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Abstract

The aim was to identify an appropriate infant pneumococcal vaccination strategy for resource poor
countries. Fijian infants received 0, 1, 2, or 3 doses of 7-valent pneumococcal conjugate vaccine
(PCV) in early infancy. Following 3 PCV doses, geometric mean concentration (GMC) to all 7
serotypes were >1.0ug/mL, and >85% of children achieved antibody levels >0.35ug/mL at 18 weeks.
Following 2 doses, GMC were lower for 6B, 14, and 23F, but higher for 19F compared with 3 doses.
Following a single dose, significant responses were seen for all serotypes post primary series
compared with the unvaccinated. By 12 months, differences between 2 and 3 doses persisted for
serotype 14 only. Although GMC following 3 doses are higher than after 2 doses, the differences
were small. A single dose may offer some protection for most serotypes.
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Introduction

Streptococcus pneumoniae (pneumococcus) is the most common cause of bacterial pneumonia
in children worldwide. It is the leading vaccine preventable cause of serious infection in infants
[1]. An estimated 1.6 million deaths are attributable to pneumococcal disease each year with
the majority of these deaths occurring in low income countries primarily in children and the
elderly [2]. The case fatality rate is particularly high in infants less than 6 months old [3]. Over
40 serogroups comprising of over ninety serotypes of pneumococcus have been identified
[4]. Within serogroups, serotypes cross-react immunologically, and in some cases this
translates into cross-protection. The association of particular serotypes with disease varies
according to age, geography, and clinical site. Serotypes 6B, 14, and 19F are important
worldwide, while serotype 5 is mainly found in low income countries and 18C is more common
in affluent countries [5]. In general, the range of serotypes causing disease in affluent countries
like the United States and in Europe are relatively narrow and largely confined to the serotypes
found in the 7-valent pneumococcal conjugate vaccine (PCV, Prevnar®, Wyeth Vaccines).
PCV includes only serotypes 4, 6A, 9V, 14, 18C, 19F, 23F. In contrast, the range of serotypes
causing disease in low income countries is wider. Therefore PCV covers a smaller proportion
of the pneumococcal serotypes causing disease in children in low income countries compared
to more affluent countries.

In the USA, PCV has been shown to be safe and efficacious in a 3 dose primary series with a
booster in the second year of life [6]. Following the introduction of PCV into the US national
immunisation schedule in 2000 there has been a significant decline in vaccine type (VT)
invasive pneumococcal disease (IPD) in all ages [7]. Replacement disease, particularly due to
serotype 19A has developed due to capsular switching and clonal expansion [8]. A study from
the United Kingdom trialled alternative schedules with the aim of reducing the number of PCV
doses in the primary series and administering an earlier booster at 12 months of age (“2+1”
schedule) [9]. The UK subsequently introduced a “2+1” schedule in 2007, in which children
receive PCV at 2, 4 and 13 months. In some Scandinavian countries and Italy, routine
immunisations are given in a 2 dose primary series with a booster at or before the end of the
first year of life. When the introduction of PCV into the USA national immunisation schedule
was met with a global shortage of vaccine, many children received fewer than the recommended
4 doses of vaccine. A case control study documenting the impact of this on IPD due to vaccine
serotypes showed that one and 2 dose schedules given to infants less than 7 months of age had
an effectiveness of 73% (95%CI 43-87%) and 96% (95%CI 88-99%) respectively [10].

From seroprevalence data collected in Fiji, the 7 serotypes included in PCV would cover 55%
of episodes of IPD in children aged under 5 [11]. This would potentially increase to 83% if the
23-valent polysaccharide vaccine (23vPPS) was used, and due to the high prevalence of
serotype 6A which is not included in 23vPPS, this would increase to 87% if the new 13-valent
pneumococcal conjugate vaccine produced by Wyeth Vaccines (which includes serotypes 1,
3,5, 6A, 7F and 19A) was used [11]. The aim of this study was to find a vaccination strategy
for resource poor countries in terms of serotype coverage, flexibility, and affordability. To
address these issues, we undertook a Phase 11 vaccine trial in Fiji to document the safety,
immunogenicity and impact on pneumococcal carriage of various pneumococcal vaccination
regimens combining 1, 2, or 3 doses of PCV in infancy. In order to broaden the serotype
coverage, the additional benefit of a booster of 23-valent PS vaccine at 12 months of age was
also assessed. This paper compares the geometric mean serotype specific 1gG antibody
concentrations (GMC) following the different PCV primary series, and up to 12 months of age.
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Materials and Methods

