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Abstract

Background—Heightened immunogenicity, measured one month after the primary series of
pneumococcal conjugate vaccine (PCV), in African children was previously hypothesized to be
due to increased rates of nasopharyngeal pneumococcal colonization during early infancy.

Methods—We analyzed the effect of selected vaccine-serotype (6B, 19F and 23F)
nasopharyngeal colonization prior to the first PCV dose or when colonized for the first time prior
to the second or third (2nd/3rd) PCV dose on serotype quantitative and qualitative antibody
responses.
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Results—Colonization prior to receiving the first PCV was associated with lower geometric
mean antibody concentrations (GMCs) one month after the third dose of PCV and six months later
to the colonizing-serotype. Colonized infants also had lower geometric mean titers (GMTS) on
opsonophagocytosis activity assay (OPA) and a lower proportion had titers >8 against the
colonizing serotypes (19F and 23F) post vaccination. Colonization occurring only prior to the 2nd/
3rd PCV dose was also associated with lower GMCs and OPA GMTSs to the colonizing-serotype.
The effect of colonization with serotypes 19F and 23F prior to PCV vaccination had a greater
effect on a lower proportion of colonized infants having OPA titers >8 than the effect of
colonization on the lower proportion with antibody >0.35 pg/ml.

Conclusion—Infant nasopharyngeal colonization at any stage before completing the primary
series of PCV vaccination was associated with inferior quantitative and qualitative antibody
responses to the colonizing-serotype.

Keywords

Streptococcus pneumoniae; pneumococcal conjugate vaccine; HIV; immunogenicity;
colonization; hypo-responsiveness

Introduction

Infants in industrializing countries and lower socio-economic groupings become colonized
with Streptococcus pneumoniae at an earlier age than children from industrialized countries.
(1) Early nasopharyngeal colonization by vaccine-serotypes was previously speculated,
through either “priming” or “boosting” of the immune system, as being the reason for higher
antibody geometric mean concentrations (GMCs) observed with pneumococcal conjugate
vaccine (PCV) (using CRM1g7 protein) in African children compared to those from Europe
and the general USA population. (2-5) This idea was supported by findings that increased
social mixing in infancy was associated with enhanced immune response to PCV, attributed
to immunological priming from the increased rate of pneumococcal nasopharyngeal
colonization.(6) In addition, animal-model studies reported that intranasal colonization by S.
pneumoniae resulted in higher 1gG responses to subsequent PCV immunization, indicating
that colonization elicited immunological memory capable of heightening immune responses
to PCV. (7)

More recently, however, studies in Israeli and Phillipino infants have reported that
nasopharyngeal colonization of commonly colonizing vaccine-serotypes (i.e. 6B, 19F and
23F) prior to receiving the first dose of two different PCV formulations, was associated with
immune hypo-responsiveness to the colonizing serotype following a two or three dose
primary series of PCV.(8, 9) This hypo-responsiveness did not, however, affect the immune
response to non-colonizing serotypes. To our knowledge, there are no reports on the effect
of serotype-specific colonization identified only after the first dose of PCV, i.e. absent prior
to the first dose but present prior to receiving either the second or third dose of the primary
infant series, on the immune response to PCV. In addition, the effect of early-infant
colonization on functional antibody activity, measured by opsonophagocytic activity assay
(OPA) is unknown.

The results of a sub-analysis related to the Comprehensive International Program for
Research on AIDS-South Africa (CIPRA-SA Project-04),(10) evaluating the effect of early
nasopharyngeal colonization on responses to PCV are presented here. The aims of this
analysis were: (1). to evaluate the effect of specific vaccine-serotype nasopharyngeal
colonization at the time of receiving the first dose of PCV on quantitative and qualitative
(OPA) antibody responses one month after the three dose primary series; (2). To evaluate
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the effect of serotype-specific colonization identified for the first time at either the second
and/or third (2"4/37d) PCV dose on quantitative and qualitative antibody responses one
month after the three dose primary series to the colonizing serotype, in comparison to infants
in whom colonization was not detected for that serotype at least until the third dose of PCV;
(3). Determine the effect of serotype-specific infant colonization whilst receiving the
primary series of PCV on antibody concentrations six-months after completion of the
primary series of PCV to the colonizing and non-colonizing serotypes.

