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Background: The immunogenicity of the 10-valent pneumococcal non-
typeable Haemophilus influenzae protein D-conjugate vaccine (PHiD-CV)
was determined following a simplified 2-dose priming and the more
commonly employed 3-dose priming both followed by a booster dose.
Methods: A total of 351 healthy subjects were primed with PHiD-CV at
either 3 and 5 or 3, 4 and 5 months of age followed in all subjects by a
booster dose at 11 to 12 months of age. Serotype-specific pneumococcal
responses were measured by 22F-inhibition ELISA and opsonophagocytic
assays 1 month following primary and booster vaccinations.
Results: Depending on the serotype, the percentages of subjects reaching
the ELISA antibody threshold of 0.2 �g/mL were 92.8% to 98.0%
following 2 primary doses and 96.1% to 100% following 3 primary doses
except for serotype 6B (55.7% and 63.1%, respectively) and serotype 23F
(69.3% and 77.6%, respectively). Opsonophagocytic activity (OPA) could
be measured in 74.4% to 100% and 88.9% to 100% of the subjects after the
2-dose or 3-dose priming, respectively, except for serotype 1 (60.8% and
62.9%, respectively). In both groups, robust increases in ELISA antibodies
and OPA titers were observed for all serotypes after the booster dose.
Higher postprimary and postbooster ELISA antibody levels and OPA titers
were observed for most serotypes following the 3�1 schedule.
Conclusion: PHiD-CV was immunogenic in both schedules, but further
effectiveness data are needed to fully understand the public health benefit
to be expected from these schedules in terms of prevention against invasive
and mucosal infections.
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Pneumococcal conjugate vaccines (PCV) have been designed to
prevent pneumococcal disease in young children. Several vac-

cines have been developed containing capsular polysaccharides
from 7 up to 13 Streptococcus pneumoniae serotypes conjugated
individually to different carrier proteins such as CRM197 (a
nontoxic cross-reacting mutant of diphtheria toxin), outer mem-
brane protein complex (OMPC) of Neisseria meningitidis sero-
group B, and tetanus or diphtheria toxoids. One 7-valent vaccine
(PCV7-CRM containing capsular polysaccharides from serotypes
4, 6B, 9V, 14, 18C, 19F, and 23F conjugated to CRM197) has
been licensed in many countries based on its efficacy against
invasive pneumococcal disease (IPD) caused by vaccine sero-
types.1,2 Both PCV7-CRM and another vaccine containing the
same polysaccharides conjugated to OMPC (PCV7-OMPC) have
demonstrated efficacy against acute otitis media (AOM) caused by
pneumococcal vaccine serotypes.3,4

A 10-valent pneumococcal conjugate vaccine (PHiD-CV) was
developed containing 3 more serotypes (1, 5, 7F) than the PCV7-
CRM vaccine. It is a mixed carrier vaccine containing 8 capsular
polysaccharides (1, 4, 5, 6B, 7F, 9V, 14, 23F) conjugated individually
to nontypeable Haemophilus influenzae protein D (PD) and the
remaining 2 conjugated to tetanus (serotype 18C) or diphtheria (se-
rotype 19F) toxoids. Protein D, which is a cell-surface protein highly
conserved among H. influenzae strains,5–8 was selected for its poten-
tial to provide protection against H. influenzae infections.9,10 In a
double-blind randomized controlled efficacy study, an earlier formu-
lation of an 11-valent PD conjugate vaccine was shown to be safe and
immunogenic in children and demonstrated significant protective
efficacy against AOM caused by pneumococcal vaccine serotypes
and also H. influenzae.11 The safety and immunogenicity of the
PHiD-CV formulation have been documented.12–14

The vaccination schedule recommended for PCV and used in
most clinical studies, including those demonstrating efficacy against
IPD1,2 and AOM,3,11 consists of 4 vaccine doses, ie, a 3-dose primary
series in the first 6 months of life followed by a fourth booster dose in
the second year of life. As this 3�1 schedule is in line with most
national routine vaccination schedules in developed countries, it
allows concomitant administration of PCV with other childhood
vaccines. However, some countries in Europe employ a 2�1 schedule
with a 2-dose primary series in the first 6 months of life, followed by
a booster dose between 11 and 15 months of age. For these countries
administration of PCV would be facilitated if a 2�1 schedule could
be recommended. In addition, a reduced primary schedule would
lower the cost of a vaccination course of PCV. In this study we
determined the immunogenicity of PHiD-CV following both 2�1 and
3�1 vaccination schedules.