1. Study participants

The study was a single blind, open-label randomized Phase Il vaccine trial in Suva, Fiji. Healthy
infants aged between 6 and 8 weeks were eligible for enrolment if they had no significant
maternal or perinatal disease history; they resided within 30 minutes of one of the three
participating health centres; and the family anticipated living in the study area for 2 years.
Infants were excluded if they had: a known allergy to any component of the vaccine; an allergic
reaction or anaphylactoid reaction with previous vaccines; a known immunodeficiency
disorder; a HIV positive mother; known thrombocytopenia or coagulation disorder; were on
immunosuppressive medication; received any blood product since birth; a severe congenital
anomaly; a chronic or progressive disease; a seizure disorder; or a history of invasive
pneumococcal, meningococcal, or Haemophilus influenzae diseases prior to study entry.

The study was conducted and monitored according to Good Clinical Practice. It was jointly
approved by the Fiji National Research Ethics Review Committee and the University of
Melbourne Human Research Ethics Committee. Written, informed consent was sought from
families of children eligible to join the study according to methods approved by the overseeing
ethics committees.

2. Study procedures and vaccines

Infants were enrolled at the time they presented to any one of 3 participating health centres to
receive their first dose of the combined Diphtheria-Tetanus-whole cell Pertussis-H.
influenzae type b-Hepatitis B vaccine (Hiberix® containing 10ug of purified Hib capsular
polysaccharide covalently bound to approximately 30ug tetanus toxoid mixed with Tritanrix-
HepB® containing not less than 30 IU of adsorbed D toxoid, not less than 60 1U of adsorbed
T toxoid, not less than 4 1U of wP, and 10ug of recombinant HBsAg protein, GlaxoSmithKline)
at 6 weeks of age. Randomisation lists were produced by the study statistician and group
allocation was concealed in opaque envelopes which study nurses removed sequentially from
abox. Eligible infants were stratified by ethnicity and randomised using a computer-generated
list of random numbers in blocks of variable size to one of 8 groups to receive 0, 1, 2, or 3
doses of PCV. The 7-valent CRM1g7 protein-polysaccharide conjugate vaccine containing
polysaccharide antigen from pneumococcal serotypes 4, 6B, 9V, 14, 18C, 19F, 23F

(Prevnar ®, Wyeth Vaccines) was used. The vaccine contains 2 pg/serotype, except serotype
6B which is 4ug. The 3 dose group received PCV at 6 weeks (window 6-8 weeks of age), 10
weeks (window 8-12 weeks of age) and 14 weeks of age (window 12-16 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®) and oral polio were given at 6, 10, and 14 weeks of age.
Hiberix®/Tritanrix-HepB® and PCV were given in the right and left anterolateral thigh
respectively. The children in all primary series groups were further randomized to receive
23VPPS (Pneumovax®, Merck Sharpe Dohme, which consists of a purified mixture of 25ug
of capsular polysaccharide from each 23 pneumococcal serotypes) or no booster at 12 months
of age. All children received Measles-Rubella vaccine at 12 months of age. Responses to the
12 month 23vPPS vaccination will be presented elsewhere.

3. Laboratory procedures

All children had blood taken at 18 weeks and 12 months of age. Those children that were not
randomized to receive the 12 month 23vPPS additionally had blood taken at 9 months of age.
The 12 month blood sample was taken prior to the administration of the 23vPPS, so that the
results presented in this manuscript are from the 7 groups that had blood taken in the first year
of life. Blood was separated in the health centre, kept chilled and transported to the Colonial
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War Memorial Hospital laboratory where it was divided into aliquots and stored at —70°C or
—20°C on the same day, until transported to the Pneumococcal Laboratory, Murdoch Childrens
Research Institute, Melbourne on dry ice for analysis.

