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Abstract: Chronic obstructive pulmonary disease (COPD) is a frequent, often progressive, chronic
disease of the lungs. Patients with COPD often have impaired immunity; therefore, they are prone to
chest infections, such as pneumonia or bronchitis. Acute exacerbations of COPD are major events that
accelerate disease progression, contributing to its symptoms’ burden, morbidity, and mortality. Both
pneumonia and acute exacerbations in COPD are caused by bacteria against which there are effective
vaccinations. Although the number of randomised controlled studies on bacterial vaccinations in
COPD is limited, national and international guidelines endorse specific vaccinations in patients with
COPD. This review will summarise the different types of vaccinations that prevent pneumonia and
COPD exacerbations. We also discuss the results of early phase studies. We will mainly focus on
Streptococcus pneumoniae, as this bacterium was predominantly investigated in COPD. However, we
also review studies investigating vaccinations against Haemophilus influenzae, Moraxella catarrhalis,
and Bordetella pertussis.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) affects approximately 10% of the
global adult population, stemming from a combination of environmental triggers (such
as cigarette smoke and indoor pollution) and genetic predisposition. It is characterized
by progressive, fixed airflow limitation, leading to chronic breathlessness and productive
cough [1]. This typically progressive condition is occasionally punctuated by sudden
exacerbations, significant events associated with reduced life expectancy [2], often triggered
by bacterial infections [3].

Patients with COPD exhibit aberrant airway inflammation, marked by an influx of
neutrophils and macrophages [4], alongside impaired antimicrobial responses [5]. Alveolar
macrophages from COPD patients demonstrate deteriorating phagocytic functions against
common bacteria, such as Streptococcus pneumoniae (S. pneumoniae), Haemophilus influenzae
(H. influenzae), and Moraxella catarrhalis (M. catarrhalis) [6]. Interestingly, these bacteria
induce a milder inflammatory response in COPD patients [7].

Medications, particularly inhaled corticosteroids, commonly prescribed for COPD
patients with eosinophilic airway inflammation and frequent exacerbations, may reduce
exacerbation rates but potentially increase the risk of chest infections [8,9], depending on
factors such as molecule type, formulation size, and dosage [10]. Additionally, prophylactic
antibiotics such as azithromycin can prevent exacerbations [11].
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Given the susceptibility of COPD patients to bacterial chest infections, including pneu-
monia and bronchitis, vaccinations against common pathogens are recommended [1,12].
This review aims to summarize evidence on the effectiveness of vaccinations in preventing
chest infections and exacerbations in COPD.

2. The Importance of Bacterial Vaccines in COPD Care

Bacterial culturing techniques and next-generation sequencing have confirmed the
significant impact of the lung microbiome on disease severity and exacerbations in COPD.
Unlike in healthy individuals, COPD lungs exhibit higher pathogenic bacterial colonization
and reduced diversity of normal flora [13]. Inhaled noxious particles, such as tobacco smoke,
elevate the risk of bacterial infections by disrupting mucociliary clearance, impairing airway
epithelium, and altering microbiome composition [14]. Additionally, during infectious
exacerbations, bacteria such as H. influenzae, combined with antibiotic use, can further
disrupt the lung microbiome and escalate the risk of exacerbations [15]. Patients with
COPD are particularly susceptible to respiratory pathogens due to an increased expression
of cell-adhesion molecules such as the platelet adhesion factor receptor or intercellular
adhesion molecule 1 (ICAM1) in their airways, heightening the risk for S. pneumoniae and
H. influenzae infections [16,17]. Hence, it is evident why approximately two-thirds of COPD
exacerbations are associated with infectious pathogens or bacterial colonization [18,19].
The surge in COVID-19 vaccination efforts has underscored the importance of evaluating
the clinical efficacy of current vaccines in respiratory diseases. As part of exacerbation
prevention strategies, vaccination against bacteria such as S. pneumoniae is incorporated
into both national and international recommendations [1].

Despite understanding the primary effects of current vaccinations, clinical efficacy
and vaccination rates against exacerbations can raise some concerns. In this session,
we summarise traditional and emerging vaccinations targeting bacteria implicated in
potentially exacerbating COPD.

3. Pneumococcal Vaccination
3.1. Serotypes and Vaccine Options

To date, 98 different serotypes of S. pneumoniae were identified, with 23 of them being
the major cause of invasive pneumococcal diseases [20,21]. The most common isolate is
serotype 14, followed by 1, 5, 6A, 6B, 19F, 23F serotypes, which can be found in more
than 50% of patients [22]. However, the widespread use of vaccination caused a serotype
replacement and capsular switching, increasing the chance that a relevant serotype is not
included in the vaccine formulations [23]. The non-vaccine serotypes are highly invasive
and have showed high antibiotic resistance, thus increasing the need for new vaccine
development [24].

