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Background: Infections with Streptococcus pneumoniae
(pneumococcus) are a cause of significant child mortality.
Pneumococcal glycoconjugate vaccines are expensive and
provide limited serotype coverage. The 23-valent
pneumococcal polysaccharide vaccine (Pneumovax) might
provide wider serotype coverage but is reported to be
weakly immunogenic in children less than 2 years of age. We
have previously reported that Pneumovax administered to
healthy 12-month-old Fijian infants elicits significant
serotype-specific IgG responses. However, the functional
capacity of these responses in 12-month-old infants is not
known.
Objective: We sought to assess the functional, serotype-specific
immune response of 12-month-old infants after immunization
with Pneumovax.
Methods: Functional responses of 12-month-old infants were
assessed by using the opsonophagocytic and antibody avidity
assay against 8 serotypes and 23 serotypes, respectively.
Results: Seventy-one percent of infants produced strong
opsonophagocytic activity against 4 of 8 serotypes, and 30%
produced high-avidity serotype-specific IgG antibodies to 10
of 23 serotypes at 2 weeks after Pneumovax. Responses were
protective for most serotypes that cause disease in Western
countries, whereas responses to most of the
epidemiologically relevant serotypes for developing countries
were low.
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Conclusion: This is the first comprehensive study evaluating
the functional antibody response to Pneumovax in 12-month-
old infants. Pneumovax induced functional antibody
responses to several serotypes causing disease in Western
countries but induced poorer responses to serotypes that are
responsible for the majority of disease in developing
countries. Pneumovax might be of benefit in some
populations, but further studies are required before this can
be recommended in developing countries. (J Allergy Clin
Immunol 2012;129:794-800.)

Key words: Pneumococcal polysaccharide vaccine, antibody, opso-
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Streptococcus pneumoniae is the most common cause of bacte-
rial pneumonia, nonepidemic meningitis, bacteremia, and otitis
media in children. In developing countries an estimated one mil-
lion deaths per year in children less than 5 years of age are attrib-
utable to pneumococcal disease.1 More than 90 serotypes have
been described based on the capsular polysaccharide structure
of pneumococcus.2

Pneumovax (Merck & Co, Inc, Whitehouse Station, NJ), a
23-valent pneumococcal polysaccharide vaccine (23vPPV),
contains the 23 pneumococcal serotypes that cause up to 90%
of the invasive pneumococcal disease (IPD) in unvaccinated
children less than 5 years of age in the United States3 and 83%
of the IPD in children less than 5 years of age in Fiji.4 Immuni-
zation with 23vPPV induces production of anticapsular IgG
antibodies through T cell–independent mechanisms. Protection
against S pneumoniae is mediated by opsonophagocytosis of the
organism in the presence of complement and serotype-specific
antibody.5,6 Current opinion suggests that although 23vPPV
provides immune protection in children greater than 2 years
of age, the polysaccharide-specific T-independent response is
poorly developed in younger children because of the immaturity
of the infant immune system characterized by the lack of a func-
tional splenic marginal zone.7 Consequently, the World Health
Organization (WHO) and national health authorities do not ad-
vocate the use of 23vPPV in children less than 2 years of age.
Nevertheless, Indigenous Australian children receive 23vPPV
at 18 months after a 3-dose 7-valent pneumococcal conjugate
vaccine (Prevenar, Wyeth-Pfizer Inc, New York, NY; PCV7)
primary series, and the use of 23vPPV after a primary series
with PCV7 has been shown to boost the response to Prevenar
serotypes and be immunogenic for non-PCV7 serotypes.8-10

