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Abstract 

Streptococcus pneumoniae contributes significantly to morbidity, mortality, and healthcare costs 
worldwide due to severe Invasive Pneumococcal Disease (IPD), particularly among young children 
and vulnerable populations. This review critically examines the current state of pneumococcal 
disease epidemiology, the evolution of vaccine strategies, and persistent challenges to achieve global 
control of the disease. The implementation of Pneumococcal Conjugate Vaccines (PCVs) has yielded 
substantial public health gains, establishing herd immunity and sharply reducing vaccine-type IPD 
incidence. However, this success has been fundamentally challenged by serotype replacement, where 
non-vaccine serotypes have subsequently emerged to cause a significant proportion of the residual 
disease burden. This epidemiological shift has necessitated the development and deployment 
of higher-valency PCVs (PCV15, PCV20, and PCV21) to expand serotype coverage. Furthermore, 
optimal protection requires personalized strategies for high-risk cohorts where vaccine effectiveness 
can be compromised. In this context, the review details how pneumococcal vaccination - and 
particularly PPSV23 - serves as an indispensable diagnostic tool to evaluate a broad spectrum of 
Inborn Errors of Immunity (IEI) and in particular humoral defects. Diagnostic challenges are strained 
by non-standardized assays and the limited panel of unique serotypes available for testing in the PCV 
era. The scientific priority is now the development of universal protein-based vaccines, to provide 
protection against all serotypes and non-encapsulated strains by targeting conserved virulence 
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factors. This integrated approach, combining expanded PCV coverage with novel vaccine technology, 
is essential to mitigate the ongoing public health burden of pneumococcal disease. 

Keywords: pneumococcal diseases; streptococcus pneumoniae; pneumococcal conjugate vaccines; 
serotype replacement; diagnostic vaccination; inborn errors of immunity; primary antibody 
deficiency; specific antibody deficiency; novel vaccine technology; universal vaccine 
 

1. Burden of Pneumococcal Disease in Children  

Streptococcus pneumoniae (S. pneumoniae), also known as pneumococcus, was first isolated by 
Louis Pasteur in 1881. It is a Gram-positive, ɑ-hemolytic, facultative anaerobic bacterium that is 
specific to humans. Most strains are encapsulated by polysaccharides, with these capsular 
polysaccharides (CPs) serving as major virulence factors and the basis for serotype classification [1]. 
Pneumococcal disease is endemic globally, with over 100 identified serotypes, many of which are 
targeted by current vaccines. However, only a subset of these serotypes is responsible for the majority 
of pneumococcal infections worldwide.  

The clinical impact of S. pneumoniae varies by serotype. Some serotypes are more likely to cause 
severe disease, while others are primarily associated with asymptomatic colonization of the 
nasopharynx. Asymptomatic carriage is especially common in children and varies significantly by 
region, with prevalence rates ranging from 3% to 50% in healthy preschool-aged children, and 5–10% 
in healthy adults. Approximately 20 to 25 predominant serotypes are responsible for nearly 90% of 
invasive pneumococcal disease cases [1]. S. pneumoniae is one of the leading bacterial causes of 
community-acquired pneumonia (CAP) in both children and adults. It is capable of causing a wide 
spectrum of diseases, ranging from serious invasive pneumococcal diseases (IPD)—such as 
meningitis and bacteremic pneumonia—to less severe, non-invasive infections like acute otitis media 
(AOM), sinusitis, and non-bacteremic pneumonia (non-IPD) [2]. 

The prevalence and distribution of the most virulent serotypes vary by age, geographical 
location, clinical manifestation, and antibiotic use [3].  

A review by Yadong et al. identified serotype 19A as one of the most commonly found across all 
geographic regions. Additionally, serotypes 1 and 14 were prominent in Europe and Latin America, 
while serotypes 6B, 14, and 19F were significant in Africa and the Eastern Mediterranean [4]. A 2014 
systematic review focusing on South Asian Association for Regional Cooperation (SAARC) countries 
found distinct dominant serotypes in children under 12 years: serotype 1 in Nepal, serotype 14 in 
Bangladesh and India, and serotype 19F in Sri Lanka and Pakistan [5]. 

In Europe in 2022, for IPD cases in infants under one year of age, serotypes 3, 19A, 8, 10A, and 
24F were predominant. For the one- to four-year age group, serotypes 19A and 3 were the most 
common [6]. 

1.1. Epidemiology of Different Serotypes in Both High-Income and Low- and Middle-Income Countries 

Pneumococcal disease (PD) continues to pose a significant global health challenge, 
disproportionately affecting non-high-income countries (NHICs) where it accounts for a substantial 
portion of the global burden and most PD-related deaths. It is one of the leading contributors to 
vaccine-preventable morbidity and mortality worldwide, with the highest burden found in young 
children (aged ≤5 years), older adults (aged ≥65 years), and individuals with underlying medical 
conditions. The World Health Organization (WHO) estimates that PD is responsible for over 300,000 
deaths annually in children under five years of age worldwide [7]. Globally, over 1.2 million deaths 
occurred in children under five in 2015, with 25% attributed to IPD. In 2015, the Southeast Asian 
region recorded the highest incidence of PD in children under five, at 2,509 cases per 100,000 children. 
India, for instance, reported an IPD incidence of 17.8 per 100,000 in children under five, with a peak 
of 49.9 per 100,000 in infants aged 6-12 months. Similarly, in Pakistan, IPD was estimated to cause 
22% of all mortality in children under five [8]. In Europe, the crude IPD notification rate in 2022 was 
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5.1 cases per 100,000 population, peaking at 13.4 cases per 100,000 in infants under the age of one. 
Notification rates varied considerably across countries, from 0.1 to 12.2 cases per 100,000, reflecting 
both genuine differences in disease prevalence and inconsistencies in surveillance strategies [6]. 
While IPD presents a severe threat, the incidence of non-invasive pneumococcal disease is even 
higher. For example, in the United States (US), 60% of children experience at least one episode of 
AOM by age three and AOM is the leading cause of pediatric outpatient visits and antibiotic 
prescriptions in the US [9].  

