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Purpose: Pneumococcal infections are the leading cause of childhood 
morbidity and mortality, and efforts have been made to search for effective 
means of prevention and control to reduce their serious threat to children’s 
health. This study intends to investigate the efficacy, immunogenicity, and 
safety of pneumococcal conjugate vaccine (PCV) in children.
Methods: A search was conducted in PubMed, Web of Science, Cochrane 
Library, and Embase up to June 19, 2024. Children aged 0–2 years were 
included, and PCV was given in the intervention group and a placebo in the 
control group. The outcomes were immunogenicity, safety, and adverse 
events. Meta-analyses were conducted using RevMan and Stata17, and the 
Cochrane Risk of Bias 2.0 was utilized for quality assessment.
Results: Eleven studies involving 147,274 participants were included. Meta- 
analyses revealed that compared with placebo, PCV greatly lowered the 
incidence of pneumonia (RR 0.78, 95% CI 0.70, 0.87; P < 0.001). PCV also 
significantly raised the levels of IgG antibody 6B (GMR 22.16, 95% CI 3.73, 
131.47; P < 0.001), 9V (GMR 15.18, 95% CI 1.48, 155.27; P = 0.02), 14 (GMR 
12.50, 95% CI 1.76, 88.98; P = 0.01), 18C (GMR 20.20, 95% CI 1.47, 276.72; 
P = 0.04), 19F (GMR 15.43, 95% CI 1.14, 209.15; P = 0.04), and 23F (GMR 
13.74, 95% CI 2.42, 78.01; P = 0.003). However, PCV produced no statistically 
significant increase in the levels of IgG antibody 1/4/5.
Conclusion: PCV reduces the incidence of pneumonia and improves the levels 
of IgG antibodies. However, given the lack of data on adverse events in the 
included studies, we hope that standardized reporting methods for safety 
outcomes can be adopted in future randomized controlled trials to improve 
data comparability and utility and provide a more solid basis for evidence- 
based decision-making.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/view/ 
CRD42024570854, PROSPERO CRD42024570854.
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1 Introduction

Pneumococcal infections represent the leading cause of 
childhood morbidity and mortality worldwide. According to the 
World Health Organization (WHO) epidemiological data, 
pneumococcal disease claims the lives of up to one million 
children under five years of age annually, with the heaviest 
burden falling upon developing countries (1). The clinical 
spectrum of pneumococcal disease is severe and multifaceted, 
encompassing otitis media, pneumonia, meningitis, and other 
invasive diseases (2). Pneumococcal meningitis is 
particularly devastating, carrying a mortality rate approaching 
50%, with survivors frequently experiencing severe neurological 
deficits (3, 4).

The pneumococcal conjugate vaccine (PCV) stands as a 
critical intervention against this public health challenge, offering 
long-term protection for children. Its mechanism involves 
inducing B and T cell immunity to generate effective immune 
responses and durable immune memory, enabling the immune 
system to rapidly recognize Streptococcus pneumoniae and 
mount protective antibody responses (5). Despite this 
established immunological foundation, the real-world 
performance of PCV across diverse pediatric populations 
remains an area in need of comprehensive synthesis. Notable 
variations have been found in research: PCV9 demonstrates 83% 
efficacy against invasive pneumococcal disease (IPD) in HIV- 
uninfected children (6) but only 31% efficacy against pneumonia 
linked to seven respiratory viruses in hospitalized children (7). 
Furthermore, clinical trials have revealed significant serotype- 
specific differences in the PCV protection, with PCV showing 
consistent efficacy against serotype 6A but inconsistent efficacy 
against serotype 19A (8, 9). These discrepancies possibly stem 
from factors including vaccine valency, geographical variations 
in circulating serotypes, study design heterogeneity, and sample 
size limitations.