Anticapsular pneumococcal antibody levels were assayed for all serotypes in PCV at 18 weeks,
9 and 12 months of age, using a modified WHO ELISA method [12]. In brief, microtitre wells
were coated with pneumococcal polysaccharide diluted in phosphate buffered saline by
incubating at room temperature overnight. To neutralise non-specific cell wall polysaccharide
(CPS) antibodies, serum samples were diluted 1/100 in pre-absorption buffer containing CPS
(10pg/mL) and serotype 22F (30ug/mL) and incubated overnight at 4°C. The reference serum
standard 89-SF (Food and Drug Administration, Bethesda MD) was pre-absorbed with CPS
at 10pg/mL and incubated overnight at 4°C. Horseradish peroxidase conjugated anti-human
IgG and a TMB(3.3', 5.5-tetramethylbenzidine) substrate solution were used for detection. A
high, medium, and low control serum were used on each plate to assess assay performance and
inter-assay variation. Results from an inter-laboratory correlation between Wyeth Vaccines
and the KTL Finland laboratory demonstrated a good correlation in serotype specific antibody
concentrations [12]. Laboratory staff were blinded to the group allocation of each serum
sample.

analysis

This manuscript reports analytic results concerning the secondary purpose of the trial. All case
reporting forms were monitored prior to double data entry into Epidata version 3.1 (Centers
for Disease Control, Atlanta, GA, USA). Cleaned data were exported to Stata version 9.0 (Stata
Corporation, College Station, Texas) for analysis. Serotype specific antibody concentrations
by ELISA were log (base e) transformed to calculate GMC. Pair-wise comparisons of serotype
specific GMC between 0-3 dose PCV groups were performed using a two sample t-test.
Comparisons of the proportion of infants between groups with serotype specific antibody
concentrations >0.35 and >1ug/mL for 0-3 dose PCV groups were performed using Fisher’s
exact test. A p-value of <0.01 was considered statistically significant due to the multiple
comparisons.

There were 552 children enrolled in the study (Figure 1). Characteristics and the number of
children randomized to groups 1-7 are shown in Table 1. The consent rate was 30.5%. At 12
months of age the withdrawal rate among children who had consented to join the study was
10%. No participant was withdrawn due to a reaction to any of the vaccines.

At 18 weeks of age, GMC in the 2 dose group were significantly lower (each p<0.001) for 3/7
serotypes (6B, 14, 23F), while the GMC for serotype 19F was significantly higher (p=0.003)
than in the 3 dose group (Table 2). Similarly, the proportions of infants with antibody
concentrations >0.35ug/mL were significantly lower for serotypes 14 (p=0.001) and 23F
(p=0.003) when comparing the 2 and 3 dose groups. The proportions of infants with antibody
concentrations >1ug/mL were significantly lower for serotypes 6B (p<0.001), 14 (p=0.004),
and 23F (p<0.001) in the 2 dose group when compared to the 3 dose group (Table 3).

By 9 months of age there were minimal differences between antibody levels in the 2 and 3 dose
groups. At 12 months of age antibody levels against serotype 14 were still significantly lower
(p=0.001) in the 2 dose group, with serotype 18C also being lower (p=0.011) (Table 2). The
proportions of children with antibody concentrations >0.35ug/mL and >1pg/mL were not
significantly different in the 2 dose group compared to the 3 dose group for any serotype (Table
3).
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Discussion

Our study has shown that a 3 dose PCV schedule is more immunogenic than alternative
schedules with one or 2 PCV doses. Despite a difference in post primary GMC between the 3
and 2 dose group, the proportions of infants with antibody concentrations above the estimated
protective level of 0.35ug/mL 4 weeks after the primary series was >90% for all serotypes in
the 2 dose group except 6B (77.4%) and 23F (82.2%). However the differences between the 3
and 2 PCV dose groups were minimal by 12 months of age. There was a natural decline in
levels of circulating serotype specific antibodies from 18 weeks to 12 months of age in the 3
and 2 dose groups with no significant difference between the 2 groups in the proportion of
children with antibodies >0.35ug/mL by 12 months of age.