PD is associated with substantial direct medical costs, largely due to the frequent hospitalization 
required for IPD cases. It also incurs significant indirect costs, stemming not only from reduced 
productivity among parents and caregivers but also from long-term neurological disabilities that can 
result from post-meningitis sequelae. Collectively, pneumococcal disease places a considerable 
burden on pediatric patients, their families, healthcare systems, and society as a whole [10]. It is 
estimated that, without vaccines, PD would account for $13.7 billion in annual health-system costs 
and $14.3 billion in annual societal costs worldwide. Despite these staggering figures, the true cost 
burden of PD is likely underestimated due to under-identification of cases [11].  

2. Available Pneumococcal Vaccines and Their Limitations 

PD is considered vaccine-preventable. There are two main types of pneumococcal vaccines: 
PCVs (pneumococcal conjugate vaccines) and PPSVs (pneumococcal polysaccharide vaccines). 
PPSVs only use the polysaccharides found on the bacterial capsule to stimulate a T-cell-independent 
immune response. These polysaccharides have a repetitive structure that allows them to directly 
activate B cells without the help of T helper cells. This leads to a rapid production of antibodies, 
mainly of the IgM type. However, since T cells are not involved, long-term immune memory is not 
generated, and there is no class switching to more effective antibodies like IgG. For this reason, PPSVs 
are not recommended for children under 2 years of age, as their immune systems are not yet mature 
enough to respond effectively through this mechanism [12].  

Currently available pneumococcal vaccines include PPSV23, PCV10, PCV13, PCV15, PCV20, 
and PCV21 (as of July 1st, 2024) (Table 1). 

The first vaccine, called PPSV14, was introduced in the United States in 1977 and protected 
against 14 serotypes of Streptococcus pneumoniae. In 1983, it was replaced by PPSV23, which includes 
23 serotypes responsible (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 
22F, 23F, and 33F) for the majority of severe invasive pneumococcal disease cases. Unlike conjugate 
vaccines, PPSV23 induces a B-cell-mediated immune response without T-cell involvement, making it 
ineffective in infants and toddlers but effective in older children and adults. PPSV23 is recommended 
for adults aged ≥65 years and individuals aged 19–64 years with medical conditions that increase the 
risk of pneumococcal disease. The protection offered by PPSV23 typically wanes within 3 to 5 years 
in the absence of T cell-mediated support [13].  However, PPSV23 does not reduce nasopharyngeal 
carriage of S. pneumoniae, meaning it cannot confer herd immunity.  While it provides broad 
serotype coverage, its effectiveness in preventing invasive pneumococcal disease (IPD) is lower 
compared to conjugate vaccines like PCV13.  Additionally, PPSV23 does not prevent serotype 
replacement, a phenomenon where non-vaccine serotypes (NVTs) emerge as predominant causes of 
disease. In many countries, PPSV23 is used in combination with conjugate vaccines (e.g., PCV13, 
PCV15, PCV20) to maximize protection against pneumococcal disease. This approach helps address 
its limitations by leveraging the herd immunity benefits of conjugate vaccines. Ongoing surveillance 
and updated vaccination strategies are essential to optimize its use and address emerging serotypes. 

To overcome the limitations of PPSV—especially its ineffectiveness in young children and its 
inability to generate long-term immune memory— PCVs were developed in 2000, building on the 
successful model of Hib conjugate vaccines. These vaccines link CPs to carrier proteins such as 
diphtheria toxoid (PRP-D), meningococcal outer membrane protein (PRP-OMP), CRM197, or tetanus 
toxoid (PRP-T). By covalently binding the polysaccharides to a protein, the antigens become T-cell-
dependent, allowing the immune system to activate helper T cells. This leads to antibody class 
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switching (from IgM to IgG), affinity maturation, and the development of long-lasting immune 
memory. This transformation significantly improved the immunogenicity of the vaccine, making it 
effective in both infants and adults, and providing stronger and longer-lasting protection compared 
to PPSV [14].  

Through guidance first issued in 2007, the WHO recommended the inclusion of PCV in national 
childhood immunization programs (NIPs) worldwide to prevent pneumococcal disease [15]. As of 
2020, PCVs have been incorporated into 160 NIPs globally [16]. 

The first pneumococcal conjugate vaccine developed was the 7-valent pneumococcal conjugate 
vaccine (PCV7). It was introduced in the late 1990s and early 2000s in the United States and later in 
Europe in 2001 and targeted seven Streptococcus pneumoniae serotypes (4, 6B, 9V, 14, 18C, 19F, and 
23F) most commonly responsible for invasive pneumococcal diseases. The introduction of the 7-
valent pneumococcal conjugate vaccine (PCV7) in 2000 for infants provided long-lasting immunity 
and significantly reduced nasopharyngeal carriage of the seven most virulent S. pneumoniae 
serotypes, leading to the development of herd immunity. Following its widespread use, there was a 
substantial decline in IPDs caused by the serotypes covered by PCV7, particularly among children. 
Additionally, indirect protection was observed in adults in countries with routine pediatric PCV7 
immunization programs.  