MATERIALS AND METHODS

Study Design and Participants
This was an open randomized study (105539/NCT00307034)

conducted in Denmark, Norway, Slovakia, and Sweden. The pri-
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mary objective was to assess the postprimary pneumococcal anti-
body response of a 2-dose primary vaccination schedule (2�1
group) relative to 3-dose priming (3�1 group). Secondary objec-
tives included the assessment of the pneumococcal antibody per-
sistence and the immunogenicity of a booster dose. Eligible par-
ticipants were healthy male or female infants aged 8 to 16 weeks
at the time of the administration of the first vaccine dose. The
protocol and study documents were approved by the appropriate
Independent Ethics Committees or Institutional Review Boards and
the study was conducted in accordance with the Somerset West 1996
version of the Declaration of Helsinki. Written informed consent was
obtained from each subjects’ parent/guardian prior to the performance
of any study-specific procedures.

Vaccines, Vaccinations, and Blood Sampling
The PHiD-CV vaccine (GlaxoSmithKline (GSK) Biologi-

cals, Rixensart, Belgium) contained 1 �g of each capsular poly-
saccharide for pneumococcal serotypes 1, 5, 6B, 7F, 9V, 14, and
23F and 3�g for serotype 4 conjugated to Protein D, 3�g of
capsular polysaccharide of serotype 18C conjugated to tetanus
toxoid and 3�g of capsular polysaccharide of serotype 19F con-
jugated to diphtheria toxoid.

Subjects were randomized (1:1) to be vaccinated with
PHiD-CV vaccine at approximately 3, 5, and 11 to 12 months of
age (2�1 group) or at approximately 3, 4, 5, and 11 to 12 months
of age (3�1 group).

In both groups, diphtheria-tetanus-acellular pertussis-hepa-
titis B-inactivated polio-Hib vaccine (Infanrix Hexa, GSK Biologi-
cals, Rixensart, Belgium) in Slovakia and Sweden or diphtheria-
tetanus-acellular pertussis-inactivated polio-Hib vaccine (Infanrix
IPV Hib, GSK Biologicals, Rixensart, Belgium) in Denmark and
Norway were coadministered at approximately 3, 5, and 11 to 12
months of age according to national recommendations. The
PHiD-CV vaccine was administered by intramuscular injection
into the thigh, with coadministered vaccines injected into the
opposite thigh.

Blood samples were obtained approximately 1 month fol-
lowing primary vaccination, just prior to and approximately 1
month following booster vaccination and sera were stored at
�20°C until analysis.

Serological Methods
Serum antipneumococcal IgG antibody concentrations to

each of the serotypes included in PHiD-CV were measured at GSK
Biologicals Rixensart laboratories by an ELISA, which included
adsorption with serotype 22F polysaccharide to increase the assay
specificity (22F-ELISA) as previously described.15 The assay
cut-off was 0.05 �g/mL. It has been established16 that an antibody
concentration of 0.2 �g/mL as determined by this 22F-ELISA
corresponds to an antibody concentration of 0.35 �g/mL as deter-
mined by the WHO reference laboratory ELISA without 22F
inhibition and proposed by WHO to be used as reference antibody
concentration for demonstration of noninferiority of the immune
response of a new PCV compared with the registered vaccine.17

The percentages of subjects with antibody concentration �0.35
�g/mL as measured with GSK’s 22F-ELISA are also provided
(corresponding to an antibody concentration of �0.5 �g/mL when
using the WHO reference laboratory ELISA).

Opsonophagocytic activity (OPA) was measured using a
modification of the HL-60 cell reference method18,19 which has
been validated using sera collected following primary vaccination
with PCV7-CRM.20 The results are presented as the reverse/
reciprocal dilution of serum (opsonic titer) able to sustain 50%
killing of live pneumococci under the assay conditions. The cut-off
of the assay is an opsonic titer of 8 (serum dilution of 1:8).

IgG antibodies to the H. influenzae protein D were measured
by ELISA and were expressed in ELISA units (EL.U) per mL, the
cut-off of the assay is 100 EL.U/mL. Antidiphtheria and antiteta-
nus antibodies were determined by ELISA, with an assay cut-off of
0.1 IU/mL, above which there is a good correlation between the
ELISA and in vivo neutralization tests.21,22

Descriptive Analyses
Immunogenicity was analyzed on the according to protocol

(ATP) immunogenicity cohort. The following parameters were
calculated with 95% confidence intervals (CI) for each treatment
group and for all blood sampling time-points: (i) the percentages of
subjects with 22F-ELISA pneumococcal antibody concentration
�0.2 �g/mL or �0.35 �g/mL and geometric mean antibody
concentrations (GMCs) for each individual pneumococcal vaccine
serotype, (ii) the percentages of subjects with OPA titer �8 and
geometric mean OPA titers (GMTs) for each individual pneumo-
coccal vaccine serotype, (iii) the percentages of subjects with
anti-PD antibody concentration �100 EL.U/mL and anti-PD an-
tibody GMCs and (iv) antibody GMCs for antidiphtheria and
antitetanus antibodies.