Given this complex landscape, it is needed to synthesize 
fragmented evidence on PCV performance. Therefore, this study 
aims to synthesize total available data on the effect of PCV on 
children. We will conduct a systematic assessment from three 
critical dimensions: protective efficacy or effectiveness against 
IPD, pneumonia, and otitis media; immunogenicity profiles, 
evaluating the magnitude and durability of immune responses 
across vaccine serotypes; and comprehensive safety parameters, 
documenting adverse event profiles. By rigorously evaluating the 
efficacy, immunogenicity, and safety of PCV, this study seeks to 
generate robust, consolidated evidence. Our ultimate goal is to 
provide a stronger, more reliable foundation for evidence-based 
prevention strategies for pneumococcal disease, thereby 
contributing to the reduction of the global burden of childhood 
pneumococcal disease.

2 Methods

This study adhered to the PRISMA statement (9) 
(Supplementary Table S1), and the study protocol was registered 
with PROSPERO (CRD42024570854).

2.1 Search strategy

We searched PubMed, Web of Science, Cochrane Library, and 
Embase up to June 19, 2024, and only English-language studies 
were included, using medical subject headings (Child, Infant, 
Newborn, Adolescent, Vaccine, Pneumococcal Vaccines) plus free 
terms (Supplementary Table S2). The reference lists of systematic 
reviews were further searched for potentially missing studies.

2.2 Eligibility criteria

Inclusion criteria: (1) Participant: children aged 0–2 years. (2) 
Intervention: PCV; Comparison: placebo. (3) Outcome: incidence 
of pneumonia (primary outcome), and immunogenicity and safety 
(secondary outcomes). (4) Study design: randomized controlled 
trials (RCTs).

Exclusion criteria: (1) case reports, animal or cell experiments, 
scientific experiment plans, letters, reviews, editorials, and 
conference papers; (2) missing data or serious errors; (3) 
duplicate publications; (4) unavailable full text.

2.3 Study screening and data extraction

The retrieved studies were imported into EndNote, and two 
reviewers (QD and YJD) independently read the title and 
abstract first based on the eligibility criteria, and then further 
examined the full text. Any discrepancy was settled by 
discussion or consultation with a third reviewer. The following 
data were independently extracted by two reviewers (QD and 
JW) using Excel 2016: first author, country, year of publication, 
sample size, age, sex, disease, vaccine, vaccine type, outcome 
metrics (pneumonia, IgG antibody 1/4/5/6B/9V/14/18C/19F/23F).

2.4 Quality assessment

We utilized Cochrane Risk of Bias 2.0 (10) for quality 
assessment of RCTs from randomization, deviations from 
intended interventions, measurement of the outcome, missing 
outcome data, and selection of the reported result. Each domain 
was assessed as low risk, uncertain, or high risk.

2.5 Statistical analysis

The outcome pneumonia was pooled by risk ratio (RR) with 
95% CI, and the immunogenicity by geometric mean ratio 

Abbreviations  

PCV, pneumococcal conjugate vaccine; GMR, geometric mean ratio; CI, 
confidence interval; WHO, World Health Organization; HIV, human 
immunodeficiency virus; RR, risk ratio; IPD, invasive pneumococcal disease; 
DPT, diphtheria, pertussis, tetanus.
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(GMR) with 95% CI as geometric means with 95% CI were 
reported in the original study. We assessed the heterogeneity of 
included studies by I2 statistic, and then adopted a random- or 
fixed-effects model when the heterogeneity was present 
(I2 > 50% or P < 0.1) or absent. Leave-one-out sensitivity 
analyses were conducted (11). We evaluated publication bias by 
funnel plot and Egger’s test when over 10 studies were included. 
P < 0.05 was deemed statistical significance. Stata 15.1 was 
utilized for meta-analyses (12).

3 Results

3.1 Search results

We initially retrieved 5,678 studies, of which 1,940 were 
excluded as duplicates. 1,802 studies were excluded after title 
and abstract review. Then the full text of the remainder was 

examined according to the eligibility criteria. Finally, 11 studies 
(2, 5, 6, 13–20) were included (Figure 1).

3.2 Study characteristics

All the included studies were published from 1998 to 2023, 
and involved 147,274 participants aged 0–2 years (73,676 in the 
PCV group and 73,598 in the control group). The participants 
were from five countries (South Africa, Gambia, the Philippines, 
China, and Australia) (Table 1).