The 10valent pneumococcal conjugate vaccine (PCV10) was developed to provide protection 
against 10 serotypes of Streptococcus pneumoniae: 1, 5, 7F, 4, 6B, 9V, 14, 18C, 19F, and 23F. Introduced 
in 2009, PCV10 has been widely implemented in pediatric NIPs across various countries, 
demonstrating significant effectiveness in reducing IPD and non-invasive pneumococcal pneumonia 
in children. PCV10 has shown substantial impact in reducing vaccine-covered serotypes in children, 
which indirectly benefits adults through herd immunity.  However, studies have indicated that 
PCV10 does not provide cross-protection against serotype 19A, a major cause of pneumococcal 
disease in some regions.  This limitation has led several countries to transition to higher-valency 
vaccines, such as PCV13, which include serotype 19A. In countries where PCV10 remains in use, 
surveillance data have highlighted the emergence of non-PCV10 serotypes, such as 19A and 3, which 
contribute to residual pneumococcal disease burden.  Despite these challenges, PCV10 continues to 
play a critical role in reducing pneumococcal disease in regions where it is implemented, particularly 
in settings with limited access to higher-valency vaccines.  

PCV13, the 13-valent pneumococcal conjugate vaccine, was introduced in 2010 to protect against 
13 serotypes of Streptococcus pneumoniae.  These serotypes include the PCV10 serotypes plus 3, 6A, 
and 19A. The vaccine has been widely incorporated into NIPs in many countries, using dosing 
schedules such as 2+1 or 3+1.  Its introduction significantly reduced the incidence of IPD and 
pneumococcal pneumonia in vaccinated children. It also generated herd immunity, reducing 
transmission of the bacteria to unvaccinated adults and children. However, serotype 3, included in 
PCV13, has shown limited reduction in disease due to its low immunogenicity and ability to evade 
the immune response. Additionally, as diseases caused by PCV13-covered serotypes decreased, non-
vaccine serotypes emerged, such as serotype 8 in Europe and serotype 4 in North America.  

WHO data from 2018 shows that deaths caused by pneumococcal disease decreased by 51% 
between 2000 and 2015 following the introduction of conjugate vaccines [17]. Following the 
introduction of PCV7, PCV10, and PCV13 over the last 20 years, cases of PD and IPD attributable to 
vaccine serotypes have declined sharply. This has led to reduced morbidity and mortality in children 
due to these vaccine-type diseases. Global modeling studies estimate that, between 2010 and 2019, 
PCV13 prevented 175 million cases of pneumococcal disease and 625,000 deaths worldwide in 
children under five [18]. 

However, by 2015, a rebound in IPD incidence was observed, primarily due to the emergence of 
non-PCV13 serotypes. By 2018, these non-vaccine serotypes accounted for a substantial proportion 
of IPD cases, particularly among older adults. To address this phenomenon, PCV13 was 
progressively replaced by higher-valency formulations. PCV15 and PCV20 were developed and 
successively licensed for adult use in 2021, followed by FDA approval of PCV21 in 2024. Despite this, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 November 2025 doi:10.20944/preprints202511.1501.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1501.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 18 

 

PCV13 remains a milestone in pneumococcal disease prevention and has had a significant impact on 
global public health. 

PCV15, or 15-valent Pneumococcal Conjugate Vaccine, is a vaccine that protects against 15 
serotypes of Streptococcus pneumoniae. It includes all the serotypes covered by PCV13 (13-valent 
vaccine) and includes two additional serotypes: 22F and 33F.  These serotypes are important because 
they are associated with invasive pneumococcal diseases, particularly in adults. PCV15 is 
recommended for use in children, having replaced PCV13 in the pediatric national immunization 
programs of some countries. It is also recommended for adults, especially those aged 65 years and 
older or adults between 19 and 64 years with certain underlying medical conditions. PCV15 has 
demonstrated improved immunogenicity against serotype 3 compared to PCV13, which is significant 
because serotype 3 is highly virulent and persistent. This vaccine provides broader protection against 
pneumococcal diseases and is part of efforts to address emerging serotypes not covered by earlier 
vaccines [14,19]. A 2025 systematic review of its safety found that PCV15 was associated with a higher 
incidence of local and systemic reactions compared to PCV13.  Local reactions, such as redness, 
swelling, and injection site pain, were more common, with a risk ratio (RR) of 1.23 for any local 
reactions and 1.26 for injection site pain. Systemic reactions, including myalgia, fatigue, and other 
mild to moderate adverse events, were also more frequent, with an RR of 1.15.  However, no serious 
adverse events or deaths related to PCV15 were reported [20].      

PCV20, or the 20-valent pneumococcal conjugate vaccine, is designed to protect against 20 
serotypes of Streptococcus pneumoniae. Compared to PCV15, it includes five additional serotypes—8, 
10A, 11A, 12F, and 15B—which are associated with invasive pneumococcal disease and help broaden 
the protective scope of the vaccine. In the pediatric population, PCV20 has replaced PCV13 in the 
national immunization programs of some countries. For adults, it is particularly recommended for 
individuals aged 65 and older, as well as for those aged 19 to 64 who have underlying medical 
conditions8. The introduction of PCV20 aims to address both residual and emerging pneumococcal 
serotypes, especially in populations where herd immunity is already well established. As such, it 
represents a significant advancement in pneumococcal disease prevention strategies. Furthermore, 
PCV20 showed a slightly higher incidence of local reactions compared to PCV13, with an RR of 1.08. 
 However, systemic reactions were similar between PCV20 and PCV13, with an RR of 1.01. No 
serious adverse events or unexpected safety concerns were identified for PCV20 [20,21].  