The immunogenicity of 3 versus a 2 dose pneumococcal primary series with different
coadministered vaccines, has shown different results in different settings [9,13-17]. Following
3 doses of the 9-valent pneumococcal conjugate vaccine in Icelandic infants, 7 out of the 9
serotypes had significantly higher post primary antibody levels compared to the 2 dose group
[15]. However the proportion of infants in the 2 dose group with antibody levels >0.35ug/mL
was only significantly lower compared to the 3 dose group for serotype 6B [15]. A study using
an 11-valent pneumococcal conjugate vaccine in Israeli infants showed a 2 dose schedule was
less immunogenic than a 3 dose post primary series for serotypes 6B, 14, 18C, and 23F with
a significantly lower proportion of infants with antibody levels >0.35ug/mL for serotypes 6B,
18C, and 23F. This study used an unlicensed 11-valent pneumococcal conjugate vaccine
conjugated to diphtheria and tetanus carrier proteins [16]. PCV given to US infants showed 3
doses were needed to achieve an immunological response for serotype 6B but 2 doses were
sufficient for the other 6 PCV serotypes [17]. PCV was less immunogenic for serotype 6B in
Italian infants after 2 PCV doses than described in the US and Finland, but similar for the other
PCV serotypes [13,18,19]. In contrast, other studies have found minimal immunological
differences between a 3 or 2 PCV dose primary series [9,13]. A study in UK infants showed
no significant difference in GMC following a 3 or 2 dose schedule [9]. There was no significant
difference in the proportion of infants achieving antibody concentrations >0.35ug/mL except
for serotype 14 for which there was a higher proportion of infants in the 3 dose group [9].
Nevertheless, 2 doses may well be sufficient to protect against most PCV serotypes as early
effectiveness data from the UK using the “2+1” schedule has shown a reduction in all infant
IPD [20]. However 3 doses may be required to protect against serotype 6B as breakthrough
cases of 6B have occurred [20]. Ongoing surveillance will determine whether these
breakthrough cases will be a significant and consistent finding.

Whilst it is difficult to directly compare our immunogenicity results with other studies using
different conjugate and co-administered vaccines in different ethnic groups, our data show at
least comparable GMC results post primary series for all serotypes except serotype 6B and 23F
following a 2 dose primary series compared with immunogenicity data from a USA trial [19].
In addition, our results for both the 3 and 2 dose groups were similar to those of Gambian
infants who received 3 doses of an unlicensed 9-valent PCV also produced by Wyeth Vaccines
[21]. The only exception was that a lower proportion of Fijian children who received 2 doses
had antibody concentrations >0.35ug/mL for serotype 23F compared with the Gambian infants
[21]. Our GMC were, in general, similar following 2 or 3 PCV doses compared with the GMC
from South African infants, except serotype 6B was less immunogenic in the Fijian 2 dose
group [22]. Immunogenicity results for a 2 dose primary series from this study suggests similar
protection may be obtained for IPD in the first 12 months of life as achieved in vaccine
effectiveness and clinical trials [7,23,24], except perhaps for serotype 6B.

Comparisons of immunogenicity results between studies is also difficult as laboratory methods
may differ. Our laboratory’s results showed excellent inter-laboratory correlation between the
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Finnish KTL laboratory and Wyeth laboratories [12]. Dissimilar results between studies may
also be influenced by the common circulating serotypes at different study sites, which provide
natural exposure and boosting [25]. However in this study, the poorer immunogenicity of
serotypes 6B and 23F is most likely due to these serotypes being inherently less immunogenic.
It is noteworthy that the GMC for serotype 14 in this study is better maintained over time for
all schedules. This serotype is the commonest cause (33%) of IPD in children under 5 years
old in Fiji and as such may have provided natural boosting [11].