A post hoc analysis of pneumococcal ELISA and OPA
immune responses stratified according to age at first dose was also
performed.

Inferential Analysis
The standardized asymptotic 95% CIs for the difference

between groups (3�1 group minus 2�1 group) in terms of the
percentages of subjects with pneumococcal antibody concentration
�0.2 �g/mL 1 month after primary vaccination, prior to and 1
month after booster vaccination were computed for each serotype.
Two-sided P-values, to detect statistically significant differences,
were computed using Chi-Square Test (for percentages) or Schuirmann
Test (for concentrations/titers).

RESULTS

Participants
A total of 351 subjects were enrolled and vaccinated (175 in

the 2-dose priming group and 176 in the 3-dose priming group)
and 342 subjects completed the study. Figure 1 shows the exclu-
sions from the ATP immunogenicity cohort. The demographic
profiles of the ATP immunogenicity cohort were comparable
between the 2-dose and 3-dose priming groups, with respect to
mean weight at birth (3.6 and 3.5 kg) and age at first vaccination
(12.0 and 12.2 weeks), gender repartition (50.6% and 51.9% male)
and racial distribution (98.7% and 96.8% white Caucasian).
PHiD-CV vaccine doses were administered at 12.0 � 1.91, 20.8 �
2.06 weeks and 11.1 � 0.61 months of age in the 2�1 group, and
at 12.2 � 1.90, 16.7 � 2.09, 21.4 � 2.27 weeks and 11.2 � 0.63
months of age in the 3-dose priming group.

Immune Responses
Impact of Vaccination Schedule on Pneumococcal
Responses

Serum antipneumococcal IgG antibody levels are presented
in Table 1 and illustrated in Figure (Supplemental Digital Content
1, http://links.lww.com/INF/A168).

Depending on the serotype, 92.8% to 98.0% of the subjects
who received a 2-dose priming and 96.1% to 100% of the subjects
who received a 3-dose priming had antibody concentrations �0.2
�g/mL 1 month postprimary vaccination, except for serotype 6B
(55.7% in the 2�1 group and 63.1% in the 3�1 group, P �
0.1944), and serotype 23F (69.3% in the 2�1 group and 77.6% in
the 3�1 group, P � 0.0987). Persistence of the immune response
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was evaluated prior to the booster dose (data not shown) when at
least 78.9% of subjects in the 2�1 group and 89.3% of subjects in
the 3�1 group still had antibody concentrations �0.2 �g/mL for
each vaccine pneumococcal serotype except for serotypes 1, 6B,

and 23F. There was a trend towards a lower proportion of subjects
in the 2�1 group maintaining antibody concentrations �0.2
�g/mL particularly for serotypes 1 (51.7% vs. 68.7%, P �
0.0028), 4 (78.9% vs. 91.9%, P � 0.0014), and 18C (86.4% vs.

TABLE 1. ELISA Antibody Responses Against Individual Pneumococcal Serotypes 1 Month Following Primary
Vaccination and 1 Month Following Booster Vaccination (ATP Cohort for Immunogenicity)

Pneumococcal
Serotype

Study
Group

Postprimary Postbooster

% IgG Antibody
�0.2 �g/mL

(95% CI)

% IgG Antibody
�0.35 �g/mL

(95% CI)

IgG Antibody
GMC (�g/mL)

(95% CI)

% IgG Antibody
�0.2 �g/mL

(95% CI)

% IgG Antibody
�0.35 �g/mL

(95% CI)

IgG Antibody
GMC (�g/mL)

(95% CI)

Serotype 1 2�1 97.4 (93.4–99.3) 86.3 (79.8–91.3) 1.03 (0.90–1.18) 99.4 (96.5–100) 95.5 (91.0–98.2) 1.85 (1.59–2.15)
3�1 98.7 (95.3–99.8) 90.7 (84.9–94.8) 1.23 (1.07–1.42) 100 (97.5–100) 97.3 (93.2–99.3) 1.88 (1.62–2.17)

Serotype 4 2�1 98.0 (94.4–99.6) 94.8 (90.0–97.7) 1.37 (1.21–1.55) 100 (97.6–100) 100 (97.6–100) 3.06 (2.68–3.49)
3�1 99.3 (96.4–100) 94.8 (90.0–97.7) 1.71 (1.47–1.99) 100 (97.5–100) 100 (97.5–100) 3.47 (3.03–3.98)