Pneumococcal vaccines are primarily capsular polysaccharide antigens in either un-
conjugated (PPSV23) or conjugated form (PCVs), along with protein-based vaccines, live
attenuated or killed whole-cell vaccines, and promising nanovaccines [25].

3.2. PPSV23 and PCVs

The first pneumococcal vaccine, a 23-valent vaccine (PPSV23) contains capsular
polysaccharide antigens of serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14,
15B, 17F, 18C, 19A, 19F, 20, 22, 23F, 33F and has been introduced to clinical practice since
1983. The vaccine is recommended for individuals above age 65 or between age 2 and
64, with comorbidities [26]. Although PPSV23 covers a wide range of serotypes that are
responsible for the majority of invasive pneumococcal diseases, and clinical trials revealed
that it can reduce the severity of pneumonia, it is less effective for the prevention of
pneumonia [27]. Another meta-analysis showed that despite some evidence of short-term
protection, the efficacy of PPSV23 against community-acquired pneumonia (CAP) in the
general population, immunocompromised individuals, and individuals with potential risk
factors is inconsistent [28]. Additionally, PPSV23 showed poor immunogenicity in patients
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with immunosuppressive conditions, such as transplantation or HIV [29,30]. In addition,
the vaccine is not suitable to trigger long-term immunological memory in children, as
PPSV23 requires T-cell independent immunity. Therefore, children show a lower response
to this vaccine [31,32]. In the case of adults, PCVs induced a more favourable, superior
functional antibody response, compared to PPSV23 [33]. Dransfield et al. confirmed that in
patients with COPD, the conjugated vaccine (PCV7) was superior to PPSV23 alone, and that
induced immunogenicity can persist for 2 years post-vaccination [34,35]. The PCV vaccine
era was started with the introduction of PCV7 in 2000, following PCV10 and PCV13 [36,37].
Despite the use of PPSV23, CDC reported that the majority of the isolated serotypes of
S. pneumoniae from immunocompromised patients are not included in the PPSV23 [38].
This recognition elicited the need to broaden the coverage of PCVs. PCV13 was developed
to cover S. pneumoniae serotype 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F, and it
was approved for use in adults [38]. PCV13 was also safely used in the elderly (>65 age),
showing good immunogenicity [39].

3.3. Clinical Efficacy of PPSV23 in Chronic Respiratory Conditions

In 2010, the first systematic review that included seven randomized controlled trials
(RCTs) revealed controversial results, as using PPSV23 did not reduce the prevalence of
pneumonia in patients with COPD compared to control individuals (odds ratio (OR) and
95% confidence interval (CI) of 0.72 and 0.51 to 1.01). The reduction in the likelihood
of acute COPD exacerbations, investigated by only two studies on 216 people, was not
statistically significant (OR 0.58; 95% CI 0.30 to 1.13). In addition, there were no statistically
significant effects on reduction in hospital admissions [40].

In the study by Steentoft et al., 49 patients with COPD were randomly assigned
to four groups, and the authors investigated whether steroid use and/or vaccination
can influence the clinical variables, including hospital admission or exacerbation rate.
They found that there were no differences in the prevalence of pneumonia, exacerbations,
and hospitalization between the vaccinated and control patients [41]. An update of the
Cochrane analysis in 2017 included 12 RCTs, and only one study compared the effectiveness
of PCV7 with that of PPSV23. The meta-analysis showed that the general risk of CAP
was significantly reduced in vaccinated patients (OR 0.62, 95%CI 0.43 to 0.89), but it
was not observed in the case of pneumococcal pneumonia (OR 0.26, 95%CI 0.05 to 1.31).
Although vaccinations (mainly with PPSV23) significantly reduced the likelihood of COPD
exacerbations (OR 0.60, 95% CI 0.39 to 0.93), the risk of hospital admission and mortality
were not different between the control and vaccinated participants [42]. A prospective
randomised trial by Alfageme et al. showed that the PPSV23 vaccine efficacy was only
24% across all patients. However, the vaccine was effective in preventing CAP only
in patients <65 ages and having severe airflow obstruction (FEV1 < 40%). There were no
differences in all-cause mortality, but the study had gender imbalance, so the applicability of
the trial raised some questions [43]. Indeed, the effectiveness of PPSV23 has been questioned
for the elderly or at-risk populations for years. A prospective, multicentre, double-blind,
randomised, placebo-controlled trial including 339 patients in the vaccine group and
352 in the placebo group revealed that the 23-valent pneumococcal polysaccharide vaccine
did not prevent pneumonia in patients aged between 50 and 85 [44]. Another trial also
did not observe a positive effect on altering the risk of pneumococcal pneumonia in
patients >65 years, but the vaccine was associated with a significant reduction in the risk of
pneumococcal bacteraemia [45].