Study population

Four groups of children were enrolled in parallel from April 2005 to June 2006 at the
Perinatal HIV Research Unit (Johannesburg, South Africa) and the KIDS-Clinical Research
Unit (Kid-Cru; Stellenbosch, South Africa). These included HIV-infected infants with CD4+
T-lymphocyte cells >25% randomized to either initiate antiretroviral treatment (ART)
immediately (HIV+/ART+ group) or defer until clinically (CDC Stage C or investigator-
selected severe Stage B) and/or immunologically indicated as per the then prevailing WHO
recommendations (HIV+/ART— group).(11) In addition, two groups of HIV-uninfected
infants were enrolled: [1]. HIV-exposed uninfected children (HEU), i.e. born to HIV-
infected mothers; and [2]. HIV-unexposed uninfected (HUU) infants; i.e. born to HIV-
uninfected women. (10) All children were ART naive at enrolment, except for ART
(primarily single-dose nevirapine postpartum) used for the prevention of mother-to-child
HIV transmission. Daily trimethoprim-sulfamethoxazole prophylaxis was given to HIV-
infected infants throughout infancy and also recommended for HEU infants until
approximately six months of age. Details of the study cohort, including quantitative and
qualitative antibody responses one-month following the primary series of three doses of 7-
valent PCV (i.e. Prevnar®; Wyeth Vaccines, NJ, USA) given at 6, 10 and 14 weeks of age
have been published. (10)

Laboratory assays and methods

Nasopharyngeal swabs to detect pneumococcal colonization were taken on the day of
vaccination prior to each of the three doses of PCV. Swabs were collected using a Dacron-
tipped swab on a flexible aluminum shaft (Cat# 151D, Medical Wire Equipment Co. Ltd.;
Wiltshire, England) as described, (2) then inoculated into skim milk tryptone-glucose-
glycerin transport media (STGG) and stored at —70 degrees Celsius until processing as
recommended at the Respiratory and Meningeal Pathogens Research Unit (RMPRU)
laboratory, South Africa.(12) Serotyping was performed using the Quellung method (Statens
Serum Institute, Copenhagen, Denmark) at the National Institute for Communicable
Diseases (NICD) reference laboratory. Pneumococcal serotypes 4, 6B, 9V, 14, 18C, 19F or
23F were categorized as vaccine-serotypes and the rest as non-vaccine serotypes.

Blood draws were undertaken immediately prior to receiving the first dose of PCV and at
one- and six-months after the third dose of PCV and serum was archived at —70°C until
testing. Vaccine-serotype specific capsular 1gG antibody was measured by standardized
enzyme immunoassay (EIA) at each of the above three time-points. OPA analysis was
limited to serotypes 9V, 19F and 23F and undertaken on samples obtained one-month
following the third PCV dose. Serotype 6B OPA responses were not undertaken as this
exploratory analysis was not envisioned at the time of study design. All immunologic assays
were undertaken at RMPRU as described. (10)
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Statistical analysis

Results

Data were analyzed using SAS® 9.1 (SAS Institute Inc., Cary, NC, USA.). To minimize
confounding, only children who received their first PCV dose within 6-12 weeks of age and
subsequent two doses 3-6 weeks after the preceding dose and had the primary
immunogenicity blood draw 3-6 weeks following the third PCV dose were included in the
analysis. The comparison of effect of nasopharyngeal colonization on immune responses to
serotype-specific antibody responses was done for the three most common vaccine serotypes
identified prior to the first PCV dose. Due to only a small number of children within any
groups being colonized with the specific serotypes at baseline, analysis was controlled for
but not stratified by HIV-infection status or use of anti-retroviral treatment.

The effect of early nasopharyngeal colonization on serotype-specific IgG GMCs and OPA
geometric mean titers (GMT) was analyzed by analysis of covariance (ANCOVA) with
study center, baseline antibody concentration, race, gender and study-group (i.e. HIV-
infection and HIV exposure status) as co-variates. Logistic regression with study center,
race, gender and study-group as covariates was applied for comparison of effect of
nasopharyngeal colonization, prior to or subsequent to the first dose of PCV, on the
proportion of children with serotype-specific antibody concentration >0.35 ug/ml or OPA
titers >8. These respective thresholds are suggested as putative measures of community
immunity against serotype-specific invasive pneumococcal disease.(13) An a value of <0.05
was considered significant.

Ethics Considerations—The study was approved by the Human Subjects Research
Committees of the University of the Witwatersrand, Stellenbosch University, the Medicine
Control Council of South Africa and Clinical Science Review Committee of the Division of
AIDS. Signed informed consent was obtained from the parents of the children. The clinical
trials registry reference number for the study is ClinicalTrials.gov NCT00099658.