However, the capacity of infants less than 2 years of age to pro-
duce functional antibody responses to purified polysaccharide
antigens remains uncertain.
The serotype-specific IgG response to 23vPPV is one of the

main tests used to investigate children with suspected immune
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deficiency. However, data on the normal immune response to
23vPPV are limited.11,12 Expert guidelines for the interpretation
of an adequate response to 23vPPV in the context of evaluation
of immunocompetence and specific antibody deficiency13 are
available. In children aged 2 to 5 years, it has been suggested
that an adequate response to 23vPPV be defined as a postimmu-
nization titer of 1.3mg/mL or greater and/or a 4-fold or greater in-
crease from the preimmunization titer for >_50% of serotypes
tested.13,14 Importantly, however, these criteria were derived
from small study cohorts, selected patient populations, or studies
examining IgG responses to a limited number of serotypes by us-
ing an older-generation ELISA. We have recently characterized
the serotype-specific IgG response after 23vPPV in 12-month-
old children.15 We found that 95% of infants generated an ‘‘ade-
quate antibody response’’ to polysaccharide antigens (as defined
by current expert guidelines13), although some serotypes were
poorly immunogenic in the majority of infants, with less than
30% mounting adequate IgG responses to serotypes 6B, 14, and
23F after immunization.15 This was the first detailed evaluation
of serotype-specific IgG responses to polysaccharide antigens in
infants less than 2 years of age and, moreover, was the only study
to assess infant antibody responses using the third-generation
WHO ELISA,16 which is known to offer higher specificity and
correlate more closely with the functional opsonophagocytic as-
say (OPA).17,18

Nevertheless, the functional activity of serotype-specific IgG
produced by infants less than 2 years of age has not been fully
established, and confirmation of an adequate immune response to
polysaccharide antigens in infants requires more detailed char-
acterization of the functional capacity of serotype-specific IgG.
In this study we evaluated the functional antibody response to a

single dose of 23vPPV in the absence of prior pneumococcal
immunization in12-month-old infants bymeans ofmeasurement of
serotype-specific antibody avidity to all 23 serotypes in Pneumovax
and serotype-specific opsonophagocytic activity against 8 sero-
types in preimmunization and postimmunization sera. This is the
first comprehensive evaluation of functional antibody responses to
all 23 serotypes in Pneumovax in a cohort of healthy infants.
METHODS

Study population
The Fiji Pneumococcal Project was a single-blind, open-label, randomized

phase II study assessing the safety, immunogenicity, and effect on

S pneumoniae nasopharyngeal carriage of 0, 1, 2, or 3 doses of PCV7 followed
by a booster of 23vPPV. Fijian infants were recruited at 6 weeks of age and

stratified by ethnicity at randomization. Fijians are Pacific Islanders compris-

ing 57% Indigenous Fijians and 38% Indo-Fijians (of Indian ethnicity).4 The

ethnic composition of this study reflected the composition of Fiji (see Table E1

in this article’s Online Repository at www.jacionline.org). Sixty-three infants

were randomized to receive a full dose of 23vPPVat 12 months of age without

prior PCV7. This study was approved by the Fiji National Research Ethics Re-

view Committee and the University of Melbourne Human Research Ethics

Committee, and written informed consent was obtained from the study partic-

ipants’ parents. Blood samples were collected immediately before 23vPPV

and at 2 weeks and 5 months after 23vPPV.
OPA
OPAs to serotypes 1, 4, 5, 6B, 9V, 14, 18C, and 23F were performed at the

University of Alabama at Birmingham (Birmingham, Ala) by using standard

multiplexed methods measuring the killing of pneumococci by differentiated

HL-60 cells.19 Results were expressed as an opsonization index (OI) repre-

senting the serum interpolated dilution that kills 50% of bacteria. The lower

limit of detection was an OI of 4, and samples with an OI reading of less

than the limit of detection were assigned an OI value of 2. An adequate func-

tional response for each serotype was defined as a serotype-specific OI of 8 or

greater.19 Antibody potency for each serotype was calculated by dividing the

OI by the IgG antibody concentration for each serotype. Concentrations of

serotype-specific IgG to the 23 serotypes in 23vPPV were measured by using

a modified third-generation WHO ELISA15,20 and have been reported

previously.15
Antibody avidity
The avidity of serotype-specific IgG for each serotype in 23vPPV was

determined by using a previously published method.21 The assay is based on

the dissociation of low-avidity antigen-antibody complexes by the chaotropic

agent sodium thiocyanate (NaSCN) in the modified third-generation WHO

ELISA validated in our laboratory.22,23 A 0.5 mol/L NaSCN value was used

for all serotypes except serotype 19F (0.65 mol/L) and serotype 14 (0.8

mol/L). Avidity indices (AIs) were calculated as the percentage of antibody

that remained bound after NaSCN elution by using an interpolation OD value

of 0.5 U as follows:

�
Interpolation valueNaSCN=Interpolation valuePBS=FCS

�
3100:

The avidity of serotype-specific IgG was arbitrarily assigned as low (AI,

<40%), intermediate (AI, 40% to 49%), or high (AI, >_50%).
Statistical analysis
Analysis was performed by using GraphPad Prism version 4.03

software (GraphPad Software, Inc, La Jolla, Calif). For avidity analyses,

the median avidity index (MAI) and interquartile range were calculated,

and statistical significance was assessed by using the Wilcoxon matched-

pairs test. The geometric mean opsonic indices (GMOIs) and antibody

geometric mean potencies (GMPs) with 95% CIs were compared by using

the Student t test. The proportions of infants with OIs of 8 or greater and

AIs of 50 or greater were analyzed by using the McNemar test. A P value

of less than .01 was considered statistically significant to account for the

multiple comparisons.
RESULTS
Sixty-three infants were randomized at 6 weeks of age to

receive 23vPPVas their primary pneumococcal immunization at
12 months of age. Fifty-six infants received the 12-month
23vPPV vaccination. Information on infants’ characteristics and
withdrawals from the study are available in the online repository
(see Tables E1 and E2 in this article’s Online Repository at www.
jacionline.org) and has been reported previously.20

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


TABLE I. The proportion of infants with an adequate functional

response after 23vPPV immunization

No. of serotypes

OPA* AIy
2 wk 5 mo 2 wk 5 mo

0 100% 100% 100%

1 98% 91% 98%

2 89% 76% 100% 91%

3 84% 53% 94% 78%

4 71% 20% 89% 70%

5 35% 7% 83% 65%

6 22% 5% 69% 50%

7 11% 5% 63% 43%

8 2% 4% 52% 35%

9 35% 20%

10 31% 19%

11 24% 17%

12 19% 15%

13 13% 15%

14 13% 13%

15 13% 11%

16 7% 9%

17 6% 7%

21 4% 4%

22 2% 2%

*Adequate response is defined as anOPA titer of 8 or greater (n5 55) to 8 serotypes tested.

�Adequate response is defined as an AI of 50% or greater (n5 53) to 23 serotypes tested.

TABLE II. The proportion of infants with an adequate functional

response to epidemiologically relevant serotypes after 23vPPV

immunization*

Serotype

OPA response (%)y Avidity response (%)z
2 wk after 5 mo after 2 wk after 5 mo after

1 29§ 11 11 9

5 77§ 46§ 15 11

6B 14 16 21 13

14 27 27 21 18

19F NT NT 25 22

23F 38 21 19 13

NT, Not tested.

*On the basis of data published by PneumoADIP.

�Defined as an OI of 8 or greater.

�Defined as an MAI of 50% or greater.

§P < .01 compared with before immunization (n 5 56).
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Proportions of infants with positive serotype-

specific OPA and avidity responses
In this study 71% of infants produced an OI of 8 or greater to at

least 4 of the 8 serotypes tested at 2 weeks after immunization
(Table I). At 5 months after immunization, 53% of infants still ex-
hibited anOI of 8 or greater to 3 of these 8 serotypes. However, the
proportion of infants with an OI of 8 or greater for epidemiolog-
ically relevant serotypes (serotypes 1, 5, 6B, 14, 19F, and 23F) in
this age group increased significantly compared with the propor-
tion before immunization only for serotypes 1 (P < .001) and 5
(P < .001) at 2 weeks after 23vPPV and only serotype 5 (P <
.001) at 5 months after 23vPPV (Table II).