3.3 Quality assessment

For randomization, the study by Nunes et al. mentioned 
allocation concealment, but the specific methods were unclear, 
so it was assessed as a clear risk of bias in the randomization 

FIGURE 1 

Flowchart.
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process; the studies by Klugman et al. (5) and Madhi et al. (6) 
adopted allocation concealment, but nursing personnel were 
aware of the grouping details, so a potential risk of bias was 
present. For deviations from intended interventions, patients 
infected with HIV underwent other treatments, resulting in a 
high risk of bias in the study by Nunes et al. (13). For missing 
outcome data, none of the studies mentioned any missing data, 
so the risk of bias was low. For measurement of the outcome, in 
the studies by Nunes et al. (13), Lucero et al. (20), Klugman 
et al. (5), and Madhi et al. (6), measurement personnel were 
aware of the interventions received by participants, which, 
however, did not influence the measurement of outcomes, so 
potential measurement bias still existed (5, 6, 13, 20). For 
selection of the reported result, one study by Madhi et al. (6) 
reported only the treatment efficacy on pneumonia and did not 
mention other side effects, so selection bias may be present. To 
sum up, the overall bias of all the included studies was low 
(Figure 2). The aforementioned issues still require careful 
consideration. It is recommended that standardized reporting 
methods for safety outcomes be adopted in future RCTs to 
improve data comparability and support evidence-based 
decision-making.

3.4 Meta-analysis results

3.4.1 Pneumonia

Pneumonia was reported in five studies involving 141,979 
patients. We adopted a random-effects model (I2 = 71%, 
P = 0.008). The pooled results revealed that the incidence of 
pneumonia was far lower in the PCV group (RR 0.78, 95% CI 
0.70–0.87, P < 0.001) (Figure 3). Due to significant 
heterogeneity, subgroup analyses were conducted. The results 
of subgroup analyses by region showed that PCV significantly 
reduced the incidence of pneumonia in Africa (RR 0.77, 95% 
CI 0.68, 0.87, P < 0.001), while the effect of PCV on 
pneumonia incidence had no significant difference from 
placebo in Asia (RR 0.84, 95% CI 0.66, 1.08, P = 0.17) 
(Figure 4). The results of subgroup analyses by vaccine type 
showed that PCV9 significantly reduced the incidence of 
pneumonia (RR 0.77, 95% CI 0.68, 0.87, P < 0.001), while the 
effect of PCV11 on pneumonia incidence had no significant 
difference from placebo (RR 0.84, 95% CI 0.66, 1.08, P = 0.17) 
(Figure 5). However, the results should be interpreted with 
caution since only one study from Asia was included.

TABLE 1 Study characteristics.

First 
author

Year of 
publication

Country Sample 
size

Sex (m/f) Age Vaccine 
dosage

t c t c t c
Klugman et al. 
(5)

2003 South 
Africa

19,922 19,914 10,021/9,901 9,937/ 
9,977

– – 3 + 0

Madhi et al. (6) 2004 South 
Africa

18,245 18,268 – – – – 3 + 0

Nunes et al. 
(13)

2021 South 
Africa

1,289 1,288 6, 10, and 14 weeks 6, 10, and 14 
weeks

3 + 0

18,633 18,626 6, 10, and 14 weeks 6, 10, and 14 
weeks

3 + 0

Akinsola et al. 
(14)

2012 South 
Africa

138 144 38–52 months 38–52 months 2 + 1

Saaka et al. 
(15)

2008 Gambia 103 93 No sex 
difference

24 or 18 weeks 24 weeks or 18 
weeks

3 + 0

Mbelle et al. 
(16)

1999 South 
Africa

242 239 No sex 
difference

45, 76, and 96 days (age was not 
statistically significant)

45, 76, and 96 
days

3 + 0

Huebner et al. 
(17)

2002 South 
Africa

250 250 No sex 
difference

6, 10, and 14 weeks 6, 10, and 14 
weeks

3 + 0

Soininen et al. 
(18)