The analysis included 483 children, including 77 in the HIV+/ART— group, 172 in the HIV
+/ART+ group, 120 HEU infants and 114 HU infants. The mean age when the
nasopharyngeal swabs were done prior to receipt of each of the primary series of three doses
of PCV were 7.3 (Standard deviation; “S.D.” 1.2), 11.4 (S.D. 1.2) and 15.4 (S.D. 1.2) weeks,
respectively. Immune responses were measured prior to the first dose of PCV, as well as at
19.5 (S.D. 1.3) and 39.2 (S.D. 1.0) weeks of age. There was no difference in age between
groups when swabs were taken or immune responses were measured. The majority (n=438;
90.7%) of study participants were Black African and 223 (46.2%) were males. The median
CDA4+ percentage prior to receiving the first PCV dose in HIV-infected children was 34.2%
(interquartile range: 25.3 to 42.1) and did not differ between HIV+/ART— and HIV+/ART+
infants.

Forty-four (9.1%) of the 483 infants were colonized by vaccine-serotypes prior to receiving
the first dose of PCV. The three most common serotypes were 23F (n=11), 6B (n=10) and
19F (n=9). Serotypes 23F, 6B and 19F were identified in a further 13, 13 and 17 children
respectively prior to the second and/or third (2"4/3"%) PCV dose and which was absent prior
to the first PCV dose.

Infants colonized prior to the first PCV dose had consistently lower GMCs to the specific
colonizing serotype than children not carrying that serotype prior to the first PCV dose,
P<0.001 for all serotypes; table 1. In contrast, GMCs to the other two serotypes analyzed
were unaffected when comparing carriers and non-carriers of the third serotype; e.g. GMCs
to serotype 19F and 23F were unaffected in infants either colonized or not colonized by 6B;
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Table 1. The lower serotype-specific GMCs for carriers compared to non-carriers prior to
the first PCV dose persisted until six months later; as did the lack of any difference in GMCs
for the other two heterotypic serotypes in the related analysis; Figures 1-3 panels A-C.

Lower GMCs were also observed in children in whom colonization by serotypes 19F
(p<0.0001) or 23F (p<0.0001) was first identified only prior to the 2n4/3™d PCV dose,
compared to infants never colonized by the specific serotype until the third PCV dose, table
1. A similar, albeit not significant, trend was observed for serotype 6B (p=0.374). Immune
responses to the two heterotypic serotypes being analyzed did not differ between colonized
and non-colonized children relative to the third serotype, table 1. The lower serotype-
specific GMCs among carriers, in relation to first colonization only prior to 2nd/3d pCv/
dose, persisted until six months later, albeit only significant for serotype 19F (p<0.001;
Figure 1-3 panels D-F).

A lower proportion of serotype 6B carriers prior to the first PCV dose (40.0%) than 6B non-
carriers (90.5%; p<0.0001) had anti-6B specific antibody >0.35 ug/ml one month after the
third PCV dose, whereas the proportions did not differ for the two heterotypic serotypes
under study; Table 2. Similar differences were observed for serotype 23F associated
colonization at baseline between carriers compared to non-carriers with anti-23F >0.35 ug/
ml (81.8% vs. 96.8%, respectively; p=0.015); as well as in relation to 23F colonization
status only prior to the 2"/3" PCV dose (69.2% vs. 97.6%, respectively; p<0.0001). There
was, however, no difference in proportion of infants with anti-19F antibody >0.35 ug/ml
between 19F-carriers and non-colonized infants either in relation to 19F colonization prior
to the first PCV dose or only prior to the 2"9/3d PCV dose; Table 2.

The OPA GMTs were consistently lower in 19F- and 23F-colonized compared to non-
colonized children in relation to carrier status either prior to the first PCV dose or when first
identified prior to the 2"%/3"d PCV dose, p<0.0001 for all; Table 3. Similar to the antibody
IgG GMCs, the difference in GMTSs were specific to the serotype associated with
colonization and did not affect OPA GMTs for the heterotypic serotypes. In addition, a
significantly lower proportion of colonized compared to non-colonized infants had OPA
titers > 8 for serotypes 19F and 23F in relation to the pre-vaccination colonization status;
and in relation to carrier status when first identified only prior to the 2"4/3 PCV dose;
Table 4. The proportion of colonized compared to non-colonized children with OPA titers >
8 did not differ for the heterotypic serotypes, except for serotype 19F (84.6% vs. 96.8%,
p=0.020) in the analysis comparing infants with and without 23F colonization at the 2n9/3"d
PCV dose. There was no difference between 6B carriers and non-carriers either in relation to
baseline or prior to 2"d/37d PCV dose colonization-status and OPA GMTSs or proportion with
OPA = 8 to any of the serotypes analyzed by OPA.

