antibody avidity
correlate with our OPA data for the same infants (29), supporting the validity of these
findings. Two weeks following the 12 month 23vPPS, there were no significant differences
in OPA for all serotypes between the single PCV dose group and the 3 dose group (29).
Nevertheless, there are slight differences between these avidity results and previously
published OPA (29) and our serotype-specific IgG antibody concentration data (20) for
infants from this study during the first 12 months of life. We had found that 3 or 2 PCV
doses elicited higher serotype-specific IgG antibody concentrations for most serotypes than
a single dose, following 23vPPS (20). Cross reactivity between heterologous serotypes has
been demonstrated (30) and may account for these differences.

In summary, this is the first large study to evaluate and compare functional antibody
responses following various immunization schedules with PCV and 23vPPS. An important
finding was that the functional antibody (avidity) following a single PCV dose was similar
to that observed following 2 or 3 PCV doses in the primary series. Furthermore, we have
shown that following 23vPPS, the increase in avidity seemed to be higher when preceded by
a single dose of PCV as compared to 2 or 3 PCV doses, which is consistent with our
previous findings in this cohort (21). In this study, we have also shown that the increase in
avidity following a 23vPPS at 12 months of age was similar to that following a 17 month
mPPS alone. Taken together, these findings support the use of abbreviated schedules in
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developing countries, either “2+1” or perhaps even a “1+1” schedule. However, there are
several caveats to this approach: firstly, the value of a single PCV/23vPPS schedule is
undermined by our current finding of immunological hyporesponsiveness post re-challenge
(22). Secondly, it is uncertain whether significant protection from a single PCV dose
administered early in infancy would persist throughout the “at risk” period. Nevertheless,
based on our current findings, the early administration of a booster at 6 or 9 months of age
(“1+1” schedule) would be worthy of further investigation for use in developing countries.
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Figure 1.
Kinetics of the median percentage of serotype-specific-IgG that is avid for the PCV
serotypes taken 4 weeks following the PCV primary series, and at 9 and 12 months of age
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Figure 2.
Kinetics of the median percentage of serotype-specific IgG that is avid for the PCV
serotypes pre and post 12 month 23vPPS and pre and post 18 month mPPS in those that did
or did not receive the 12 month 23vPPS
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Figure 3.
Kinetics of the median percentage of serotype-specific IgG that is avid for selected non-PCV
serotypes in those that did or did not receive the 12 month 23vPPS
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