2009 Philippines 555 556 243/236 2,476/ 
244

Dose 1: 6 weeks 
Dose 2: 10 weeks 
Dose 3: 14 weeks

Dose 1: 6 weeks 
Dose 2: 10 weeks 
Dose 3: 14 weeks

2 + 1

Cutts et al. (19) 2005 Gambia 8,189 8,151 4,100/4,089 4,074/ 
4,077

Dose 1: 75 (59–108) days 
Dose 2: 122 (97–166) days 

Dose 3: 169 (136–225) days

Dose 1: 75 (59– 
108) days 

Dose 2: 122 (97– 
166) days 

Dose 3: 169 
(136–225) days

3 + 0

Lucero et al. 
(20)

2009 Philippines 6,013 6,018 No sex 
difference

Dose 1: 1.8 months 
Dose 2: 2.9 months 
Dose 3: 3.9 months

Dose 1: 1.8 
months 

Dose 2: 2.9 
months 

Dose 3: 3.9 
months

2 + 1

Mackenzie 
et al. (2)

2009 Australia 97 51 45/52 30/21 10.9 (1–22) 9.5 (3–17) 3 + 0
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3.4.2 Immunogenicity
3.4.2.1 IgG antibody 1

IgG antibody 1 was described in three studies involving 1,436 
patients. We adopted a random-effects model (I2 = 99%, 
P < 0.00001). We found that the PCV group had a higher level 
of IgG antibody 1, without a statistically significant difference 
(GMR 14.63, 95% CI 0.52, 408.78; P = 0.11) (Figure 6).

3.4.2.2 IgG antibody 4
IgG antibody 4 was described in three studies involving 1,433 

patients. We adopted a random-effects model (I2 = 99%). We 
found that the level of IgG antibody 4 was significantly elevated 
in the PCV group, without a statistically significant difference 
(GMR 26.31, 95% CI 0.80, 868.05; P = 0.07) (Figure 6).

3.4.2.3 IgG antibody 5
IgG antibody 5 was described in three studies involving 1,431 

patients. We adopted a random-effects model (I2 = 100%, 
P < 0.00001). We found that the level of IgG antibody 5 was 
significantly elevated in the PCV group, with no statistically 

significant difference (GMR 13, 95% CI 0.49, 343.04; P = 0.12) 
(Figure 6).

3.4.2.4 IgG antibody 6B
Three studies with 1,445 patients reported IgG antibody 6B. 

A random-effects model was utilized (I2 = 97%, P < 0.00001). We 
observed that the PCV group had a significantly elevated level of 
IgG antibody 6B (GMR 22.16, 95% CI 3.73, 131.47; P < 0.001) 
(Figure 6).

3.4.2.5 IgG antibody 9V
Three studies with 1,425 patients reported IgG antibody 9V. 

A random-effects model was utilized (I2 = 99%, P < 0.00001). We 
observed that the PCV group had a significantly elevated level of 
IgG antibody 9V (GMR 15.18, 95% CI 1.48, 155.27; P = 0.02) 
(Figure 6).

3.4.2.6 IgG antibody 14
Three studies with 1,421 patients reported IgG antibody 14. 

A random-effects model was utilized (I2 = 98%, P < 0.00001). We 

FIGURE 2 

Quality assessment.

FIGURE 3 

Forest plot for pneumonia.
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observed that the PCV group had a significantly elevated level 
of IgG antibody 14 (GMR 12.50, 95% CI 1.76, 88.98; 
P = 0.01) (Figure 6).

3.4.2.7 Igg antibody 18C
Three studies with 1,431 patients reported IgG antibody 18C. 

A random-effects model was utilized (I2 = 91%, P < 0.00001). 
The results showed a significantly elevated level of IgG antibody 
18C in the PCV group (GMR 20.20, 95% CI 1.47, 276.72; 
P = 0.01) (Figure 6).

3.4.2.8 IgG antibody 19F
IgG antibody 19F was described in three studies with 1,436 

patients. We adopted a random-effects model (I2 = 98%, 
P < 0.00001). The results showed a significantly elevated level of 
IgG antibody 19F in the PCV group (GMR 15.43, 95% CI 1.14, 
209.15; P = 0.04) (Figure 6).

3.4.2.9 IgG antibody 23F
IgG antibody 23F was described in three studies with 1,438 

patients. We adopted a random-effects model (I2 = 95%, 

FIGURE 4 

Subgroup analysis on pneumonia (region).