Our study has shown that a single PCV dose administered at 14 weeks of age induces a
significant immunological response and is likely to offer some protection for most serotypes.
This is consistent with findings from a South African trial which showed a significant and
potentially protective antibody response to most serotypes following a single dose at 6 weeks
of age with at least 70% of infants producing antibody concentrations >0.15ug/mL after asingle
PCV dose and at least 95% doing so after 2 doses [26]. A case control study inthe USA similarly
documented that a single dose schedule administered to infants less than 7 months of age had
an effectiveness of 73% (95%CI 43-87%) on VT IPD [10]. Models however have predicted
that a single PCV dose given between 5-10 months of age could prevent a significant amount
of VT IPD [27]. However, it is unlikely that significant protection, from a single PCV dose
administered early in infancy, would persist for children throughout the highest risk period for
IPD and pneumonia and an early booster at 6 or 9 months of age (“1+1” schedule) is worthy
of further investigation for use in developing countries. Indeed our study has shown that booster
responses tend to be stronger after a single dose of PCV rather than 2 or 3 doses (unpublished
data). This may be particularly relevant for low income countries where access to immunisation
services is irregular, and middle income countries who have a significant burden of disease
and are unable to pay affluent country vaccine prices but who do not benefit from immunisation
financing mechanisms such as the Advanced Market Commitment or the International Finance
Facility for Immunisation.

When interpreting our study it is important to note that two factors may have increased the
immunogenicity of the one and 2 dose groups. Firstly, the co-administration of Diphtheria-
Tetanus-whole cell Pertussis (DTwP) may have enhanced the immune response due to its
potential adjuvant effect [28]. Although there are no studies in the literature directly comparing
immunogenicity of PCV with Diphtheria-Tetanus-acellular Pertussis (DTaP) and DTwP,
studies with co-administered DTwP tend to have stronger immune responses than those in
which PCV is co-administered with DTaP. Furthermore, studies from Israel of an unlicenced
11-valent pneumococcal conjugate vaccine showed that co-administration with DTaP resulted
in substantially lower immune responses compared to co-administration with DTwP [28].
Thus, in the present study, co-administration with DTwP may have augmented the
immunogenicity of PCV.

Secondly, the carrier protein in PCV is CRM197, a modified diphtheria toxin. Experience with
Hib vaccines has shown that prior administration of DTwP may augment responses to the
CRM; g7 based conjugate vaccines [29,30]. Thus, the groups that received one or two doses of
PCV may have had augmented responses to their 14 week dose of PCV as a result of extra
doses of DTwP. Therefore, care should be taken before using these data to support a two dose
schedule in which only 2 doses of either DTwP or DTaP are given.

Based on re-analysis of existing phase 3 efficacy trials, it has been estimated that 0.35ug/mL
represents a protective level above which an individual is protected against IPD, particularly
meningitis [31]. While the level required to protect children against pneumonia may be higher,
it is unlikely that such an absolute level exists, and more likely that higher levels may be more
helpful where other risk factors are present. Our results show that the proportion of infants with
antibody concentrations >1pug/mL is significantly higher at 18 weeks of age in the 3 dose group
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compared with the 2 dose group for 3/7 PCV serotypes. However by 9 and 12 months of age
the proportion of infants achieving this level is higher in the 2 dose group as compared to the
3 dose group for 4/7 and 3/7 serotypes, respectively. Hence infants may be protected from most
VT IPD and severe pneumococcal disease but be less protected from non-bacteraemic
pneumonia and otitis media in the first 9 months of life with a 2 dose schedule. For countries
with high mortality, a one or 2 dose primary series may be sufficient to reduce mortality and
the burden of severe pneumococcal disease.