Serotype 5 2�1 96.1 (91.6–98.5) 94.7 (89.9–97.7) 1.32 (1.14–1.52) 100 (97.6–100) 98.7 (95.4–99.8) 2.65 (2.31–3.03)
3�1 100 (97.6–100) 99.3 (96.3–100) 1.85 (1.63–2.10) 100 (97.5–100) 99.3 (96.3–100) 3.21 (2.81–3.67)

Serotype 6B 2�1 55.7 (47.3–63.8) 45.0 (36.8–53.3) 0.19 (0.15–0.24) 88.5 (82.4–93.0) 87.2 (80.9–92.0) 1.12 (0.88–1.41)
3�1 63.1 (54.8–70.8) 49.0 (40.7–57.3) 0.31 (0.25–0.38) 96.6 (92.2–98.9) 95.2 (90.4–98.1) 1.85 (1.54–2.22)

Serotype 7F 2�1 96.7 (92.5–98.9) 92.8 (87.5–96.4) 1.28 (1.13–1.46) 100 (97.7–100) 100 (97.7-100) 2.81 (2.51–3.15)
3�1 99.3 (96.4–100) 99.3 (96.4–100) 2.14 (1.90–2.40) 100 (97.5–100) 100 (97.5–100) 3.88 (3.45–4.37)

Serotype 9V 2�1 93.4 (88.2–96.8) 86.2 (79.7–91.2) 0.92 (0.81–1.05) 99.4 (96.5–100) 99.4 (96.5–100) 2.95 (2.59–3.37)
3�1 99.3 (96.4–100) 96.1 (91.7–98.5) 1.47 (1.29–1.68) 100 (97.5–100) 100 (97.5–100) 3.97 (3.49–4.50)

Serotype 14 2�1 96.1 (91.6–98.5) 90.8 (85.0–94.9) 1.72 (1.45–2.05) 99.4 (96.5–100) 98.7 (95.4–99.8) 4.19 (3.62–4.85)
3�1 100 (97.6–100) 98.0 (94.3–99.6) 2.57 (2.22–2.97) 98.6 (95.2–99.8) 98.6 (95.2–99.8) 5.47 (4.68–6.40)

Serotype 18C 2�1 96.1 (91.6–98.5) 87.5 (81.2–92.3) 1.26 (1.06–1.51) 100 (97.7–100) 100 (97.7–100) 6.24 (5.43–7.18)
3�1 99.3 (96.4–100) 97.4 (93.4–99.3) 3.42 (2.87–4.07) 99.3 (96.3–100) 99.3 (96.3–100) 7.20 (6.08–8.52)

Serotype 19F 2�1 92.8 (87.4–96.3) 91.4 (85.8–95.4) 2.43 (1.97–2.98) 96.2 (91.8–98.6) 95.5 (91.0–98.2) 5.58 (4.65–6.69)
3�1 96.1 (91.6–98.5) 94.7 (89.9–97.7) 4.43 (3.60–5.45) 98.0 (94.2–99.6) 98.0 (94.2–99.6) 6.95 (5.92–8.17)

Serotype 23F 2�1 69.3 (61.3–76.5) 55.6 (47.3–63.6) 0.38 (0.30–0.47) 96.1 (91.7–98.6) 92.2 (86.8–95.9) 2.41 (1.98–2.94)
3�1 77.6 (70.2–84.0) 64.5 (56.3–72.1) 0.52 (0.42–0.63) 95.9 (91.3–98.5) 95.9 (91.3–98.5) 2.78 (2.31–3.35)

GMC � geometric mean concentration.
2�1 group: N � 158; 3�1 group: N � 154 (actual number of subjects tested per serotype and time point may slightly vary according to the volume of

serum available).

FIGURE 1. Trial profile.
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96.6%, P � 0.0014). One month postbooster vaccination, the
percentages of subjects with antibody concentrations �0.2 �g/mL
against vaccine pneumococcal serotypes were in the same range in
both groups, except for serotype 6B (88.5% in the 2�1 group and
96.6% in the 3�1 group, P � 0.0075).