FIGURE 5 

Subgroup analysis on pneumonia (vaccine type).
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FIGURE 6 

Forest plot for serum antibodies.
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P < 0.00001). The pooled results showed a significantly elevated 
level of IgG antibody 23F in the PCV group (GMR 13.74, 95% 
CI 2.42, 78.01; P = 0.003) (Figure 6).

3.5 Safety

Eleven studies were included, most of which did not explicitly 
clarify the side effects and adverse reactions of PCV. Only one 
study (Nontombi Mbelle) described that mortality, local 
reactions, and systemic side effects had no statistically significant 
differences in the PCV and control groups except that the 
control group had poor food intake at the time of immunization 
(4% vs. 1.2%) (16); 14 h after immunization, two placebo-treated 
children and one vaccinated child reported transient urticaria 
(P = 0.05) (16). Keith P. Klugman mentioned an increased 
incidence of asthma following immunization with PCV (2.96 
per 1,000 children vs. 1.66 in controls), which was seen in the 
case of a decline in the risk of radiologically-confirmed 
pneumonia in vaccinated children (17.9 per 1,000 children vs. 
21.5 in controls). It can be seen that the risk of asthma in PCV 
recipients remains to be further determined. The safety analysis 
involved over 1,000 comparisons, and significant differences at 
the 5% level were generated by hypothesis but might be due to 

chance (5). F T Cutts clearly described the good safety profile of 
PCV, contrary to the findings in South Africa that the risk of 
asthma rises in PCV recipients (19). To sum up, the safety of 
PCV was verified (Table 2).

3.6 Sensitivity analysis and publication bias

We performed leave-one-out sensitivity analyses, and the 
results stayed robust (Figure 7). No publication bias was 
assessed since fewer than 10 studies were included.

4 Discussion

Pneumococcal infections are the leading cause of childhood 
morbidity and mortality, especially in developing countries (21). 
PCV, as an important component of the global childhood 
immunization program, has been widely recognized for its 
efficacy in preventing IPD in children. This study synthesized 
the available clinical data in 11 studies to fully assess the 
efficacy, safety, and immunogenicity of PCV in children. The 
results showed that PCV displayed significant protective effects 
against serotype-specific pneumonia, with good safety and 
immunogenicity profiles. By comparing the immune responses 
including antibody levels and persistence of PCV, the 
performance of PCV in practical use was further revealed. These 
findings are important for understanding the long-term 
protection of vaccines, optimizing vaccination strategies, and 
developing future vaccination policies. We expect that this study 

TABLE 2 The incidence of adverse events.

Study Incidence of asthma Mortality Urticaria
Mbelle et al. (16) Unclear 1/242 (0.4%)
Klugman et al. (5) 2.96/1,000 (0.3%)

FIGURE 7 

Sensitivity analysis.

Dai et al.                                                                                                                                                                 10.3389/fped.2025.1652946 

Frontiers in Pediatrics 08 frontiersin.org



will offer a scientific basis for public health decision-makers and 
clinical practice, and more comprehensive protection for children.

This study verified that PCV significantly lowered the risk of 
pneumococcal disease in children, consistent with the findings 
of Ricketson et al. (22). PCV can induce T lymphocyte- 
dependent immune responses to trigger the immune memory 
and antibody response, which can induce the production of 
antibodies against pneumococcus and enhance immune defenses 
against pneumococcus (23). Bruce et al. (24) also found the 
good safety and immunogenicity of 7-valent PCV (PCV7) in 
children, which lays an important basis for future development 
and application of vaccines. PCV achieves direct protection of 
vaccinated children and herd immunity by decreasing the 
number of virus carriers and the spread in the community (25), 
suggesting that even unvaccinated children can indirectly benefit 
from herd immunity, thereby reducing the overall incidence of 
pneumococcal disease. After being introduced into the 
immunization program globally, PCV13 has been proven 
effective in preventing pneumococcal diseases including IPD 
and hospitalization for all-cause pneumonia in both adults and 
infants (26, 27). As the valence number increases, PCV (PCV7 
to PCV13) covers a wider range of pneumococcal serotypes, 
achieving more comprehensive protection. In this way, illness 
due to non-vaccine serotypes of pneumococcus can be reduced, 
lowering the overall incidence of pneumonia in children. 
A systematic review of surveillance data from different countries 
revealed a rapid and substantial decline in IPD in all regions 
after PCV was introduced (28). In addition, PCV has yielded a 
great decrease in pneumococcal nasopharyngeal carriage of 
vaccine serotypes in children, directly affecting pneumococcal 
transmission and infection (29). By reducing pneumococcal 
carriage, the vaccine restrains the community spread of disease, 
further reducing the incidence of pneumonia. Finally, both 
morbidity and mortality of IPD are greatly reduced by PCV, 
particularly in children aged below 5 years (30), which reduces 
not only pneumonia due to pneumococcus but also other 
serious IPDs (e.g., meningitis and sepsis).