Regarding the efficacy of PPSV23, long-standing immune responses were detected
in healthy adults: IgG and functional antibody levels remained above the baseline for
5–10 years. However, similar studies with COPD participants are lacking [46]. So far, one
investigation has given evidence on the correlation between the reduced quantity or func-
tionality of pneumococcal IgG antibodies and frequent COPD exacerbations, suggesting
that higher baseline IgG levels were predictive of fewer and less severe exacerbations.
Moreover, from the tested 23 serotypes, specific IgG for five serotypes (5, 19F, 10A, 15B,
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and 19A) proved to be significant predictors for COPD exacerbations. They also demon-
strated that patients having more exacerbations had an altered function of pneumococcal
antibodies and an impaired opsonisation ability [47].

Table 1 summarizes the key clinical studies that assess the outcomes of pneumococcal
vaccinations in individuals with chronic obstructive pulmonary disease (COPD).

3.4. Co-Administration of PPSV23 and Antiviral Vaccines

Clinicians sought to enhance the efficacy of the pneumococcal vaccine and investigated
the effect of the co-administration of PPSV23 and influenza vaccines on COPD exacerba-
tions. A randomized, controlled study suggested that COPD patients receiving both the
influenza and PPSV23 vaccines are at a significantly lower risk for exacerbations, compared
to those who received only one vaccine. However, this effect lasted for 1 year, and during
the second year there were no significant beneficial effects on exacerbations [48]. An earlier
retrospective study also suggested that administering both pneumococcus and influenza
vaccines to patients with COPD resulted in a 63% (95% CI 29–80) reduction in pneumonia
hospitalizations and an 81% (95% CI 68–88) reduction in deaths, compared to unvaccinated
patients [49]. Another study included patients older than 65 years, and significant reduc-
tions in hospital admissions and hospitalizations for invasive pneumococcal disease and
pneumococcal pneumonia were observed in people who also received the pneumococcal
vaccine. Efficacy against heart failure has also been observed in subjects who received
the pneumococcal vaccine. During flu seasons, a reduction in all-cause mortality was also
observed in all age groups [50]. In line with this observation, a recent study supported the
favourable effects of influenza and PPSV23 vaccinations, resulting in a reduced frequency of
exacerbation in the following year, with an OR of 1.06 (95% CI: 0.84–1.34) for PPSV23 alone,
and an OR of 2.37 (95% CI: 1.39–4.08) for patients who were administered both vaccines [51].
In 2022, similar results were obtained by Li et al. Out of 474 enrolled patients, 109 received
trivalent influenza vaccines, 69 patients were administered PPSV23, and 296 participants
received both. The vaccine efficacy for exacerbations was 54% for PPSV23 alone and 72%
for the combination. The additive impact was estimated as a corresponding effectiveness
of 73% in reducing pneumonia and 69% in reducing hospitalization rate [52].

In an open-label, randomized, controlled trial, 1152 adults aged over 18 years with no
prior history of pneumococcus, influenza, or SARS-CoV-2 vaccination were enrolled to as-
sess the safety and immunogenicity of co-administering an inactivated SARS-CoV-2 vaccine
(Sinopharm BBIBP-CorV), a quadrivalent split-virion inactivated influenza vaccine (IIV4),
and a 23-valent pneumococcal polysaccharide vaccine (PPSV23). The seroconversion rate
of SARS-CoV-2 and influenza neutralising antibodies in the SARS-CoV-2 + IIV4/PPSV23
group were comparable with those of the groups who did not receive the combination.
Similarly, the immunogenicity of the SARS-CoV-2 + IIV4/PPSV23 group, as indicated by
S. pneumoniae-specific IgG levels, was not inferior to that of the IIV4/PPSV23 group. The
data revealed that the co-administration of inactivated SARS-CoV-2 vaccine with PPSV23
and influenza vaccine is well-tolerated and trigger comparable immune responses [53].

Table 1. The primary clinical investigations aimed at assessing the outcomes of pneumococcal
vaccinations in individuals diagnosed with COPD.

Reference Vaccine Type Study Design Patients
(n) Main Clinical Outcomes

Davis et al. [54]
(1987) PPSV14 Prospective, randomized

PPSV14 vs. control 103 No differences in all-cause mortality and pneumonia
risk at 12 and 24 months were observed.

Alfageme et al. [43]
(2006) PPSV23 RCT, PPSV23 vs. control 596

PPSV23 is efficient in averting CAP only in COPD
patients under the age of 65 and with severe
airflow obstruction.
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Table 1. Cont.

Reference Vaccine Type Study Design Patients
(n) Main Clinical Outcomes

Steentoft et al. [41]
(2006) PPSV23 Prospective, randomized

PPSV23 vs. control 49

60–78% of vaccinated patients exhibited an increase
in antibody levels. No disparities were noted in
clinical parameters, such as pneumonia incidence,
exacerbations, hospital admissions, escalation in
steroid or β-agonist use, or antibiotic consumption.

Furumoto et al. [48]
(2008)

PPSV23,
trivalent influenza

vaccine (IV)

Prospective, randomized
PPSV23+IV vs. IV 191

The likelihood of infectious exacerbations was
reduced in both groups, and the combined effect of
PV and IV was observed during the initial year.