The 21-valent pneumococcal conjugate vaccine (PCV21) represents a significant advancement in 
the prevention of pneumococcal diseases in adults.  Approved by the U.S.  Food and Drug 
Administration (FDA) in 2024, PCV21 is specifically designed to address residual and emerging 
pneumococcal serotypes that continue to cause IPD in adults, particularly in regions with established 
herd immunity.  The vaccine includes 21 serotypes: 3, 6A, 7F, 19A, 22F, 33F, 8, 10A, 11A, 12F, 9N, 
17F, 20, 15A, 15C, 16F, 23A, 23B, 24F, 31, and 35B.  Recent studies have demonstrated that PCV21 
provides coverage for 81% of IPD cases in adults aged 16–64 years with risk factors and 85% in adults 
aged ≥65 years. Unlike previous pneumococcal vaccines, such as PCV13, PCV15, and PCV20, PCV21 
targets a broader range of serotypes, including those associated with severe disease outcomes, such 
as serotypes 3, 8, and 19A. PCV21 has been incorporated into adult vaccination recommendations in 
the United States and Canada. In the U.S., the Advisory Committee on Immunization Practices 
(ACIP) recommended PCV21 as an option for adults aged ≥18 years for whom pneumococcal 
vaccination is indicated. Similarly, in Canada, PCV21 was authorized for use in adults aged ≥18 years 
and is recommended for all adults aged ≥65 years and those aged 18–64 years with risk factors for 
IPD [14]. The introduction of PCV21 is expected to significantly reduce the burden of pneumococcal 
diseases in adults, particularly in populations at higher risk. However, the inclusion of additional 
serotypes may alter the epidemiological landscape, necessitating ongoing surveillance to monitor 
serotype replacement and vaccine effectiveness. Furthermore, the development of PCV21 highlights 
the need for continued innovation in pneumococcal vaccine strategies to address the limitations of 
serotype-specific vaccines and the emergence of non-vaccine serotypes.  
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As foretold, their overall impact of PCVs has been limited by the phenomenon of serotype 
replacement [22], which represent the primary limitation of current polysaccharide-based PCVs 
[23,24]. By reducing nasopharyngeal colonization of VTs, PCVs exert selective pressure that favors 
the colonization and expansion of NVTs. The clinical and public health implications of serotype 
replacement are profound, as emergent NVTs may exhibit increased prevalence, pathogenicity, or 
antimicrobial resistance compared to the VTs they replace [24,25]. Furthermore, Streptococcus 
pneumoniae can undergo genetic recombination and switch its capsule to an NVT—a process known 
as capsular switching. The herd effect induced by PCVs can further promote the dominance of NVTs 
in the population [26]. Moreover, although adding new serotypes to PCVs seems beneficial, this 
cumulative approach poses certain challenges. Increasing vaccine valency requires larger quantities 
of carrier protein, which can lead to carrier-induced epitope suppression (CIES)—a phenomenon in 
which the immune response to individual serotypes is weakened due to competition among T cells 
recognizing the carrier protein. Moreover, chemical modification of capsular polysaccharides (CPs) 
during vaccine development can compromise immunogenicity. Activation of CPs for conjugation 
typically involves oxidation with sodium periodate, a process that can alter their physicochemical 
properties. This alteration may interfere with antigen presentation through MHC molecules, thus 
reducing the immune response. Overall, these challenges highlight the urgent need for new 
conjugation techniques and the development of vaccines targeting conserved structures of S. 
pneumoniae, capable of offering serotype-independent protection.  

Table 1. Currently available pneumococcal vaccines. 

Type 
 

Adjuvant Protein carrier Serotypes 

PPSV23 None 
None, 

polysaccharide 

1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 
11A, 12F, 14, 15B, 17F, 18C, 19F, 

20, 22F, 23F, and 33F 

PCV10 
Aluminium 
phosphate 

Non-toxic 
diphtheria 
CRM197 

1, 5, 6A, 6B, 7F, 9V, 14, 19A, 19F 
and 23F 

 

PCV13 
Aluminium 
phosphate 

Non-toxic 
diphtheria 
CRM197 

1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 
19A, 19F and 23F 

PCV15 
Aluminium 
phosphate 

Non-toxic 
diphtheria 
CRM197 

1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 
19A, 19F, 22F, 23F and 33F 

PCV20 
Aluminium 
phosphate 

Non-toxic 
diphtheria 
CRM197 

1, 3, 4, 5, 6A, 6B, 7F, 8, 9V, 10A, 
11A, 12F, 14, 15B, 18C, 19A, 19F, 

22F, 23F and 33F 

PCV21 none 
Non-toxic 
diphtheria 
CRM197 

3, 6A, 7F, 19A, 22F, 33F, 8, 10A, 
11A, 12F, 9N, 17F, 20, 15A, 15C, 
16F, 23A, 23B, 24F, 31, and 35B 

*PCV, pneumococcal conjugate vaccine; PPSV, pneumococcal polysaccharides vaccine. 

3. Pneumococcal Vaccines in the Vulnerable 

Pneumococcal vaccination is a cornerstone of public health, especially for individuals at high 
risk of severe infection with Streptococcus pneumoniae, such as those with chronic diseases, asthma, 
and immunocompromising conditions, where achieving optimal protection is paramount. However, 
the effectiveness of the vaccine can be affected by health status, disease severity, and treatment 
regimens, underscoring the need of personalized vaccine strategies that tailored timing and dosing 
schedules. 
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3.1. Patients with Chronic Diseases  

In patients with diabetes mellitus, the risk of pneumococcal infection is significantly elevated. A 
recent large meta-analysis [27] demonstrated a considerably increased risk of IPD and related severe 
outcomes, particularly in those with hyperglycemia, insulin resistance, or coinfections. The study 
found that the pneumococcal conjugate vaccine PCV13 offered robust protective efficacy, with no 
significant difference observed when compared to the polysaccharide vaccine PPSV23. While newer 
vaccines like PCV15 and PCV20 are anticipated to be more effective, specific data for people with 
diabetes are not yet available. Despite potential variability in vaccine effectiveness related to glycemic 
control, pneumococcal vaccination is associated with reductions in hospitalizations and mortality, 
although these effects may not always be statistically significant, highlighting the need for broader 
coverage [28]. A recent expert consensus on adult pneumococcal immunization [29] endorses 
universal pneumococcal vaccination for all diabetic adults, regardless of glycemic control, 
emphasizing population-wide immunization as a strategy to reduce complications and healthcare 
burden. 