At 2 weeks after immunization, 63% of infants had an AI of
50%or greater to at least 7 of the 23 serotypes examined; however,
this decreased to 43% by 5months. Fifteen infants respondedwith
AIs of 50% or greater at both 2 weeks and 5 months after
immunization. Therewere 18 infants withAIs of 50%or greater at
2 weeks but who did not respond by 5months after immunization,
whereas another 8 infants had AIs of 50% or greater at 5 months
after immunization but not at 2 weeks after immunization. At both
time points, 1 infant had an AI of 50% or greater to 22 of 23
serotypes, whereas 1 infant had an AI of less than 50% to all 23
serotypes. (This infant also had an undetectable OI to all 8
serotypes at 2weeks after 23vPPVimmunization.) However, there
were no significant increases in the MAIs or the proportion of
infants with MAIs of 50% or greater for those serotypes causing
most cases of IPD in this age group (serotypes 1, 5, 6B, 14, 19F,
and 23F) at 2 weeks or 5 months after immunization (Table II).
Opsonophagocytic activity of the serotype-specific

pneumococcal antibody response after 23vPPV

immunization
Before 23vPPVimmunization, the GMOIwas less than 8 for all

serotypes examined (Table III). The serotype-specific GMOI
increased significantly 2 weeks after immunization for all sero-
types except 6B and 14. The greatest increase in GMOI was ob-
served for serotypes 4 (GMOI, 246; P < .0001), 5 (GMOI, 28;
P < .0001), 9V (GMOI, 87; P < .0001), and 18C (GMOI, 67;
P < .0001) compared with preimmunization sera (Table III). At
5 months after 23vPPV, the GMOIs were undetectable for all se-
rotypes apart from serotypes 4 (GMOI, 16) and 9V (GMOI, 10).
However, the GMOIs at 5 months after immunization were signif-
icantly lower than at 2 weeks after immunization for all serotypes
except 6B and 14. Low OPA responses to serotypes 6B, 14, and
23F were observed in the majority of children at both 2 weeks
and 5 months after immunization with OIs of 16 or less (Table
III), which is consistent with the low serotype-specific IgG titers
for these serotypes reported previously.15

When antibody potency was assessed as an additional
measure of the quality of the functional antibody response at
both time points after 23vPPV immunization, the GMP was
generally higher at 2 weeks compared with 5 months after
immunization for all serotypes except 1 and 6B (Table III).
A significantly higher GMP was only achieved for serotypes
4 (GMP, 103; P < .0001) and 18C (GMP, 56; P < .0001) at 2
weeks compared with 5 months after 23vPPV, reflecting an al-
most 5-fold increase in potency. Comparisons of postimmuni-
zation and preimmunization GMPs were not undertaken
because of the low serotype-specific IgG levels detected in
preimmunization sera.
Before immunization, the majority of infants had undetectable

serotype-specific OIs (reported as an OI of 2). At 2 weeks after
immunization, most infants had functional OIs (ie, OI >_ 8; Fig 1):
86% (serotype 4), 77% (serotype 5), 73% (serotype 18C), and
69% (serotype 9V). A significantly higher proportion of infants
demonstrated functional OIs at 2 weeks after 23vPPV compared
with values before immunization for all serotypes (P < .001) ex-
cept 6B, 14, and 23F. However, there was no difference in the pro-
portions of infants with OIs of 8 or greater between 2 weeks and 5
months after immunization for all serotypes except 18C (P5.01).
Compared with values before immunization, serotype 4 was the
only serotype in which a majority of infants maintained an OI
of 8 or greater at both time points (84% at 2 weeks and 63% at
5 months, Fig 2). Nevertheless, the proportion of infants with
functional OIs at 5 months after immunization remained signifi-
cantly higher than before immunization for serotypes 4 (P <
.001), 5 (P < .001), and 18C (P < .001, Fig 1).