Dransfield et al. [34]
(2009)

PPSV23,
PCV7

Prospective, randomized
PCV7 vs. PPSV23 120

PCV7 induced superior immune responses compared
to PPSV23 1-month post-vaccination. Older age and a
history of PPSV23 infection reduced
vaccine responsiveness.

Dransfield et al. [35]
(2012)

PPSV23,
PCV7

Prospective, randomized
PCV7 vs. PPSV23 181 PCV7 induced stronger functional antibody

responses compared to PPSV23, lasting 2 years.

Kostinov et al. [55]
(2014) PPSV23 Prospective, randomized

PPSV23 vs. control 200

PPSV23 group experienced fewer exacerbations,
hospital admissions, and days of disability within the
first year of the study compared to
control participants.

Ignatova et al. [56]
(2021)

PPSV23,
PCV13 Prospective, observational 302

By the fifth year after vaccination, 47% of patients in
the PPV23 group experienced pneumonia, compared
to only 3.3% in the PCV13 group. COPD
exacerbations were reported in 81.3% versus 23.6% of
patients. Both vaccines exhibited comparable clinical
effects in the first-year post-vaccination, but only
PCV13 demonstrated sustained clinical efficacy.

3.5. Clinical Efficacy of PCVs in COPD

Pneumococcal conjugate vaccines were intended for children firstly in a form of
a 7-valent diphtheria toxin-conjugated pneumococcal polysaccharide vaccine to induce
more potent immune responses and decrease the frequency of invasive pneumococcal
diseases [57]. Although PCV7 is not used for adults in clinical practice, early research
demonstrated that PCV7 was associated with enhanced functional anti-pneumococcal
antibodies and better immune response in a dose-dependent manner [58]. If we speculate
about the quality of immune responses when comparing polysaccharide and conjugated
vaccines, there is strong evidence that the PPSV23 vaccine is limited to B-cell stimulation
and triggers less immune response, resulting in the deficit of the immune memory [59,60].
Data about the B-cell-specific responses in adult are still controversial, with some studies
suggesting that there are no significant differences between PCVs and PPSV23 in elderly
patients [61,62]. The Centers for Disease Control (CDC) reported that only less than 25%
of the total number of invasive pneumococcal disease cases in the immunocompromised
patients were caused by PPSV23-covered S. pneumoniae serotypes (8, 9N, 10A, 11A, 12F,
15B, 17F, 18C, 19A, 20, 22F, and 33F). PCV13, which was licensed in 2011, provides cov-
erage for S. pneumoniae serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F and
was recommended for adults aged >50 years. Clinical recommendations were based on
immunogenicity and safety studies that showed enhanced or comparable opsonophago-
cytic activity and antibody titres compared to the responses elicited by PPSV23 in this
population [38]. Another study provided similar evidence, namely that PCV13 is safe and
provoked sufficient immune responses in the elderly aged >65 years [39]. Recently, CDC rec-
ommended PCV13 vaccination in adults aged ≥65 years based on clinical decision-making
because some patients can be at increased risk for exposure to PCV13 serotypes and have
higher risk for developing pneumococcal disease as a result of underlying medical condi-
tions [26]. Although there are no further studies dedicated to the immunocompromised
patients regarding the long-term immunogenicity of PCV13, the latter is supported by a
study with HIV-positive adults, which suggests a durable, long-term immune response to
PCV7 against invasive pneumococcal diseases, induced by one or two doses of PCV7 [63].
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A large, randomized, double-blind, placebo-controlled trial (Community-Acquired
Pneumonia Immunization Trial in Adults (CAPiTA)), which involved 84,496 adults aged
65 years or older, evaluated the efficacy of PCV13 in participants with chronic medical
conditions, being at higher risk of pneumococcal disease. The study demonstrated that
49 patients in the PCV13 and 90 of the control group had CAP (vaccine efficacy of 45.6%;
95.2% CI, 21.8 to 62.5). Non-bacterial and non-invasive CAP was observed in 33 persons
in the PCV13 group, and in 60 persons in the control group (vaccine efficacy of 45.0%;
95.2% CI, 14.2 to 65.3). The vaccine efficacy was continuous during the study, with a mean
follow-up time of 3.97 years [64]. A post-hoc analysis of the CAPiTA study dedicated to
chronic medical conditions, including COPD, showed that 82.7% of vaccine serotype CAP
occurred in participants with underlying comorbidities, with around 10% of this group
having chronic lung diseases. The vaccine efficacy was 40.3% (95.2% CI: 11.4%, 60.2%) in
the at-risk population, the average duration of immune protection being 3.95 years [65].
The CAPiTA study suggested that PCV13 has long-term efficacy in elderly aged >65 years,
with or without chronic medical conditions, such as COPD. Thus, PCV13 is included in the
vaccine recommendation protocols across Europe.