For most serotypes postprimary antibody GMCs were higher
(no overlap of CIs) after the 3-dose priming than after the 2-dose
priming, particularly for serotype 18C and to a lesser extent 19F. This
trend continued for postbooster antibody GMCs for most serotypes,
except for serotypes 1 and 4 for which the observed antibody GMCs
were in the same range for both groups. In the time period after
primary and before booster vaccination, a marked decline in serotype-
specific antibody GMCs was observed in both groups for all serotypes
except 6B and 23F. In both groups, robust increases in antibody
GMCs were observed for all serotypes after the booster dose com-
pared with prebooster values (4–11 fold and 4–6 fold for the 2�1
and 3�1 groups respectively) and postbooster antibody GMCs also
exceeded the postprimary values for all serotypes.

Opsonophagocytic activity data are presented in Table 2
and illustrated in Figure (Supplemental Digital Content 2,
http://links.lww.com/INF/A169). One month following primary
vaccination, serotype specific OPA �8 was induced in 74.4% to
100% of the subjects in the 2�1 group and 88.9% to 100% in the
3�1 group, except for serotype 1 (60.8% and 62.9%, respectively). A
trend towards lower postprimary percentages of subjects with OPA
�8 was evident in the 2�1 group compared with the 3�1 group for
most serotypes, but particularly for serotypes 6B, 18C, and 23F.

Prior to the booster dose (data not shown), persistence of
OPA �8 was lowest for serotype 1 (9.6% in the 2�1 group and
15.7% in the 3�1 group) and highest for 9V (95.8% in the 2�1
group and 97.8% in the 3�1 group). There was a trend towards
lower persistence of OPA �8 in the 2�1 group particularly for
serotypes 7F (66.4% vs. 82.5%), 14 (56.9% vs. 78.9%), 18C
(24.6% vs. 49.2%), and 19F (63.8% vs. 78.4%).

One month postbooster vaccination, the percentages of
subjects with opsonophagocytic activity �8 against vaccine pneu-

mococcal serotypes were in the same ranges in both study groups,
except for serotypes 5, 6B, and 23F which tended to be lower in
the 2�1 group. Higher postprimary and postbooster OPA GMTs
were observed following the 3�1 vaccination course relative to
the 2�1 vaccination course. This was most evident for serotypes
18C, 19F, and 23F following primary vaccination. The booster
dose induced substantial increases in OPA GMTs relative to
prebooster levels (4–46-fold and 5–64-fold for the 2�1 and 3�1
groups, respectively) for all serotypes in both groups and post-
booster GMTs exceeded the postprimary values for all serotypes.

Overall, the percentages of subjects reaching the 22F-
ELISA threshold of 0.2 �g/mL for each serotype correlated well
with the percentages reaching the OPA cut-off of 8 with some
exceptions. For serotype 1 and serotype 5, a higher percentage of
subjects reached the ELISA threshold following both primary and
booster vaccination (apart from the 3�1 schedule for serotype 5).
Similarly, for serotype 18C, a higher percentage of subjects
reached the ELISA threshold following primary vaccination in the
2�1 schedule, and the same trend was observed for serotypes 7F
and 19F. For serotypes 6B and 23F on the contrary, a lower
percentage of subjects reached the ELISA threshold compared
with the OPA cut-off following primary vaccination in both
schedules, whereas an opposite trend was observed for serotype 6B
following booster vaccination.

Impact of Schedule on Response to Protein D
The GMCs for anti-PD antibodies were lower in the 2�1

group relative to the 3�1 group following both primary (861.8
EL.U/mL vs. 1223.3 EL.U/mL, P � 0.0008) and booster vacci-
nations (1629.8 EL.U/mL vs. 2113.0 EL.U/mL, P � 0.0392).

Impact of Schedule on Response to Diphtheria and
Tetanus Toxoids

Although only 2 primary doses of concomitant vaccines
were administered, all subjects developed antitetanus antibody

TABLE 2. Anti-Pneumococcal Opsonophagocytic Activity Against Individual Pneumococcal Serotypes 1 Month
Following Primary Vaccination and 1 Month Following Booster Vaccination (ATP Cohort for Immunogenicity)

Pneumococcal
Serotype

Study
Group

Post-primary Post-booster

% OPA Titers �8
(95% CI)

OPA GMT
(95% CI)

% OPA Titers �8
(95% CI)

OPA GMT
(95% CI)

Serotype 1 2�1 60.8 (51.8–69.2) 21.9 (16.4–29.1) 80.9 (73.1–87.3) 109.9 (76.1–158.7)
3�1 62.9 (54.0–71.1) 26.5 (19.8–35.4) 77.8 (69.5–84.7) 100.6 (68.9–146.9)

Serotype 4 2�1 100 (97.3–100) 462.6 (410.4–521.4) 96.8 (92.0–99.1) 634.6 (496.3–811.3)
3�1 99.2 (95.9–100) 758.9 (647.8–888.9) 99.0 (94.6–100) 1204.0 (990.7–1463.2)