TABLE III. Antibody concentration, OPA index, and antibody potency in 12-month-old infants at 2 weeks and 5 months after 23vPPV

immunization

Serotype Time

IgG (mg/mL) OPA Antibody potency

GMC (95% CI) P value GMOI (95% CI) P value GMP (95% CI) P value

1 Pre* 0.2 (0.1-0.2) .0001 2 (2-3) .001

2 wk� 2.0 (1.5-2.8) .0001 5 (3-7) .001 3 (2-3) NS

5 mo� 0.8 (0.6-1.0) .0001 3 (2-3) NS 4 (3-5)

4 Pre 0.1 (0.1-0.1) .0001 6 (4-11) .0001

2 wk 2.4 (1.8-3.2) .0001 246 (127-479) .0001 103 (65-166) .0001§

5 mo 0.7 (0.5-0.9) .0001 16 (10-30) .01 22 (16-38)

5 Pre 0.3 (0.2-0.3) .0001 2 (2-2) .0001

2 wk 2.8 (2.1-3.6) .0001 28 (18-43) .0001 10 (8-14) NS

5 mp 0.9 (0.7-1.1) .0001 7 (5-10) .0001 8 (6-10)

6B Pre 0.1 (0.1-0.2) .0001 3 (2-4) NS

2 wk 0.3 (0.2-0.4) .01 5 (3-8) NS 17 (9-26) NS

5 mo 0.2 (0.2-0.3) .01 4 (3-7) NS 20 (13-32)

9V Pre 0.1 (0.1-0.1) .0001 5 (3-9) .0001

2 wk 1.2 (0.9-1.6) .0001 87 (39-101) .0001 73 (35-153) NS

5 mo 0.4 (0.3-0.5) .0001 10 (6-18) NS 25 (14-48)

14 Pre 0.2 (0.2-0.2) .0001 4 (2-6) NS

2 wk 0.4 (0.3-0.6) .01 10 (5-21) NS 25 (12-45) NS

5 mo 0.7 (0.5-1.0) .0001 7 (4-14) NS 10 (6-17)

18C Pre 0.1 (0.1-0.1) .0001 3 (2-4) .0001

2 wk 1.2 (0.9-1.7) .0001 67 (33-133) .0001 56 (31-94) .0001

5 mo 0.5 (0.4-0.7) .0001 6 (4-10) .01 12 (8-20)

23F Pre 0.2 (0.1-0.3) .0001 5 (3-8) .001

2 wk 0.4 (0.3-0.6) .01 16 (7-33) .001 40 (20-70) NS

5 mo 0.3 (0.2-0.7) NS 5 (3-9) NS 17 (12-32)

GMC, Geometric mean concentration; NS, not significant.

*Significance between response before and 2 weeks after immunization.

�Significance between response at 2 weeks and 5 months after immunization.

�Significance between response before and 5 months after immunization.

§One outlier was removed from this analysis because this infant had a very low IgG concentration of 0.37 mg/mL but a very high OI (1736).
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Avidity of serotype-specific IgG after immunization