Discussion

Our study corroborates the findings of two recently published studies reporting that
nasopharyngeal colonization prior to the first PCV dose in young infants was associated
with hypo-responsiveness to the specific colonizing serotypes. (8, 9) Our study further
extends the findings to African populations that include HIV-infected and HIV-exposed
uninfected children. In addition, our analysis expanded on the previous findings in two
ways. Firstly we showed that a similar hypo-responsiveness was evident in children
colonized with that serotype prior to receiving any PCV dose and for those who became
colonized after the initial PCV dose but prior to receipt of the 2n4/3"d PCV dose for at least
two (19F and 23F) of the three serotypes. However, the persistence of this effect on GMCs
six months after completion of the primary series was less evident (only significant for 19F)
in children only identified to be colonized at the 2"4/3"d PCV dose compared to colonization
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prior to the first PCV dose, where the lower serotype-specific GMCs persisted for all three
serotypes.

Nevertheless, our analysis does not validate the previous speculation that serotype-specific
pneumococcal colonization, either prior to or during the time of completing the primary
series of PCV, contributes toward the higher serotype-specific GMCs observed in
immunogenicity studies in children from settings with a high rate of pneumococcal
colonization during early infancy. (2-5, 14, 15) Our study was not powered to explore
whether there was any independent association of HIV-infection status in the interaction of
early infant colonization on immune responses to PCV, hence, controlling for both HIV-
infection status and antiretroviral treatment in the analysis. It is possible that infants born to
HIV-infected mothers may be at greater risk of acquisition of serotypes explored for in our
study from their mothers. Gill et al reported that HIV-infected African women were 1.9 fold
more likely to be colonized by pneumococcus - especially serogroups 6, 19 and 23- than
HIV-uninfected women. (16)

Our study also examined the effect of vaccine-serotype colonization pre- or during receipt of
PCV on the functionality of serotype-specific antibody as measured by OPA. Lower
serotype specific OPA GMTs were identified in colonized compared to non-colonized
infants for both serotypes 19F and 23F, in relation to colonization prior to the first or 219/31
-PCV dose. However, the difference in proportion of serotype-specific colonized infants
achieving OPA titers =8 was less affected when colonization first occurred prior to the 2nd/
3rd PCV dose than when identified prior to the first PCV dose for serotype 19 F (82.4% vs.
44.4%, respectively) and 23F (69.2% vs. 27.3%, respectively). The importance of
considering both 1gG concentration and OPA titers in evaluating the differential effect of
colonization on the immune response was evident in that the proportion of subjects with
OPA =8 tended to be lower than the proportion with 1gG concentrations >0.35 ug/ml for
serotypes 19F (44.4% vs. 88.9%, respectively; p=0.17) and serotype 23F (27.3% vs. 81.8%,
respectively; p=0.015). Furthermore, although there was no difference observed in the
proportion of 19F colonized compared to non-colonized infants with anti-19F 1gG >0.35 ug/
ml, the proportion with anti-19F OPA =8 titers was lower in colonized infants. The
significance of these findings include that OPA measures complement-mediated phagocytic
killing and may be considered a preferable outcome measure than serotype-specific antibody
concentration of >0.35 ug/ml, because opsonophagocytosis is thought to be the main
protective response in vivo. (13, 17)

Although our study focused on the impact of colonization whilst receiving the primary series
of PCV on quantitative and qualitative immune measurements, these findings need to be
further examined with regard to the effect of early colonization upon subsequent anamnestic
responses. Dagan et al. measured quantitative antibody levels one month after a booster dose
of PCV and reported that lower serotype-specific antibody concentrations persisted,
although to a lesser extent, in the group who had been colonized with the corresponding
serotype prior to the first PCV dose.(8) These data suggest that early pneumococcal
colonization may affect anamnestic responses to the specific colonizing serotype, which,
may be a more important in providing long term protection against invasive pneumococcal
disease.