Serotype 5 2�1 82.6 (75.0–88.6) 48.3 (37.7–61.8) 87.2 (80.3–92.4) 102.1 (75.8–137.6)
3�1 90.8 (84.4–95.1) 68.4 (54.0–86.5) 97.5 (92.9–99.5) 157.2 (123.1–200.7)

Serotype 6B 2�1 74.4 (65.8–81.8) 157.8 (104.7–237.8) 81.1 (73.3–87.4) 220.3 (146.9–330.3)
3�1 88.9 (82.1–93.8) 379.6 (272.4–529.1) 90.3 (82.9–95.2) 468.5 (311.6–704.3)

Serotype 7F 2�1 90.6 (84.1–95.0) 844.8 (591.4–1206.7) 100 (97.2–100) 1843.4 (1494.2–2274.1)
3�1 98.5 (94.6–99.8) 2176.5 (1759.2–2692.7) 100 (96.7–100) 3290.6 (2709.1–3996.8)

Serotype 9V 2�1 100 (97.3–100) 875.1 (732.0–1046.1) 100 (97.2–100) 1068.1 (874.7–1304.2)
3�1 100 (97.2–100) 1343.4 (1130.8–1596.0) 100 (96.7–100) 1706.9 (1438.5–2025.3)

Serotype 14 2�1 98.5 (94.6–99.8) 692.6 (559.1–858.0) 100 (96.6–100) 835.5 (672.1–1038.5)
3�1 100 (97.2–100) 1125.3 (946.2–1338.3) 100 (96.4–100) 1280.7 (1054.5–1555.5)

Serotype 18C 2�1 82.8 (75.4–88.8) 56.2 (42.9–73.7) 97.8 (93.7–99.5) 330.0 (259.1–420.3)
3�1 96.2 (91.3–98.7) 218.6 (176.1–271.4) 98.5 (94.6–99.8) 490.8 (395.3–609.4)

Serotype 19F 2�1 87.0 (80.0–92.3) 101.0 (74.9–136.0) 96.2 (91.3–98.7) 251.3 (193.4–326.6)
3�1 93.8 (88.1–97.3) 356.7 (263.2–483.4) 96.1 (91.2–98.7) 734.7 (568.3–949.8)

Serotype 23F 2�1 86.3 (79.2–91.6) 489.7 (342.6–700.0) 92.5 (86.7–96.4) 1047.3 (748.1–1466.3)
3�1 97.7 (93.4–99.5) 1233.7 (991.7–1534.7) 98.3 (94.2–99.8) 1528.9 (1171.2–1996.0)

GMT � geometric mean titer.
2�1 group: N � 158; 3�1 group: N � 154 (actual number of subjects tested per serotype and time point may slightly vary according to the volume

of serum available).
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levels �0.1 IU/mL and the percentage of subjects with antidiph-
theria antibody levels �0.1 IU/mL was at least 97.4% regardless
the group. The postprimary GMCs for antibodies against diphthe-
ria and tetanus were higher in the group that received 3 primary
doses of PHiD-CV relative to the group that received 2 primary
doses of PHiD-CV (antidiphtheria: 3.123 IU/mL vs. 1.791 IU/mL;
antitetanus: 4.602 IU/mL and 2.504 IU/mL, respectively). This
trend continued for postbooster antibody GMCs (data not shown).

Impact of Age at First Vaccine Dose on Pneumococcal
Response

Pneumococcal ELISA and OPA responses were stratified
by age of first vaccination (8–12 or 13–16 weeks) for the
2�1 schedule (Table, Supplemental Digital Content 3,
http://links.lww.com/INF/A170 and Table, Supplemental Digital
Content 4, http://links.lww.com/INF/A171). When stratified post
hoc by age of first vaccine dose administration, 63% of subjects in
the 2�1 group were aged 8 to 12 weeks and 37% were aged 13 to
16 weeks. Both ELISA and OPA responses appeared to be similar
in the 2 age categories, although there was an overall trend towards
slightly higher antibody responses in the older age group for some
serotypes (1.3 fold higher postprimary for serotypes 18C and 23F
and 1.5 fold higher for serotype 19F). Similar observations were
made for the 3�1 schedule (data not shown).

DISCUSSION
In this study we evaluated the immune responses to the

PHiD-CV vaccine in infants following a simplified 2-dose priming
and the more commonly employed 3-dose priming both followed
by a booster dose. Both vaccination schedules elicited serum IgG
and functional OPA immune responses against all vaccine pneu-
mococcal serotypes following primary vaccination and strong
antibody responses following the booster dose indicating the
induction of immunological memory. For most vaccine serotypes
a trend towards lower postprimary and postbooster immune re-
sponses was observed in children primed with 2 vaccine doses.
This trend seemed to be more pronounced for functional OPA
responses, a notable finding since this is the first study to monitor
the effect of 2-dose PCV priming on OPA responses.