with 23vPPV
The functional serotype-specific IgG response to 23vPPV in

12-month-old infants was further assessed bymeasuring antibody
avidity. Before 23vPPV immunization, the MAI was 0% for all
serotypes except 22F (MAI, 38%; Table IV). At 2 weeks after im-
munization, there was a significantly higher MAI than at baseline
for 12 of the 23 serotypes assessed, with high MAIs (>_50%) for 4
serotypes (serotypes 7F [MAI, 73%; P <.0001], 11A [MAI, 58%;
P <.0001], 22F [MAI, 68%; P <.0001], and 33F [MAI, 59%; P <
.0001]) and intermediate MAIs (40% to 49%) for 8 serotypes (se-
rotypes 8 [MAI, 43%; P <.0001], 9N [MAI, 47%; P <.0001], 9V
[MAI, 45%; P < .0001], 10A [MAI, 43%; P < .001], 15B [MAI,
49%; P < .0001], 18C [MAI, 45%; P < .0001], 19A [MAI, 43%;
P <.0001], and 20 [MAI, 49%; P <.0001]; Table IV). At 5 months
after immunization, the MAIs decreased significantly compared
with those 2 weeks after immunization for 14 of 23 serotypes,
with the greatest reductions (to an MAI <40%) for serotypes
10A, 11A, 17F, 18C, 19A, and 33F (all P < .001). In contrast,
the MAIs for serotype 3 increased over this time, but this was
not significant. At 5 months after immunization, antibody avidity
remained significantly greater than preimmunization measure-
ments for only 2 serotypes (7F [MAI, 70%; P < .0001] and 22F
[MAI, 54%; P < .0001]), whereas serotypes 8 (MAI, 40%; P <
.0001), 9N (MAI, 45%; P < .0001), and 33F (MAI, 43%; P <
.0001) decreased to intermediate levels (MAI, 40% to 50%;
Table IV).
Before immunization, the proportion of infants with an AI of
50% or greater was highest for serotype 22F (Fig 2). High-avidity
(>_50%) responses were detected in more than half of the infants at
2 weeks after immunization and were significantly higher than
preimmunization values for serotypes 7F (93% of infants, P <
.001), 11A (65%, P < .001), 20 (50%, P < .001), 22F (74%, P <
.01), and 33F (61%, P <.001). Other serotypes induced poor avid-
ity responses, with less than 20% of infants achieving an AI of
50% or greater for serotypes 1, 2, 3, 4, 5, 19F, and 23F at 2 weeks.
Serotype 3 was associated with the lowest-avidity response, with
no infant having an AI of 50% or greater (range, 0% to 49%) de-
spite having adequate serotype-specific IgG. Similarly, the pro-
portion of infants with an AI of 50% or greater at 5 months
after immunization was significantly higher than before immuni-
zation for serotypes 7F (89%, P <.001), 11A (42%, P <.001), and
33F (42%, P < .01, Fig 2). Moreover, the proportion of infants
with AIs of 50% or greater remained unchanged between 2 weeks
and 5 months after immunization for all 23 serotypes, suggesting
the persistence of avidity responses for up to 5 months after
immunization.
DISCUSSION
This is the first study to comprehensively evaluate the func-

tional antibody response to 23vPPV in a large cohort of healthy
infants. In this study 71% of infants produced functional antibody
responses to at least 4 of the 8 serotypes assessed by means of



Serotype
Comparison 1 4 5 6B 9V 14 18C 23F
Pre v 2 wks p<0.001 p<0.001 p<0.001 NS p<0.001 NS p<0.001 NS

2 wks v 5 mths NS NS NS NS NS NS p=0.01 NS
Pre v 5 mths NS p<0.001 p<0.001 NS NS NS p<0.001 NS

1 4 5 6B 9V 14 18C 23F
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FIG 2. A, Proportion of infants with an AI of 50% or greater to all vaccine serotypes after immunization with

23vPPV (n 5 53). Black bars indicate before immunization, gray bars indicate 2 weeks after immunization,

and white bars indicate 5 months after immunization. B, The level of significance between the proportions

of infants with AIs of 50% or greater between each time point.
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opsonophagocytosis, which persisted for several serotypes (sero-
types 4, 5, 9V, and 18C). However, only 2 serotypes (serotypes
1 and 5) are prominent causes of disease in this age group
globally.
The polysaccharide capsule is the major virulence factor by

which pneumococci cause invasive disease. Capsular polysac-
charides are thymus-independent type II antigens and directly
stimulate B lymphocytes to produce antigen-specific opsonic
antibody without immunologic memory or affinity maturation.
Polysaccharide antigens with bound complement C3d bind
directly to the B lymphocyte through CD21, which then associ-
ates with CD19 to enhance and prolong antigen signalling.24 On
the basis of a limited number of studies, this response is consid-
ered absent in the neonate and poor in children less than 2 years
of age. This might be due to lower CD21 expression on neonatal
and infant B cells,25 the immaturity of the splenic marginal