Although there is evidence on the efficacy of PCV13 and PPSV23, the comparative
analysis of their immunogenicity in COPD is still lacking. The first investigations compared
PCV7- and PPSV23-vaccinated COPD subjects, evaluated post-vaccination antibody levels
and the opsonophagocytic killing index (OPK), according to vaccine type and S. pneumoniae
serotypes. It was found that post-vaccination, the IgG levels at 1 month were significantly
higher in the PCV7 group for all seven vaccine serotypes, compared to PPSV23. Patients
with COPD were able to mount sufficient functional immune responses to PPSV23 and
PCV7. However, OPK was significantly higher in the case of PCV7-vaccinated patients,
suggesting a greater immune defence against pneumococcal diseases [34]. A study by
Dransfield et al. investigated the long-term immunogenicity (at 1 and 2 years) of PCV7
and PV23 in 181 COPD patients. The study reported a statistically greater induced OPK
for 5 serotypes after PCV7 vaccination at 1 year and for 4 serotypes at 2 years. OPK was
not affected by any clinical factors, such as FEV1 or prior vaccination status. Both vaccines
induced high IgG antibody levels that persisted for 2 years. However, for PCV7, these
levels were greater than for PPSV23. This study provided information about a comparative
effectiveness of PCV and PPSV23, raising the issue of the superiority of PCVs in COPD
patients [35].

Only one prospective observational cohort study was conducted to assess the long-
term vaccine efficacy of PPSV23 and PCV13 in patients with COPD during a 5-year follow-
up period. A total of 302 male patients aged >55 years were allocated to PPSV23, PCV13,
and vaccine naïve groups. The primary endpoints were defined as the frequency of
pneumonia and COPD exacerbations per year, whereas the secondary endpoint included
indicators of disease severity, such as the BODE index, MMRC and the CAT index, FEV1 and
the 6-min walk test. After 1 year, the frequency of having at least one pneumonia reduced
to 4.9% in PCV13, and to 6.3% in the PPSV23 groups versus 15% in the control group.
However, this efficacy was significantly reduced from the second year of the follow-up:
the patients with PPSV23 showed a higher pneumonia rate compared to both PCV13 and
control patients. By year 5, 47% of the PPSV23-vaccinated patients developed pneumonia,
compared to 3.3% in the PCV13 (p < 0.001). Regarding exacerbations, the results were
similar: COPD exacerbations had a frequency of 81.3% in the PPSV23 group, as compared
to 23.6% in the PCV13 patients (p < 0.001). Although in the first year both vaccines caused
a protective effect against exacerbations, from the second year, the PPSV23 group showed a
gradual decline, reaching the level of the control group by year 5 post-vaccination. The trial
demonstrated that PCV13 is associated with long-term protection, lasting at least 5 years,
against episodes of pneumonia or COPD exacerbations. PPSV23-vaccinated patients are
at an increased risk of having pneumonia or exacerbations, similar to the vaccine naïve
patients [56].
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In recent years, there has been a need to develop novel PCV vaccines, as new S.pneumoniae
serotypes appeared to cause pneumococcal diseases, and antibiotic resistance was also
associated with these serotypes [66,67]. In 2021, a 20-valent (PCV20) and a 15-valent
(PCV15) pneumococcal vaccine were licensed for adults aged >18 years and were included
in the recommendations for all adults aged >65 years and for 19–64-year-old adults with
underlying medical conditions or risk factors who had not received the PCV vaccine
before [68].

PCV15 contains the 22F and 33F serotypes, in addition to PCV13, demonstrating
comparable immunogenicity and safety profile in adults aged >50 years. Prior to and
1 month post-vaccination, PCV15 induced serotype-specific antibodies to a similar or
higher extent than PCV13. In parallel, these antibodies showed functionality and reached
comparable opsonophagocytic activity (OPA) [69]. PCV20, which contains 8, 10A, 11A,
12F, 15B, 22F, and 33F serotypes in addition to the PCV13 strains, elicited favourable safety
profile and robust serotype-specific responses, such as OPA, both in young adults and the
elderly [70,71].

3.6. Co-Administration of PCVs and Antiviral Vaccines

The co-administration of pneumococcal conjugate vaccines and other vaccines such
as the influenza vaccine was also assessed. A clinical trial hypothesised that the immune
responses to PCV13 and quadrivalent inactivated influenza vaccine (QIV) in older adults
can be influenced by the co-administration or by a past PPSV23 vaccine. An overall
882 ≥ 50 years old patients pre-immunized with ≥1 dose of PPSV23 ≥ 1 year before
enrolment received PCV13 + QIV, then placebo 1 month later or placebo + QIV, then PCV13
1 month later. Of 882 patients, 846 showed immunogenicity, and the immune responses
to pneumococcal strains and all four influenza strains were comparable in both groups.
the co-administration of PCV13 and the influenza vaccine was noninferior, as compared
to the immune responses to vaccines given alone. PCV13 can be administered safely
concomitantly to PPSV23-pre-immunized adults [72].