For patients with cystic fibrosis (CF), vaccination is essential for reducing respiratory tract 
infections. Data suggest that achieving adequate vaccine coverage in this group remains a challenge. 
A French multicenter study by Masson et al. [30] investigating 134 CF patients found insufficient 
coverage rates for mandatory vaccines, including the conjugate pneumococcal vaccine, at one year of 
age. This low coverage rate is consistent with findings from a recent broader study of children with 
a spectrum of chronic diseases [31], which reported a PCV coverage rate of 55% and a PPSV coverage 
rate of only 5.7% among the 366 enrolled patients. Additionally, the immune response to the 
pneumococcal polysaccharide vaccine has been shown to be impaired in a subgroup of children with 
CF [32].  

Asthma has long been recognized as a condition that increases the risk of pneumococcal disease. 
The CDCʹs Advisory Committee on Immunization Practices [33] first included asthma as an 
indication for adult pneumococcal vaccination in 2010. Current guidelines [34] endorse the use of 
PCV15 or PCV20 for adults with asthma, with extended recommendations for older adults. Research 
by Bhardwaj et al. [35] reported that PCV13 was effective against CAP and IPD in patients with 
asthma or other chronic lung diseases. While most asthma patients mount a sufficient immune 
response, the quality of vaccine-induced protection can vary based on the severity and control of the 
disease. 

3.2. Immunocompromised Populations 

The intersection of immunodeficiency and IPD risk defines a critical area for clinical intervention, 
demanding highly nuanced and personalized vaccine strategies to mitigate morbidity and mortality. 
Individuals with compromised immunity, encompassing both Primary Immunodeficiencies (PID) and 
Secondary Immunodeficiencies (SID), face a significantly elevated incidence of IPD compared to the 
general population, a vulnerability underscored by systematic review and meta-analysis findings [36]. 
This predisposition needs a paradigm shift from standard vaccination guidelines toward tailored 
schedules that account for the underlying immune defect, the degree of immunocompromise, and the 
response kinetics to different vaccine formulations [37]. The spectrum of high-risk children includes 
those with PID, asplenia, post-transplantation status, active malignancy, HIV, or iatrogenic Secondary 
Immunodeficiencies (SID) [38]. Optimal pneumococcal vaccine strategies must therefore prioritize 
effective prevention while simultaneously leveraging vaccination as a valuable diagnostic tool to 
characterize and manage underlying immune dysfunction [37].   
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3.3. Rationale for Vaccinating Immunocompromised Children: The Dual Role of Prevention and Diagnosis in 
Primary Immunodeficiencies 

Preventive Role  

Children with PID represent a vulnerable cohort, where pneumococcal vaccines can be integral 
to strategies focused on reducing morbidity and preventing life-threatening infection. The need of 
rigorous vaccination is highlighted by the high prevalence of underlying immune defects discovered 
in pediatric patients presenting with IPD [39,40].  

Retrospective studies have established that a child presenting with IPD may have an underlying 
PID that warrants detailed immunological investigation, including assessment for single-gene 
mutations and B-cell dysfunction. Furthermore, children experiencing recurrent IPD (rIPD) may be 
found to have an underlying condition of immunosuppression, with some reports suggesting the 
prevalence of an underlying PID or immunosuppressive disorder in those with recurrent IPD 
episodes can exceed 60% [41], thereby underscoring the importance of early and effective prophylaxis 
[39,40]. The preventive role of pneumococcal conjugate vaccines is substantiated by clinical data, even 
in populations with humoral immune defects. A cohort study examining the efficacy of PCV13 in a 
subset of patients with primary humoral immunodeficiency demonstrated that the vaccine 
successfully elicited serological protection in approximately 71%, 66% and 56% of patients at one, six 
and twelve months after immunization [42]. Crucially, the observation that protective antibody 
responses tended to decline over time in some immunocompromised patients emphasizes the need 
for tailored revaccination schedules or the implementation of combined vaccine sequences to 
maintain sustained immunity. Therefore, the core rationale for vaccination is to prevent IPD and 
other severe pneumococcal infections, directly contributing to a reduction in disease severity and 
subsequent hospitalization rates. The proactive, timely application of PCV and PPSV to this 
vulnerable pediatric population thus constitutes an essential pillar of supportive care [38]. 

Diagnostic Role  

Beyond its preventive function, pneumococcal vaccination serves as an essential diagnostic tool 
in the clinical work-up of children—and adults—with recurrent infections or suspected immune 
dysfunction [37]. 

In the diagnostic algorithm for antibody deficiencies, the evaluation of specific vaccine response 
is a core component. Quantitative assessment of serotype-specific IgG titers, both before and 4–6 
weeks after vaccination with PPSV23, is the recommended method to evaluate the adequacy of the 
humoral response and the requirement for more advanced immunological investigations [43]. In this 
context, the American Academy of Allergy, Asthma & Immunology (AAAAI) established guidelines 
that advocate measuring antibodies against multiple pneumococcal CPS serotypes both before and 
four to eight weeks after administering the 23-valent pneumococcal polysaccharide vaccine. The 
current assessment criteria rely on a dichotomous threshold, classifying a response as protective if a 
specific number of anti-CPS antibodies achieve or overcome a post-vaccine concentration of 1.3 mg/L. 
[37]. Moreover, the presence of a suboptimal specific antibody response is considered for treatment 
decisions (i.e., Immunoglobulin Replacement Therapy, IGRT). 

The evaluation of antibody response to PPSV23 is the gold standard to diagnose Specific 
Antibody Deficiency (SAD), a humoral defect characterized by impaired antibody production against 
polysaccharide antigens despite otherwise normal immunoglobulin levels [43].  