TABLE IV. MAI and interquartile range of 12-month-old infants

before and after immunization with 23vPPV

Serotype

MAI (IQR)

Before

immunization*

2 wk after

23vPPVy
5 mo after

23vPPVz

1 0 (0-4.5) 19 (7-31) 18 (0-36)§

2 0 (0-48) 31 (19-47) 30 (20-43)

3 0 (0-4)§ 13 (10-18) 16 (11-25)k
4 0 (0-0)§ 23 (16-30) 17 (0-34)

5 0 (0-51) 31 (16-45) 22 (5-36)

6B 0 (0-50) 0 (0-45)§ 0 (0-0)

7F 0 (0-0)k 73 (63-81) 70 (61-77)k
8 0 (0-48)k 43 (33-52) 40 (34-50)k
9N 0 (0-38)k 47 (34-59) 45 (28-55)k
9V 0 (0-0)k 45 (35-59) 36 (0-55)k
10A 0 (0-47)§ 43 (0-61)§ 0 (0-52)

11A 0 (0-0)k 58 (45-71)k 39 (0-65)k
12F 0 (0-0)§ 31 (0-47) 0 (0-49)

14 0 (0-0) 0 (0-48) 0 (0-44)

15B 0 (0-54)k 49 (26-60) 35 (0-53)

17F 0 (0-0)k 39 (29-58)§ 25 (0-50)k
18C 0 (0-0)k 45 (29-59)§ 32 (0-54)k
19A 0 (0-52)k 43 (0-65)§ 20 (0-55)

19F 0 (0-40) 25 (0-41) 22 (0-41)

20 0 (0-0)k 49 (0-69) 0 (0-67)§

22F 38 (0-70)k 68 (44-75) 54 (38-69)§

23F 0 (0-20) 0 (0-40) 0 (0-14)

33F 0 (0-0)k 59 (40-66)§ 43 (0-63)k

IQR, Interquartile range.

*MAI comparison between before immunization and 2 weeks after immunization.

�MAI comparison between 2 weeks and 5 months after immunization.

�MAI comparison between before immunization and 5 months after immunization.

§P < .001.

kP < .0001 (n 5 53).
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zone,26 or both. The ontogeny of the immune response to thymus-
independent type II antigens in early life has not been formally as-
sessed in larger groups of children. Previous studies suggest that
infants 6 to 12 months of age can generate immune responses to
some antigens in 23vPPV11,12; however, these studies were small,
measured responses to a few serotypes, and used old-generation
assay methods with poor specificity. A recent report demonstrat-
ing that serotype-specific IgG responses to 23vPPV increase with
age and were most apparent during the first 11 months of life for
all serotypes further supports our data.27

We have recently reported that 23vPPV is immunogenic in this
cohort of 12-month-old healthy infants.15 Serotypes 2, 3, 8, and
22F were the most immunogenic serotypes, whereas the least im-
munogenic serotypes were 6B, 14, and 23F, which was consistent
with previous reports.11,12,28 In addition, the fact that IgG levels
were detected 2 weeks after immunization adds further support
to the early responsiveness to Pneumovax. In this study we further
characterized the antibody response to polysaccharide vaccine by
measuring the functional antibody response in this same cohort of
infants. Although serum levels of serotype-specific IgG antibody
(measured with the third-generation WHO ELISA) have been
shown to correlate closely with functional antibody activity, par-
ticularly in postimmunization sera,29,30 OPA is still considered
the gold standard measurement of functional antipneumococcal
antibody. Measurement of antibody avidity also offers informa-
tion on antibody function.31,32 Using both the OPA and avidity as-
says, we showed an increase in functional antibody levels in the
majority of infants. OPA responses were generally strongest at
2 weeks after immunization and diminished by 5months, whereas
antibody avidity increased at 2 weeks after immunization and re-
mained stable (or increased slightly) over this time. This high-
lights that OPA and avidity assays provide different insights
into functional activity of serotype-specific IgG.
Importantly, serotypes that induced the poorest responses by