In a recent phase 3, randomized, double-blind, multicentre study enrolling 1796 elderly
(>65 years of age), participants received either PCV20 and QIV, followed 1 month later by
saline, or QIV and saline, followed 1 month later by PCV20. In terms of antibody responses,
the groups did not show significant differences in OPA titers for PCV20 and strain-specific
hemagglutination inhibition assay (HAI) titers for QIV. Co-administration of PCV20 with
QIV was safe and tolerable, with only mild or moderate fatigue being observed frequently.
The safety profile and immunogenicity of PCV20 was similar, either given alone or in
combination, so the co-administration of PCV20 and QIV can be supported [73].

As COVID-19 vaccination increased in recent years, it became clear that the possibility
of co-administration of the BNT162b2 COVID-19 vaccine and the PCV20 vaccine may
prevent elderly or adults with chronic conditions from developing severe pneumonia and
pneumococcal diseases. A randomized, phase 3 study evaluated the safety and immuno-
genicity of the co-administration of PCV20 and the third dose of BNT162b2 COVID-19
vaccine. The trial recruited 570 participants aged ≥65 years, who randomized to PCV20 and
BNT162b2 co-administered, or PCV20, or BNT162b2-only groups. The results suggested
that the neutralizing titers against SARS-CoV-2 virus and the S-binding IgG titers were
similar in the co-administration group and the BNT162b2-only group. Similarly, the im-
munogenicity of PCV20 was comparable, showing noninferiority if it was co-administered,
as compared to participants receiving PCV20 only [74].

Based on these data, there are still ongoing studies to extrapolate the efficacy of co-
administered COVID-19 and PCV vaccines. Currently, data are scarce or not available on
the co-administration of PCV15 or PCV20 with other vaccines, such as pertussis, tetanus,
diphtheria, or hepatitis B among adult patients with underlying conditions.

Currently, both PCV15 and PCV20 are included in the recommendations of CDC
against pneumococcal diseases: PCV20 alone or PCV15 in series with PPSV23 are promoted
in adults aged >65 years and in 19–64-year-old adults with risk factors [68]. As a result,
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GOLD 2023 incorporated the recommendation of PCV15, PCV20, and PPSV23 in the
immunization program of patients with COPD, suggesting the co-administration with
influenza vaccine [1,75].

The current recommendations for the use of pneumococcal vaccines in COPD are
summarised on Figure 1.
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Figure 1. Recommendations for the pneumococcal vaccination for COPD patients. The protocol
can be dependent on the vaccine availability in each country. Vaccination recommendation is
based on CDC guidelines [12]. PCV: pneumococcal conjugate vaccine; PPSV23: pneumococcal
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4. Main Virulence Factors of S. pneumoniae and Potential Future Vaccine Targets

There is emerging evidence that non-vaccine, unencapsulated serotypes of S. pneu-
moniae are related to COPD exacerbations and invasive pneumococcal diseases [76]. Pa-
tients with COPD present an altered and decreased epithelial defence mechanism, such
as increased permeability of the airway epithelium, impaired ciliary function, reduced
mucociliary clearance, increased mucus production, reduced secretory IgA production, and
altered neutrophils and alveolar macrophage functions. This epithelial barrier dysfunction
increases the chances of pathogens to enter and cause further changes in host defence
responses [77]. Thus, new vaccine development approaches include vaccine candidates
against pneumococcal proteins via new protein antigens or genetic manipulations of the
main pneumococcal proteins [25].

The surface proteins of S. pneumoniae, pneumococcal surface protein A (PspA) and
choline-binding protein A (CbpA, previously known as pneumococcal surface protein C,
PspC) play an important role in inhibiting complement-mediated killing and opsonophago-
cytosis. PspA can bind directly to factor B and accelerate the dissociation of C3 convertase
or block the enzyme directly, thus changing the alternative pathway to eliminate the bac-
teria [78]. PspA has the ability to interfere with the host’s Fe-free form of lactoferrin,
resulting in the avoidance of bacteria killing [79]. CbpA can also influence host com-
plement activation via binding directly to C3 and factor H, decreasing the complement
deposition of C3, and in some S. pneumoniae strains, having an interaction with the path-
way inhibitor C4b-binding protein (C4BP). As a consequence, these surface proteins can
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be highly immunogenic, representing a suitable target for further vaccine development.
Preliminary results of murine models confirmed that the vaccine against PspA induced
sufficient antibody response, and the levels of anti-PspA IgG in the offspring sera derived
from immunized mothers was significantly higher compared to those in the offspring
from sham-immunized mothers [80,81]. A recombinant PspA-based vaccine (PspAB1-5)
showed efficacy in modifying complement-mediated killing through the deposit of more
C3 complement components on the surface of the S. pneumoniae strain [82]. Similar to
PspA, PspC was investigated as a vaccine target due to its high immunogenicity and ability
to influence the complement system. However, this surface protein is highly variant in
pneumococcal strains, and this diversity reflected functional differences. This phenomenon
ensured an escape benefit in the presence of anti-PspC variant-specific immunity; thus,
PspC is not a suitable vaccine target [83].