The morbidity and mortality of pneumococcal disease in 
children have become a major health concern globally. However, 
available data demonstrate that the children’s disease burden 
and vaccine effectiveness greatly vary across regions and age 
groups. These discrepancies may be attributed to vaccination 
coverage, disease surveillance capacity, serotype distribution, and 
individual physiologic and immune status.

The effectiveness of vaccines in controlling pneumococcal 
disease varies across regions due to different vaccination 
coverage. For example, although the PCV13 vaccination 
coverage has increased in 2017–2021 in China, a significant 
difference is present between economically developed and less 
developed regions (31), indicating that unequal distribution of 
vaccines may undermine the effectiveness of herd immunity 
nationwide. In addition, low vaccination coverage in less 
developed countries contributes to the high burden of 
pneumococcal disease, whereas high-income countries have 
significantly reduced the disease burden by high-coverage 
vaccination strategies (32). The differences in prevalent serotypes 

across regions are also a key influencing factor for vaccine 
efficacy. PCV13 covers over 20 serotypes, but specific serotypes 
are not included in the vaccine program in some regions, 
weakening its protective effect (33). For example, the protective 
efficacy of PCV13 is restricted in sub-Saharan Africa with a high 
prevalence of serotypes 1 and 5, and PCV20 may be more 
suitable for this region (34). Besides, discrepancies in disease 
surveillance capacity also affect the assessment of vaccine 
efficacy, i.e., high-income countries often possess better 
surveillance systems, whereas inadequate surveillance in 
resource-limited regions may result in underestimation of 
vaccine efficacy or underreporting of morbidity (35).

The role of age in vaccine efficacy should not be neglected. 
The immune system of infants and young children is not yet 
fully developed, so the post-vaccination level of antibody 
response may be lower than in older children. According to a 
large-scale clinical trial, the antibody levels in children aged 
below two years significantly increase after PCV13 vaccination, 
but its persistence is shorter than in children aged above two 
years (36), which may be related to the less developed humoral 
immune function of infants and children. Besides, multiple 
doses and booster immunizations may be required for weaker 
immunogenic groups (e.g., preterm infants) to enhance 
protection (37). The optimal vaccination schedule for different 
age groups also varies by country and region. Many high- 
income countries adopt a “2 + 1” model (2 basic doses+1 
booster), while a “3 + 0” model is adopted in some low-income 
countries (3 basic doses, no booster) (38). Studies have 
documented the protective efficacy of the “2 + 1” model in 
children >2 years old and the “3 + 0” model in infants and 
young children, the latter of which may require subsequent 
boosters to prolong the protective effect (39).

Underlying health status is also an important influencing 
factor for vaccine efficacy. Beyond efficacy and safety, PCV 
demonstrates significant cost-effectiveness in low-resource 
settings where the burden of pneumococcal disease is highest. 
Studies from sub-Saharan Africa and South Asia estimate that 
PCV introduction reduces healthcare costs by 20%–40% through 
decreased hospitalizations for pneumonia and meningitis (27, 
30). For example, in Gambia, immunization with PCV9 averted 
treatment costs of approximately $2.8 million annually (19). The 
herd immunity effects of PCV further amplify cost savings by 
reducing transmission to unvaccinated populations. Despite 
higher upfront costs, PCV programs in low- and middle-income 
countries (LMICs) yield a favorable cost-per-DALY averted, 
often falling below WHO-recommended thresholds for cost- 
effective interventions.