means of OPAs were 1, 6B, and 14, which account for approx-
imately 30% of IPD globally in children under 5 years.33 This
suggests that 23vPPV might be ineffective at inducing functional
immunity to these critical IPD-causing serotypes. Nevertheless,
23vPPV did induce a functional response to serotype 5 at both
time points. Serotype 5 is an important disease-causing serotype
in children less than 5 years of age in developing countries (10%
to 12% of global IPD) and is ranked among the top 3 IPD sero-
types in young children both in Global Alliance for Vaccines
and Immunisation (GAVI)–eligible and non–GAVI-eligible coun-
tries (countries with a gross national income of less than US
$1500 per capita are eligible for GAVI support to purchase vac-
cines).3 In contrast, 23vPPV induced significant OPA and avidity
responses to serotypes 4, 9V, and 18C after immunization, which
are prevalent causes of IPD in North America and Oceania, where
the burden of disease is much lower.
Studies comparing both OPA and avidity measurements of

functional pneumococcal antibody responses have yielded in-
consistent results. Although previous reports have shown poor
correlation between these 2 assays after 23vPPV,5,34,35 a high de-
gree of correlation was found when OPAwas compared with the
amount of functional IgG (avid IgG) after combined PCV/
23vPPV schedules.36 Although our present findings support the
immunogenicity of 23vPPV in inducing functional IgG against
selected serotypes in infants, several issues concerning its use
in children younger than 2 years require further clarification.
When a microdose of 23vPPV was given to these infants at 17
months to mimic natural infection, immune hyporesponsiveness
was observed only for infants immunized with the full-dose
23vPPV at 12 months, as evidenced by no serotype-specific
IgG, avidity, or OPA response for all serotypes tested.21,37,38

The clinical effect of 23vPPV is also not clear; although
23vPPV was immunogenic, there was no effect on nasopharyn-
geal carriage for any serotypes.39 Moreover, although 23vPPV in-
duced strong responses to most serotypes relevant to Western
countries, responses were poor to the majority of serotypes that
cause disease in developing countries. Therefore further studies
evaluating the clinical effect of 23vPPV in developing countries
are required before the use of 23vPPV can be recommended in
this setting. In a recent cohort study pneumococcal vaccination
was associated with a significantly increased risk of hospitaliza-
tions for nonviral acute lower respiratory tract infections. This
was associated with the receipt of 23vPPV in indigenous Austra-
lians 5 to 23 months of age (hazard ratio, 1.39; P 5 .002).40

Long-term follow-up of nasopharyngeal colonization in our in-
fant cohort will be important to clarify these issues with this
vaccine.
In summary, this study demonstrates that 12-month-old infants

are capable of producing functional serotype-specific IgG re-
sponses for many of the serotypes after 23vPPV immunization.
Moreover, this response was substantial in some infants and
persisted for up to 5 months after immunization. However, the
functional activity for the serotypes responsible for most IPD
worldwide was low.
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Clinical implications: Pneumococcal polysaccharide vaccine
(Pneumovax) induces functional antibody responses to several
clinically relevant serotypes in infants at 12 months of age.
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TABLE E1. Baseline characteristics of infants at enrollment

Characteristic 23vPPV group

Sex

Male 32 (51%)

Female 31 (49%)

Median age (wk) 6.5

Ethnicity

Indigenous Fijian 35 (55%)

Indo-Fijian 20 (32%)

Other 8 (13%)

Median weight (g) 4750
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TABLE E2. Number of participant withdrawals during the study*

Study time point

No. of infants in study

(no. of withdrawals)

Randomization 63

Before immunization 59 (4)

Two weeks after immunization 56 (7)

Five months after immunization 56 (7)

*There was 1 infant for whom there was inadequate serum left for the OPA analysis

(n 5 55) and 3 infants with inadequate sera for the avidity analysis (n 5 53).
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