In summary, the immunogenicity of 3 PCV doses is better than 2 doses. However it is likely
that a 2 dose PCV primary series would offer similar protection as provided by 3 doses for
most serotypes except possibly 6B. One PCV dose is likely to offer some protection for many
serotypes. Further results documenting the avidity and opsonophagocytic activity post primary
series, the responses post booster, and the impact on nasopharyngeal carriage will follow.
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1811 screened
1259 did not consent

552 randomized

I [ [ [ I 1

A=T1 B=65 I I C=76 I I D=80 I I E=62 I I F=66 I | G=63 I | H=69
Withdrawn=4 Withdrawn=3 Withdrawn=3 Withdrawn=2 Withdrawn=3 Withdrawn=3 Withdrawn=1
eParent refused study eParent refused eFailure to return eDevelopment of eParent refused eProtocol eParent refused
procedure=1 study procedure=1 for follow up=2 exclusion study — violation=2 — study procedure

— eVoluntary — eMoved out of — eMoved out of — criteria=1 — procedure=1 eDevelopment of
withdrawal=2 study area=2 study area=1 eVoluntary eVoluntary an exclusion
eMoved out of study withdrawal=1 withdrawal=2 criteria=1
area=1

3PCV=67 | | 3PCV=62 I I 2PCV=T73 | | 2PCV=T78 | | 1PCV=59 I I 1PCV=63
Withdrawn=1 Withdrawn=1 Withdrawn=3
eParent refused eProtocol eVoluntary Unsuccessful
— study procedure — violation — withdrawal=2 — blood draw=1
eUnsuccessful ®Moved out of
blood draw=1 study area=1

18w blood=67 I | 18w blood=61 | I 18w blood=71 | | 18w blood=75 | | 18w blood=59 | | 18w blood=62 | | 18w blood=62 I I 18w blood=NA
Withdrawn=5 Withdrawn=8 Withdrawn=1 Withdrawn=3 Withdrawn=4 Withdrawn=2 Withdrawn=3
eFailure to return for eProtocol eDevelopment of eProtocol eDevelopment of eMoved out of eFailure to return

— follow up=2 — amendment=6 — an exclusion amendment=2 — an exclusion — study area=1 — for follow up=1
eParent refused study eMoved out of criteria=1 eMoved out of criteria=1 eProtocol eMoved out of
procedure=1 study area=2 study area=1 eMoved out of amendment=1 study area=1
eDevelopment of an study area=3 eParent
exclusion criteria=1 refused study
eMoved out of study procedures=1
area=1
eRefused blood=1

9m blood=49 9m blood=43

9m blood=37 NA'=22 NA'=12

NA'=24
Withdrawn=1

Refused blood=1 — eMoved out of
study area
I 12m blood=60 I | 12m blood=53 | | 12m blood=70 | | 12m blood=72 | | 12m blood=54 | | 12m blood=61 | | 12m blood=59 I I 12m blood=NA
16

A=3PCV; B=3PCV+ 12 month 23vPPS; C=2PCV; D=2PCV+ 12 month 23vPPS; E=1PCV; F=1PCV+ 12 month 23vPPS;G=12 month 23vPPS; H=no vaccines in the first 12 months
'NA=Not applicable due to a protocol amendment in which the timing of the 23vPPS was changed to 12 months from 6 or 9 months of age after 228 children had been recruited.
2 Group H did not contribute data to this manuscript as no blood samples were taken in the first 12 months.

Figure 1.
CONSORT chart of the screened and enrolled children to 12 months of age
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Table 1
Baseline characteristics of infants at enrolment and randomized to the 7 different
PCV groups
Characteristic 3 PCV (n=136) 2 PCV (n=156) 1PCV (n=128) 0 PCV (n=63)
Gender
Male 71 (52%) 70 (45%) 59 (46%) 32 (51%)
Female 65 (48%) 86 (55%) 69 (54%) 31 (49%)
Median age in weeks 6.7 6.4 6.5 6.5
Ethnicity
Indigenous Fijian 82 (60%) 106 (68%) 83 (65%) 35 (55%)
Indo-Fijian 46 (34%) 45 (29%) 39 (31%) 20 (32%)
Other 8 (6%) 5 (3%) 6 (4%) 8 (13%)
Median weight in grams 4900 4800 4825 4750
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