Immunocompromised children or those with underlying 
diseases have a weaker immune response to vaccines and thus 
may require additional immunization. Studies have revealed that 
the antibody levels in immunodeficient children immunized 
with standard doses of PCV are still lower than in healthy ones, 
suggesting that the former may require higher doses or booster 
immunizations (40). In addition, PCV is usually more effective 
in healthy children because antibody responses can be produced 
more efficiently in these children (41). Natural immunity may 
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have been established in children with a history of pneumococcal 
exposure, which has an impact on the vaccine efficacy. Research 
suggests that antibody levels increase slightly after PCV 
immunization in previously infected individuals, suggesting that 
natural immunity may interfere with the immune response 
triggered by vaccines (42). In addition, a combination of PCV 
with other vaccines (e.g., DPT) may also affect immunogenicity. 
To sum up, it is necessary to take into account all these factors 
in the vaccination strategy (43).

PCV exhibits significant effects in increasing the levels of IgG 
antibodies of specific serotypes. As can be seen from the forest 
plot, PCV significantly increased the levels of IgG antibody 6B/ 
9V/14/18C/19F/23F, indicating that PCV elicits effective 
immune responses against these serotypes. The post-vaccination 
increase in IgG antibody 6B may be related to the type 6B 
capsular polysaccharide contained in PCV, which generates 
stronger antibody responses (Chen and Janssens et al.) (44, 45). 
Moreover, the increase in IgG antibody 9V/14/18C/19F/23F was 
also significant, indicating effective immune responses of PCV 
to these serotypes. Overall, despite high heterogeneity, our 
findings align with recent advancements in pneumococcal 
vaccine research; in particular, the immunogenicity patterns 
observed by Leuridan et al. in European cohorts corroborated 
the robust IgG responses to serotypes 6B/23F (GMR >20) 
observed in this study and also supported our findings regarding 
diminished responses in high-risk populations like preterm 
infants. An emerging study by Zhang et al. suggested 
nanoparticle-based PCV formulations may address the IgG 
response variability we documented, particularly for problematic 
serotypes like 3/19A. When comparing efficacy across settings, 
pneumonia reduction (78%) observed in LMICs parallels IPD 
reduction (79%) reported in high-income countries (22), 
demonstrating consistent clinical protection despite regional 
variations in serotype-specific efficacy. Furthermore, our 
conclusions on PCV safety are supported by both the WHO 
Global Advisory Committee (2023) reports on low systemic 
reaction rates and ongoing PCV20 trials (NCT05624398) 
showing similar reactogenicity profiles, reinforcing the favorable 
risk-benefit ratio of PCV across formulations and populations. 
Studies demonstrated the positive effect of PCV.

The heterogeneity in IgG responses across serotypes may be 
attributed to differences in the immunogenicity of capsular 
polysaccharides, vaccine formulation, and carrier protein effects. 
For example, serotypes 6B and 23F, which elicit robust IgG 
elevations, are known to form stable conjugates with CRM₁₉₇ 
carrier proteins, enhancing T cell-dependent immunity (44). In 
contrast, serotypes 1 and 5 may exhibit weaker immunogenicity 
due to structural properties or suboptimal conjugation (46). 
Additionally, the absence of serotype 1 in PCV7 formulations 
can explain its lower antibody levels observed in some cohorts 
(45). Host factors, such as age-related immune maturation, may 
further modulate these responses (36).

The choice of carrier protein (e.g., CRM₁₉₇ vs. tetanus toxoid/ 
TT) may critically influence IgG magnitude and persistence. 
CRM₁₉₇, a non-toxic mutant of diphtheria toxin, enhances T cell- 
dependent responses via MHC class II presentation, particularly 

for polysaccharides like 6B and 23F (44). In contrast, TT- 
conjugated vaccines (e.g., some PCV10 formulations) may exhibit 
broader T-cell activation due to pre-existing immunity from 
tetanus vaccination (43). Notably, the larger molecular size of TT 
can improve antigen uptake by dendritic cells, potentially 
explaining higher IgG titers for certain serotypes (e.g., 14, 19F) in 
TT-based vaccines (37).