The results from our study might explain in part, the higher number of vaccine failures and
consequently lower vaccine efficacy estimates against invasive pneumococcal disease, albeit
with overlapping 95% confidence intervals, observed in African and Navajo Indian children
than in the general USA population;(3, 18-20) and the higher serotype specific estimates of
the correlate of protection in African children.(21) The suggestion that in settings with a
high acquisition rate of nasopharyngeal colonization by vaccine serotypes a greater
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proportion of children may be sub-optimally protected against invasive pneumococcal
disease may, however, become less important following widespread use of PCVs.
Specifically, introduction of PCV in the USA was associated with a rapid reduction in
prevalence of vaccine-serotype colonization in vaccinated and —unvaccinated individuals,
(22) including in communities with a high rate of pneumococcal colonization during early
infancy.(23) In addition, there has been virtual disappearance of vaccine-serotype invasive
disease among vaccinated and unvaccinated populations in a diversity of settings.(24-27)
This effect was attributed to a critical proportion of young children, who generally are the
important source of transmission of pneumococci in developed countries, having become
protected from acquiring new vaccine serotypes following vaccination. Consequently,
transmission of these vaccine serotypes was probably interrupted in the community leading
to the subsequent elimination of these serotypes in the community. The dynamics of
pneumococcal transmission in developing countries, including rural settings in Africa have
not yet been fully established. This may differ compared to developed countries as the
prevalence of nasopharyngeal colonization in older children and adults in Africa remains
high (>40%) compared to developed countries (<15%).(28) Consequently, there may be
ongoing transmission of vaccine-serotypes from older individuals to very young infants
prior to the latter receiving PCV, which may potentially continue affecting their immune
responses to colonizing vaccine-serotypes.

Dagan et al. have previously discussed the likely mechanism for serotype-specific
colonization interfering with the immune response to that specific serotype in the first PCV
immunization. They suggested that polysaccharide from nasopharyngeal colonization could
be systemically absorbed and prevent serotype-specific B lymphocyte differentiation in the
marginal zone of the spleen and lymph nodes; thereby inducing B cell fatigue. (8) They also
described that the effect of early infant colonization on immune responses to the specific
serotypes persisted even after a booster PCV dose. A question posed by Dagan et al, was
whether the effect of early nasopharyngeal colonization on immune responses could be
modified by alternate dosing schedules, for example a first PCV dose at 4 weeks of age. Our
observation of hypo-responsiveness even after the first dose of PCV, albeit to a lesser extent
compared to colonization prior to the first PCV dose, suggests that vaccinating at an early
age will have only limited effect on circumventing the effect of early infant colonization.
The study by Dagan et al. included children who received three doses of PCV at 2, 4 and 6
months of age. Despite a later start with immunization and increased interval between the
PCV doses in Israeli children, (8) the GMCs one month after three doses of PCV was higher
among infants in our study for the colonized and more so for those not colonized for
serotypes 19F and 23F prior to the first PCV dose. This indicates that there are other factors,
excluding exposure to serotypes from colonization prior to PCV vaccination, which result in
enhanced immunogenicity of PCV in African children.

In conclusion, our findings raise questions as to whether the immunogenicity of PCV can be
improved in settings with a high rate of early nasopharyngeal colonization by modulating
risk factors associated with early-infant colonization. Identifiable risk factors associated with
increased susceptibility such as overcrowding, in-door pollution and viral infections are,
however, inherently difficult or unlikely to be modifiable. Whether interventions such as
antibiotic prophylaxis, attempting to reduce pneumococcal nasopharyngeal colonization by
at receipt of the primary infants’ series are warranted is uncertain and may rather contribute
to emergence of bacterial antibiotic resistance. Ongoing monitoring of the effect of
widespread PCV implementation in low resource settings, with a high acquisition rate of
early infant colonization, is warranted to determine whether any targeted strategies to reduce
early acquisition of pneumococcal colonization will be required.
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Figure 1.

a-c: Comparison of geometric mean antibody concentrations at baseline and one- and six
months after three doses of pneumococcal conjugate vaccine (PCV) for colonized versus not
colonized with serotype 6B prior to first dose of PCV.

d-f: Comparison of geometric mean antibody concentrations at baseline and one- and six
months after three doses of pneumococcal conjugate vaccine (PCV) for infants colonized
with serotype 6B only prior to the second and/or third dose of PCV versus those not
colonized until the third PCV dose.
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Figure 2.

a-c: Comparison of geometric mean antibody concentrations at baseline and one- and six
months after three doses of pneumococcal conjugate vaccine (PCV) for colonized versus not
colonized with serotype 19F prior to first dose of PCV.
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d-f: Comparison of geometric mean antibody concentrations at baseline and one- and six
months after three doses of pneumococcal conjugate vaccine (PCV) for infants colonized
with serotype 19F only prior to the second and/or third dose of PCV versus those not
colonized until the third PCV dose.
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a-c: Comparison of geometric mean antibody concentrations at baseline and one- and six
months after three doses of pneumococcal conjugate vaccine (PCV) for colonized versus not
colonized with serotype 23F prior to first dose of PCV.

d-f: Comparison of geometric mean antibody concentrations at baseline and one- and six
months after three doses of pneumococcal conjugate vaccine (PCV) for infants colonized
with serotype 23F only prior to the second and/or third dose of PCV versus those not
colonized until the third PCV dose.
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