Apart from SAD, a growing subset of monogenic Inborn Errors of Immunity (IEI) (e.g., NFKB1 
Deficiency, NFKB2 Deficiency, CTLA4 deficiency, Activated PI3K δ Syndrome APDS), may solely 
start with an impairment of the IgG response to polysaccharide antigens, despite otherwise preserved 
serum levels of total IgG and intact antibody responses to T-cell-dependent antigens, such as protein 
antigens (e.g., tetanus toxoid) or polysaccharide-conjugate vaccines. A quantitative assessment of 
anti-polysaccharide IgG antibodies is recommended for the diagnosis of several rare IEIs. A 
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protracted diagnostic interval inevitably postpones critical therapeutic interventions, potentially 
resulting in chronic infectious morbidity and organ damage (e.g. bronchiectasis) [44].  

Current interpretative guidelines from the AAAAI suffer from significant drawbacks. First, the 
criteria, which rely on a fixed, dichotomous numerical threshold of 1.3 mg/L for post-vaccination 
antibodies, have proven overly sensitive. The standard was historically established by expert 
consensus rather than validated by robust, data-driven models. This intrinsic flaw results in an 
alarmingly high false-positive rate, with studies indicating that a significant fraction of presumed 
healthy, immunocompetent individuals—ranging between 20% and 60%—may be erroneously 
classified as antibody-deficient. Such misdiagnosis leads to undue patient anxiety, the risk of 
unnecessary treatment exposure, and substantial resource utilization. Thus, the potential future 
discontinuation of PPSV23 necessitates the adoption of more innovative functional testing methods.  

Second, the methodology is complicated by technological evolution. The transition from the 
older ELISA technique to modern multianalyte bead-based assays (multiplex assays) introduces 
inter-assay variability and compromises the direct applicability of the original, ELISA-derived 
1.3 mg/L threshold [45]. 

Moreover, further interpretative challenges are age-dependent responses and potential 
interference from prior vaccination history or concurrent IGRT [43].  

Of note, adding to these challenges is the widespread adoption of pneumococcal conjugate 
vaccines (PCVs) such as PCV13, PCV15 and PCV20 in both children and adults [46,47].  

To overcome the shortcomings of fixed thresholds, the Polysaccharide Responsiveness 
Percentile (PRP) method is emerging as a robust, non-parametric paradigm. This streamlined 
approach minimizes complexity by utilizing only a single post-vaccination sample, eliminating the 
need for a baseline measurement. The core of the PRP is to compare the patient’s individual serotype-
specific antibody levels against the percentile ranks of a healthy, vaccinated reference population. By 
aggregating these percentiles, the final PRP score offers a highly nuanced, clinically interpretable 
measure of immune function that is naturally adjusted for serotype immunogenicity differences and 
less susceptible to the methodological fragility of fixed cutoffs [45]. 

While not standard practice for routine screening, the assay of IgM and IgA class antibodies 
specific to pneumococcal polysaccharides—both pre- and post-vaccination—can provide 
supplementary diagnostic utility. These specialized tests become particularly valuable when 
assessing patients with IEI who are already receiving IGRT, as the concurrent presence of exogenous 
IgG compromises the accurate measurement of the endogenous IgG response [44].   

Studies investigating the total IgM, IgA, and IgG antibody responses to PPSV23 in healthy adults 
and PID patients have contributed important data to better defining normal reference ranges and 
understanding the complex kinetics of the non-IgG isotypes following vaccination [48]. The 
continued refinement of these assays to enhance the sensitivity and specificity of diagnostic 
vaccination paves its role as a fundamental tool to characterize the specific antibody response in 
vulnerable patients.  

3.4. Personalized Vaccine Schedules in Secondary Immunodeficiencies: Optimizing the Immunological 
Window 

In patients with SID, such as those with solid organ or hematopoietic stem cell transplants or 
those receiving systemic immunosuppressive agents for autoimmune diseases or malignancy, the 
timing of vaccination is paramount to maximize immune response [37,38]. Current expert 
recommendations emphasize that pneumococcal vaccination should ideally be administered before 
the start of immunosuppressive treatments [37,49]. This strategy leverages the temporary 
preservation of immunological competence prior to iatrogenic blunting of the adaptive immune 
system, allowing the patient to mount the strongest possible T-cell-dependent and T-cell-
independent antibody response. Data concerning the immunological response to pneumococcal 
vaccines in SID adults often suggest that the efficacy, particularly against the PPSV23, is both 
diminished and short-lived [50]. This compromised duration and magnitude of protection mandates 
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the use of synergistic vaccine strategies. A comprehensive review of pneumococcal vaccination 
strategies in immunocompromised adults, particularly those undergoing chemotherapy or in the 
post-transplantation phase, strongly advocates for a combined approach utilizing both the protein-
conjugate and polysaccharide vaccines [51]. The preferred strategy involves the sequential 
administration of PCV13 followed by PPSV23. The rationale for this PCV13-to-PPSV23 sequence is 
rooted in the T-cell-dependent nature of the conjugate vaccine, which is capable of inducing 
immunological memory and generating a more robust, longer-lasting, and higher-affinity IgG 
antibody response against the shared serotypes [37]. Subsequently, the PPSV23 booster provides 
broader coverage against additional pneumococcal serotypes via a T-cell-independent mechanism. 
This sequential immunization aims to elicit a stronger and broader overall protective immune 
response in this highly susceptible population. The combined use of these vaccines is a cornerstone 
of personalized vaccine schedules for immunocompromised adults, to achieve high levels of durable 
immune protection [51].  

4. Future Perspectives and Implications for Clinical Practice and Public Health 

Despite the undeniable successes of PCVs global implementation, the continued evolution of 
Streptococcus pneumoniae and the looming crisis of antimicrobial resistance (AMR) necessitate a clear 
articulation of future perspectives, focusing on the sustained impact of current vaccination strategies, 
the critical need for dynamic surveillance, and the pursuit of next-generation, serotype-independent 
vaccines [23,24]. The future of pneumococcal disease prevention and the mitigation of associated 
AMR depend on coordinated global action across these three interconnected domains. 