Emerging evidence suggests that carrier proteins may 
indirectly affect pneumococcal biofilm disruption. For example, 
TT-induced antibodies can bind to biofilm matrices, enhancing 
opsonophagocytosis (25). However, this remains underexplored 
in PCV trials and warrants future study.

However, PCV produced no statistically significant increase in the 
levels of IgG antibody 1/4/5, which may be attributed to the difference 
in vaccine formulations. PCV formulation may include different 
serotypes, which affect the immune response of the vaccine against 
pneumococcus of specific serotypes. If one serotype is not covered 
in the vaccine formulation, the immune response against this 
serotype may be weaker. Moreover, the immunogenicity of 
pneumococcal capsular polysaccharides may vary across serotypes, 
and capsular polysaccharides of some serotypes may be more easily 
recognized and responded to by the immune system (46). In 
addition, individual immune status, genetic background, and health 
conditions may influence the immune response of vaccines. For 
example, age at vaccination and timing may also affect the immune 
response, as the children’s immune system develops differently at 
different ages. The dose and regimen of vaccination may also result 
in different immune effects (47).

In summary, PCV should be widely used in the global 
childhood immunization program, and monitoring and 
assessment of the vaccine efficacy is important, especially in 
regions with a high disease burden. We can guarantee by 
sustained research and evaluation that PCV provides optimal 
protection for all children and reduces the global burden of 
pneumococcal disease. In terms of safety, PCV is well tolerated 
and produces mild to moderate adverse reactions that are self- 
limiting (48). These findings are consistent with data from 
clinical trials and post-marketing vaccine surveillance, further 
demonstrating the safety of PCV in routine vaccination.

This study agrees with the WHO guidelines on the widespread 
use of PCV which has demonstrated significant efficacy in 
reducing the incidence and mortality of pneumococcal diseases 
in children, providing evidence for clinical popularization. The 
variability in serotype-specific IgG antibody levels should be 
closely monitored, and dynamic monitoring should be 
strengthened to help adjust vaccination strategies. From a policy 
perspective, PCV demonstrates significant cost-effectiveness, 
justifying investment in LMICs. Therefore, increased investment, 
optimized allocation, and improved coverage are needed to 
reduce the global disease burden.

5 Limitation

Despite the strict inclusion criteria and the application of a 
random-effects model to minimize the impact of heterogeneity due 
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to differences in study design, geographical location, and participant 
characteristics, this study still has the following obvious limitations: 
First, the follow-up period of the included studies was generally 
short, which prevented the assessment of the long-term 
immunogenicity and delayed adverse events of the vaccine. This 
issue needs to be addressed as a priority in future research. 
Second, the current evidence is only derived from five countries, 
which restricts the generalizability of the study conclusions 
(especially their applicability to high-income countries). It is 
necessary to expand the geographical coverage to enhance the 
universality. To overcome these limitations, subsequent studies 
should prioritize long-term effect monitoring and incorporate data 
from a broader range of countries and regions to enhance the 
robustness and global applicability of the evidence base.

6 Conclusion

While PCV possesses a significant protective effect against 
vaccine-covered serotypes, our findings highlight the need to 
optimize vaccination strategies. Future research should prioritize 
long-term monitoring of non-vaccine serotypes (e.g., 3, 19A) to 
evaluate serotype replacement status, and immunogenicity testing of 
next-generation vaccines (e.g., PCV15, PCV20) against these 
emerging strains. The research results will be crucial for updating 
global vaccination policies. In addition, given the lack of data on 
adverse events in the included studies, we hope that standardized 
reporting methods for safety outcomes can be adopted in future RCTs.

PCV possesses a significant protective effect against IPD caused 
by vaccine-covered serotypes. In the future, the long-term 
immunogenicity of new-generation PCV, its protective effect 
against extended serotypes, and its impact on the epidemiologic 
trend of antimicrobial resistance should be further explored.
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