The clinical relevance of these observations is unknown as
for all serotypes, with the exception of serotypes 6B and 23F, over
92% of the infants primed with 2 doses achieved the 22F-ELISA
threshold of 0.2 �g/mL 1 month following primary vaccination.
Further evidence of adequate priming comes from the strong
postbooster responses to all serotypes evoked at approximately 12
months of age. This implies that exposure of the vaccinees to S.
pneumoniae vaccine serotypes subsequent to primary vaccination
with 2 dose of PHiD-CV would result in a vigorous anamnestic
response, including functional opsonophagocytic antibodies which
are considered to reflect the primary mechanism of host defense
against pneumococcal disease.23,24

The postprimary ELISA antibody levels for serotypes 6B
and 23F, following both vaccination schedules, were lower than
for other vaccine serotypes and also tended to be lower after the
2-dose primary vaccination than after the 3-dose primary vaccina-
tion. Previous studies have indicated that the kinetics of the
primary vaccination response to PCV7-CRM, PCV9-CRM, and
PCV7-OMPC vaccines is serotype-specific,25–27 and studies in-
vestigating the use of a 2-dose primary schedule with PCV7-
CRM28–30 or PCV9-CRM31 found that responses to serotypes 6B
and 23F were markedly lower relative to a 3-dose primary sched-
ule. Following 2-dose priming with PCV7-CRM the percentages
of subjects reaching the putative protective ELISA threshold of
0.35 �g/mL ranged, depending on the serotype, from 76% to 100%

except for serotype 6B (40%),28 from 91.3% to 97.8% except for
serotypes 6B and 23F (69.6%)29 and from 89.2% to 96.8% except
for serotypes 6B (61.1%) and 23F (70.1%).30 These observations
are similar to those in the present study where following 2 primary
PHiD-CV doses 92.8% to 98.0% of subjects reached the putative
protective GSK 22F ELISA threshold of 0.2 �g/mL (which cor-
responds to an antibody concentration of 0.35 �g/mL, using the
WHO reference laboratory ELISA) except for serotype 6B
(55.7%) and serotype 23F (69.3%) and 86.2% to 94.8% of subjects
developed antibody concentrations �0.35 �g/mL (which corre-
sponds to an antibody concentration of �0.5 �g/mL, using the
WHO reference laboratory ELISA) except for serotypes 6B
(45.0%) and 23F (55.6%).

Even following 3 primary doses, the lowest ELISA antibody
levels are usually observed for serotypes 6B and 23F. This is not
the case for functional OPA responses to these serotypes, espe-
cially 23F OPA responses which are usually among the highest. It
is also noteworthy that despite the relatively lower ELISA re-
sponses to 6B and 23F, serotype-specific measures of PCV7-CRM
vaccine effectiveness against IPD show that serotype 6B and 23F
are as highly effective as other serotypes.32 Furthermore signifi-
cant vaccine efficacy against AOM due to serotypes 6B and 23F
has been demonstrated.3,4,11 This suggests that lower antibody
concentrations as measured by ELISA are sufficient to confer
protection against diseases caused by serotypes 6B and 23F.

Although for most serotypes postprimary ELISA antibody
GMCs and OPA GMTs were higher after the 3-dose priming with
PHiD-CV than after the 2-dose priming, this was most evident for
serotype 18C (conjugated to tetanus toxoid) and 19F (conjugated
to diphtheria toxoid). It has been documented that tetanus and
diphtheria carriers employed in conjugates can influence the re-
sponse of concomitantly administered tetanus and diphtheria con-
taining vaccines.33–36 Indeed in this study diphtheria and tetanus
antibody GMCs were higher in the 3�1 group compared with the
2�1 group even though the concomitantly administered tetanus
and diphtheria containing vaccines were administered in both
groups according to the 2-dose priming schedule. There is also
evidence that carrier priming can enhance immune responses to
polysaccharides in subsequent doses of conjugate vaccine.37–39

Thus, unlike the other serotypes conjugated to PD, it is possible
that 18C and 19F responses to the third primary vaccine dose of
PHiD-CV may have been enhanced by stronger carrier priming.
These data therefore indicate that the immunization schedule of
concomitant vaccines needs to be taken into account when evalu-
ating 2-dose priming PCV immunogenicity data.