4.1. Impact of PCV Vaccination on Bacterial Antimicrobial Resistance 

Pneumococcal vaccination is recognized as a key preventive measure in the WHO Global Action 
Plan on AMR, acting through a dual mechanism to reduce the prevalence of resistant infections and 
subsequent antibiotic use [52,53]. The primary mechanism involves the direct reduction of the 
incidence of vaccine-type (VT) disease and of antibiotic treatment [54]. The secondary, yet equally 
critical, effect is the indirect reduction of antibiotic-resistant infections through herd immunity and 
decreased carriage of antibiotic-resistant strains [54]. This preventive strategy averts the selective 
pressure that drives resistance, marking a proactive and cost-effective approach to AMR containment 
[53]. The economic and public health value of this intervention is substantial, though historically 
under-quantified [53]. Modeling studies, such as those using the DREAMR platform, have begun to 
quantify this value, demonstrating that the introduction of PCV vaccination has slowed down the 
development of AMR to key antibiotics [54]. For instance, PCV introduction in Ethiopia was 
estimated to reduce the development of resistance to amoxicillin by approximately 14.77% and, 
critically, to have averted around 718,100 antibiotic treatment failures and 9,520 AMR-related deaths 
between 2011 and 2017, representing a nearly 28% reduction in AMR-related fatalities [54]. This 
underscores the extensive benefit of PCVs beyond disease prevention and their position as essential 
tools in the fight against AMR [54]. Furthermore, vaccination is now included in a high percentage of 
national AMR action plans with growing recognition by WHO Member States of its importance as a 
core pillar of preventative strategy [52]. However, the efficacy of PCV in combating AMR is 
challenged by the phenomenon of serotype replacement, which shifts the burden of resistance to 
Non-Vaccine Serotypes (NVTs) [25,53,55]. While PCV introduction leads to a marked decrease in the 
carriage of resistant VT strains, some studies have observed an increase in the proportion of 
antibiotic-resistant NVTs [25,53,55]. Surveillance data from Portugal post-PCV13 introduction 
showed a significant reduction in carriage prevalence for PCV13 serotypes (dropping from 47.6% 
pre-vaccine to 10.7% post-vaccine), including resistant strains like 19F, 3, and 19A [55]. Despite this 
success, the overall pneumococcal carriage prevalence remained stable, indicating the dominance of 
NVTs and the necessity to monitor their resistance profiles [55]. Similarly, in Spain, national 
surveillance demonstrated a significant decrease in penicillin and macrolide resistance among 
pneumococcal isolates following PCV introduction, but this benefit was attenuated by the emergence 
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of resistant serotypes not covered by the vaccine [25]. The COVID-19 pandemic further complicated 
this landscape, with studies in Spain reporting an emergence of serotypes with reduced susceptibility 
during the initial year of the pandemic, emphasizing the fragility of gains against AMR in the context 
of major public health crises and altered antibiotic prescribing [25]. Longitudinal studies in tertiary 
care centers in regions like India, where PCV was recently introduced, are actively monitoring the 
expected shift in both serotype and AMR patterns, confirming that resistance patterns are intrinsically 
linked to serotype ecology [56]. Therefore, future clinical practice must integrate antibiotic 
stewardship with vaccine programs, recognizing that the long-term success of PCVs in mitigating 
AMR hinges on continuous epidemiological surveillance to quickly identify and respond to resistant 
NVT emergence [25,53,55]. 

4.2. Importance of Emergent Serotype Identification to Develop New Vaccine Formulations 

Continued surveillance and emergent serotype identification are thus paramount to inform 
vaccine development and optimize vaccination strategies [24]. The epidemiology of emerging and 
spreading NVTs must be the central focus of future serotype epidemiological surveys and vaccine 
optimization efforts [24].  

After the introduction of PCV7, numerous studies reported an increase in infections caused by 
non-vaccine serotypes, particularly serotype 19A. Countries adopting sustained use of PCV13 in NIPs 
have observed an increased incidence of multiple non-PCV13 serotypes, including, but not limited to 
serotypes 6C, 8, 9N, 10A, 11A, 12F, 15A, 15B, 15C, 22F, 23B, 24F, 33F, 35B, and 38. Even though the 
non-vaccine serotypes are generally less pathogenic and the overall rates of IPD remain substantially 
lower than pre-vaccine levels, some serotypes have started to become endemic or cause outbreaks 
[57,58].  

To reduce the remaining pediatric IPD burden, these serotypes have become the focus of 
expanded-valency PCVs licensed in more recent years: PCV15 [PCV13 serotypes plus 22F and 33F] 
and PCV20 [PCV15 serotypes plus 8, 10A, 11A, 12F, and 15B] [59]. Of interest, a review of 118 studies 
conducted in 33 European countries (2010–2022) found that serotypes unique to PCV20 (8, 10A, 11A, 
12F, 15B, 22F, and 33F) have become increasingly prevalent in adults with both invasive and non-
invasive pneumococcal disease. These serotypes are often associated with greater disease severity, 
mortality, and antimicrobial resistance, particularly affecting the elderly and high-risk individuals. 
Since 2018–2019, they have accounted for approximately 60% of adult IPD cases in Europe. Serotype 
replacement varies by region and population and remains a key driver behind efforts to develop 
higher-valency and serotype-independent vaccine strategies.  

One particularly relevant emergent serotype is 6C, which represents a substantial burden of 
pneumococcal disease globally [60]. Serotype 6C is a derivative of 6A but is not directly included in 
PCV10 (which contains 6B) or PCV13 (which contains 6A and 6B) [60]. The same is true for PCV15, 
PCV20 and PCV21. While some studies suggest that PCV13 may confer cross-protection against 6C 
invasive pneumococcal disease, particularly with increasing vaccination coverage, the data remain 
complex and insufficient to definitively determine the effectiveness of PCV10 or PCV13 against 6C 
carriage and AMR [60].  