Promising results were published against pneumolysin (Ply), which is responsible for
lytic activity, complement activation, and depletion via the Toll-like receptor-4 (TLR4) and
pyrin domain-containing protein-3 (NLRP-3) inflammasome [84]. A multi-antigen vaccine,
PnuBioVax (PBV), contains PspA, Ply, and pilus-1 subunits to induce serotype-independent
immunity and has been investigated in immunised rabbits. Sera from PBV-immunised
rabbits contained high levels of IgG antibodies against PspA, Ply, PsaA, and PiuA, and
demonstrated enhanced opsonophagocytic killing [85]. In a phase 1 study, 36 healthy
adults (18–40 years) were randomised to receive three different doses of PnuBioVax (50,
200, 500 µg) or placebo. Volunteers receiving 200 and 500 µg of PnuBioVax demonstrated
at least a two-fold increase in antibodies against Ply, PspA, and pilus proteins (RrgB and
RrgA). The increase was significantly higher than in subjects receiving 50 µg PnuBioVax or
placebo. Regarding safety, all doses were well-tolerated [86]. Since then, fusion proteins
including Ply and other candidates, such as a lipoprotein SP0148, showed high immuno-
genicity in murine models, caused significantly lower lung bacterial loads, attenuated lung
inflammation, and was associated with strong Th1, Th2, and Th17 cell responses against
S. pneumoniae [87]. Similar results were found with a PspA-Ply fusion protein-based vac-
cine in mice: a significant production of TNF-α and IL-6 in the bronchoalveolar lavage fluid
(BALF) was observed, correlating with protection against pneumonia [88].

Pneumococcal histidine triad protein D (PhtD) has an important role in Zn acquisition,
thus influencing the host cell Zn metabolism and its immune response to bacteria [89]. In
a mouse model, intranasal PhtD-based vaccine induced high serum antibody and CD4
Th1-biased immune memory and triggered protection against pneumococcal coloniza-
tion [90]. In a phase I trial, healthy adults aged 18–50 years were recruited and received
an intramuscular injection of either 6, 25, or 100 µg of the PhtD vaccine. The recombinant
PhtD-based vaccine showed increased antibody titres without serious adverse events [91].
Another phase I/II PhtD-based vaccine clinical trial included 150 older (>65 years old) and
147 young (18–45 years old) adults. The subjects were randomised to receive two doses
(months 0 and 2) of PhtD 30 µg, PhtD 10 µg plus alum, PhtD 30 µg plus alum, PhtD 10 µg
plus AS02V or PhtD 30 µg plus AS02V, or the 23-valent polysaccharide pneumococcal
vaccine (23PPV) at month 0, with placebo at month 2. The results showed that in older
participants, anti-PhtD titres were lower than in young subjects, but the use of the adjuvant
AS02V with PhtD 30 µg induced an increased frequency of PhtD-specific CD4 cells and
higher memory B cell responses in both age groups [92]. A trivalent protein-based vaccine
containing recombinant PcpA, PhtD, and PlyD1 showed safety and a higher than two-fold
increase in antibody titres against the three proteins in children and adults in a phase I hu-
man study [93]. A phase II trial including 156 adults investigated the formulation carrying
the mixture of PhtD, pneumolysin toxoid (dPly), and the 10-valent pneumococcal non-
typeable H. influenzae protein D conjugate (PHiD-CV) vaccine and confirmed that dPly and
PhtD alone or in combination with PHiD-CV were immunogenic and well-tolerated [94].

Other vaccine targets were also analysed, such as the elongation factor TU (EF-Tu),
which is released through the autolysis of S. pneumoniae and can induce the production of a
range of pro-inflammatory cytokines. EF-Tu can be present on the cell surface; thus, it can
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be a novel target for vaccine development. Animal studies showed that a recombinant EF-
Tu-based vaccine triggered the production of inflammatory cytokines, the IgG1 and IgG2a
antibodies, and enhanced the phagocytic activity of macrophages against S. pneumoniae
infection, independently of the serotypes [95]. Novel studies also suggested that EF-Tu
could be a vaccine candidate, particularly in combination with neuraminidase A (NanA)
and Ply. A study tested a novel fusion protein, NanAT1-TufT1-PlyD4, and found that it
reduced the S. pneumoniae lung colonization and induced Th1, Th2, and Th17 responses in
the host [96].

In addition, there are several ongoing studies to develop vaccines based on diminish-
ing autolysin (lytA) or using genetically modified live attenuated whole cell vaccines or to
create nanovaccines [97–99].

The main virulence factors that can be potential vaccine candidates are shown on
Figure 2.
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Figure 2. Key potential virulence factors as pneumococcal vaccine targets.