In line with other studies,12,13,40 the lowest postprimary
OPA response following both schedules was observed for serotype
1. However, there was a substantial OPA booster response for
serotype 1. Furthermore, as previously observed in the antibody
kinetics study performed with the PCV9-CRM in South Africa,26

the number of primary vaccine doses did not appear to influence
the level of responses against serotype 1. This is of interest for
countries where a 2-dose primary schedule is routinely employed
for infants and where serotype 1 is responsible for a high propor-
tion of IPD cases.

Overall, the percentages of subjects achieving the OPA
cut-off of 8 correlated well with the percentages achieving the
22F-ELISA threshold of 0.2 �g/mL with the notable exceptions of
serotypes 1 and 5 where less subjects had OPA �8 and serotypes
6B and 23F where more subjects had OPA �8. A previous study
with PCV7-CRM observed differences between pneumococcal
serotypes in antibody concentrations required to induce opsonoph-
agocytosis, with serotype 19F needing the highest antibody con-
centrations and serotypes 6B and 23F the lowest.20 Our results
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would indicate that serotypes 1 and 5 may also require relatively
high antibody concentrations for opsonophagocytic activity.

An impact of immunization schedule was observed on the
response to the PD carrier protein, with lower antibody levels
induced in the 2�1 group relative to the 3�1 group. The response
to protein D is important in the context of protection against
nontypeable H. influenzae AOM.11 However, in the absence of a
correlate of protection it is not clear to what extent a reduced
schedule would influence efficacy against AOM caused by non-
typeable H. influenzae.

Recently the use of a 2�1 schedule has been approved for
PCV7-CRM in Europe, with the acknowledgment that most data
indicates that smaller proportions of infants achieve threshold
ELISA levels against serotypes 6B and 23F and that GMCs are
lower for antibodies against most serotypes relative to a 3-dose
infant series.41 Despite this, for all 7 PCV7-CRM serotypes ELISA
antibody responses to booster doses in toddlers following either a
2-dose or 3-dose priming were comparable, indicating that both
infant regimens had elicited adequate priming.41 The impact of a
2�1 schedule on functional OPA responses against PCV7-CRM
serotypes has not been documented so far. However, a recent study
showed lower ELISA and functional OPA responses against sero-
type 6B following 2-dose PCV7-CRM priming when compared
with post dose 2 PHiD-CV responses.13

Although immunogenicity data suggest that a 2�1 schedule
may be a practical option for implementation of PCV in routine
pediatric immunization programs, it is important to demonstrate its
effectiveness in clinical practice. Whitney et al32 demonstrated that
in the US a PCV7-CRM schedule of 2 doses within 7 months of
age, plus a booster at 12 to 16 months was highly protective (98%)
against IPD compared with no vaccination, although too few
children were vaccinated on this schedule to compare its effec-
tiveness directly with other schedules. A key finding of the
Whitney et al study was the importance of the booster dose in the
second year of life, which gives added benefit over all doses given
in the first year of life.32,42 This implies that a 2�1 schedule may
well confer significant benefit over a 3�0 schedule where no
booster is given following a 3 dose priming. More recent studies
on 2 dose priming PCV7-CRM schedules outside the US have
reported effectiveness values against IPD of 72% in England and
Wales,43 74% in Norway,44 and 93% in Canada.41,45 Denmark
also reported an estimated decrease in IPD incidence of about 30%
after less than a year with a 2�1 schedule and a catch-up
program.46

Effectiveness of a 2�1 immunization schedule with PCV7-
CRM against pneumonia or acute otitis media has not been
established. Of interest however are data from Dagan et al indi-
cating that a 2�1 schedule was associated with higher nasopha-
ryngeal carriage of serotypes 6B and 6A relative to a 3�1
schedule.47

In summary, the results of our study with PHiD-CV are in
line with data generated for PCV7-CRM and other PCV vaccines,
demonstrating that a 2�1 schedule results in a smaller proportion
of infants achieving threshold ELISA antibody levels against
serotypes 6B and 23F compared with the 3�1 schedule and lower
antibody GMCs for most serotypes. The application of the func-
tional OPA assay in our study also suggests that a third dose may
be important to optimize functional responses. Experience with
PCV7-CRM in the 3�1 schedule indicates that the lower ELISA
responses observed for 6B and 23F relative to other vaccine
serotypes have minimal impact on effectiveness against IPD. The
2�1 schedule seems to be efficacious against IPD as well, but
additional effectiveness data for a 2�1 schedule are needed to fully

understand the public health benefit to be expected from these sched-
ules especially in terms of prevention of the mucosal infections.
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