This ambiguity highlights a critical area for future research and vaccine refinement: serotypes 
with complex capsular structures or those generated through capsular switching demand enhanced 
surveillance and targeted inclusion in next-generation formulations [23,24]. Optimizing vaccination 
strategies means leveraging genomic surveillance alongside traditional serotyping [25]. Genomic 
studies can provide granular insights into the lineages associated with serotype replacement and 
antibiotic resistance, allowing for a more nuanced understanding of the ecological shift in the 
pneumococcal population [25]. The ultimate goal of this sustained surveillance is to provide the 
empirical data necessary for policymakers to periodically update national immunization programs 
by adopting higher-valent PCVs or, more fundamentally, by transitioning to vaccines designed for 
universal protection [24].  
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4.3. Protein Candidates for a Universal Pneumococcal Vaccine 

The persistent threat of serotype replacement and the rise of non-encapsulated S. pneumoniae 
strains have fueled the search for a truly serotype-independent, or ʺuniversal,ʺ pneumococcal 
vaccine. This novel strategy focuses on conserved pneumococcal surface proteins (PSPs) rather than 
the variable capsular polysaccharides that define current vaccines [23]. The potential of protein-based 
vaccines to overcome the inherent limitations of current polysaccharide-based vaccines lies in their 
ability to offer broader serotype coverage and target proteins essential for bacterial survival, 
regardless of the capsular type [23]. Several key pneumococcal surface proteins are being 
aggressively investigated as candidates for universal vaccine formulations due to their high 
conservation across diverse pneumococcal serotypes and their critical roles in bacterial pathogenesis, 
including adhesion, immune evasion, and biofilm formation [23].  

Pneumolysin (Ply): A potent, pore-forming toxin that is critical for pneumococcal virulence and 
highly conserved Due to its toxicity, advances in protein engineering have focused on developing 
detoxified derivatives (toxoids, such as PiuA-PlyD4) that retain high immunogenicity while 
eliminating the cytolytic activity.  

Choline-Binding Proteins (CBPs): This family of surface proteins is defined by a conserved 
choline-binding domain (CBD) that anchors them to the bacterial surface Key candidates within this 
group include Pneumococcal Surface Protein A (PspA) and Pneumococcal Surface Protein C (PspC) 
PspA is crucial for immune evasion, and while its N-terminal domain is structurally variable, it 
contains conserved regions that can elicit protective immune responses PspC is likewise involved in 
adhesion and complement interference.  

Histidine Triad Proteins (PHTS): This family, which includes PhtD, is involved in metal 
acquisition, with candidates like PhtD demonstrating potential in multivalent formulations. 

The future for protein-based pneumococcal vaccines centers on multivalent strategies—
combining two or more conserved proteins to achieve robust, non-overlapping protection [23,24].  

Preclinical studies have shown promise for multivalent formulations incorporating antigens like 
PhtD and PspA, highlighting the feasibility of a pan-pneumococcal vaccine [61]. Such vaccines are 
designed not only to prevent IPD but also to limit nasopharyngeal carriage, thereby interrupting 
transmission and providing indirect protection (herd effect) that would be serotype-independent, 
effectively closing the loop hole exploited by serotype replacement [23]. Novel technologies, 
including reverse vaccinology and extracellular vesicle (EV)-based vaccine platforms, are further 
accelerating the discovery and optimization of these candidates. Revolutionizing the field of vaccine 
science, Reverse Vaccinology (RV) involves the systematic use of genomic and proteomic information 
as the basis for discovering and selecting candidate vaccines [62,63].  

These technological advancements are pivotal to moving beyond the current polysaccharide-
based paradigm and implementing a transformative approach to global pneumococcal disease 
prevention that is capable of mitigating the rise of antibiotic-resistant pneumococcal strains on a 
global scale [23].  

In conclusion, the successful containment of pneumococcal disease and the concurrent battle 
against AMR require a multi-pronged strategy for the future. Clinically, this means rigorous 
integration of vaccination with antibiotic stewardship, recognizing the measurable contribution of 
PCVs to reducing resistance, averted treatment failures, and deaths [54]. Public health mandates a 
commitment to high-resolution, global epidemiological surveillance, utilizing both traditional and 
genomic methods to track emergent, often resistant, NVTs like serotype 6C, thereby continually 
informing immunization policies [25,48,55,60]. Scientifically, the priority is the rapid development 
and deployment of universal protein-based vaccines, which promise to offer comprehensive 
protection against all serotypes and non-encapsulated strains by targeting conserved virulence 
factors such as Ply, PspA, and PhtD [23]. This integrated approach is essential to sustain and expand 
upon the historic achievements of PCVs, ensuring future generations are protected from both 
pneumococcal disease and the escalating crisis of global AMR. 
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AOM acute otitis media 
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NHICs non-high-income countries 
WHO World Health Organization 
US United States 
PPSVs  pneumococcal polysaccharide vaccines 
NVTs non-vaccine serotypes 
NIPs national immunization programs  
RR risk ratio  
ACIP Advisory Committee on Immunization Practices 
CIES carrier-induced epitope suppression 
CF cystic fibrosis 
PID Primary Immunodeficiencies 
SID Secondary Immunodeficiencies 
AAAAI American Academy of Allergy, Asthma & Immunology 
PRP Polysaccharide Responsiveness Percentile 
IEI Inborn Errors of Immunity 
IGRT Immunoglobulin Replacement Therapy 
AMR antimicrobial resistance 
VT vaccine-type 
PSPs pneumococcal surface proteins 
CBPs Choline-Binding Proteins 
CBD choline-binding domain 
PspA Pneumococcal Surface Protein A 
PspC Pneumococcal Surface Protein C 
PHTS Histidine Triad Proteins 
EV extracellular vesicle 
RV  Reverse Vaccinology  
FDA Food and Drug Administration 
APDS Activated PI3K δ Syndrome 
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