Pneumolysin (Ply) is a pore-forming toxin that activates TLR-4 and NLRP-3, induces
the production of pro-inflammatory cytokines, and interacts with the complement sys-
tem. Autolysin can facilitate the release of Ply, and its gene (lytA) is removed to develop
killed whole cell vaccines. The pneumococcal proteins, such as pneumococcal surface
protein A (PspA), choline-binding protein A (CbpA, also known as PspC), enolase (Eno),
and pneumococcal histidine triad protein (Pht) can prevent complement activation and
deposition. Endopeptidase (PepO) can inhibit the classical pathway of the complement
system by binding to C1q. Currently, there are several recombinant protein-based vaccines
or nanovaccines containing PspA in combination with Ply or other structural components.
In the case of piliated strains, the pilus subunit tip adhesins, such as RrgA, can also serve
as a potential antigen target. The elongation factor Tu (EF-Tu) is one of the most conserved
in S. pneumoniae, having chaperone activity during protein synthesis; thus, recombinant
EF-Tu could be a novel antigen candidate for future vaccine development.
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5. Emerging Bacteria in COPD Exacerbations and Their Prevention

In addition to S. pneumoniae, the major bacterial causes of COPD exacerbations include
non-typable H. influenzae (NTHi), M. catarrhalis and Pseudomonas aeruginosa [100–102]. Ap-
proximately half of the bacterial exacerbations are induced by NTHi, this bacterium being
the most common in the respiratory tract in this population [103]. NTHi strains are not
encapsulated; thus, a surface antigen that can be targeted for immunization is lacking. The
first attempts to develop a vaccine against NTHi contained lipooligosaccharide (LOS) with-
out O-antigen, but it proved to be toxic and deemed to be useless for immunization [104].
In the first trial, 48 healthy adults aged 18–40 years received two vaccine formulations
(PD and a fusion protein PE-PilA); in the second study, 270 current or former smokers,
aged 50–70 years received vaccine formulations. All formulations were well-tolerated, had
acceptable safety profiles and triggered robust immune responses in adults. Based on these
data, further clinical trials were conducted with the NTHi vaccine against protein D, a
fusion-protein consisting of PilA and protein E [105].

M. catarrhalis can be a co-pathogen in the respiratory tract, promotes the survival of
NTHi, and increases antibiotic resistance [106,107]. Based on a retrospective study, from
sputum samples in which M. catarrhalis can be detected, 26.7% of isolates contained also
NTHi [101]. Thus, it was hypothesized that combined vaccination may bring benefits in
COPD patients through the prevention of exacerbations [108].

Damme et al. analysed the tolerability, safety, and immunogenicity of vaccine formu-
lations containing surface proteins of NTHi (PD and PE-PilA) and M. catarrhalis ubiquitous
surface protein A2 (UspA2) in adults with a smoking history ≥10 pack-years, representing
the COPD population.

Patients received two doses with a 2 month-interval in a randomised, observer-blind,
placebo-controlled study, demonstrating good humoral immune responses against NTHi
and M. catarrhalis across groups. These data suggest that the NTHi–M. catarrhalis vaccine
can be a reasonable tool for the prevention of COPD exacerbations [109].

A phase 2-controlled trial assessing immunogenicity involved 145 patients with mod-
erate/severe COPD who were randomized and treated with two doses of NTHi vaccine
containing recombinant protein D, protein E, and Pilin A (PE-PilA), as well as an AS01
adjuvant. Anti-PD, anti-PE, and anti-PilA antibody concentrations increased up to 30 days
after each NTHi vaccine dose and maintained higher levels than baseline up to 1-year
post-vaccination. Although immune responses were satisfactory, there were no statistically
significant changes in the frequency of exacerbations (the yearly rate was 1.49 for the
vaccinated group versus 1.73 for the control group) [110].

A similar tendency was observed in another multicentre, randomised, placebo-controlled
phase 2b trial that evaluated the effects of NTHi-Mcat-combined vaccination in patients
with COPD. In total, 606 participants were recruited, with 304 in the NTHi-Mcat group
and 302 in the placebo group. After receiving two doses, one-year post-vaccination, the
exacerbation rate was assessed. The results were disappointing, showing an average
exacerbation yearly rate for NTHi-Mcat group of 1.22 versus 1.17 in the control group:
the vaccine was ineffective (p = 0.82). No significant differences were observed between
the groups in time to first exacerbation (p = 0.58). In a post-hoc analysis where patients
were categorised by blood eosinophil count and inhaled corticosteroid use, there were no
significant reductions in exacerbation rates in the vaccinated group. The results confirmed
the vaccine’s immunogenicity and safety, but not its clinical effectiveness in reducing COPD
exacerbations [111].

Whooping cough caused by Bordetella pertussis is still underdiagnosed in the context
of the elderly and patients with risk factors. Adults aged >65 years are at a 4–6 times
higher risk of being hospitalized because of pertussis. Therefore, the assessment of risk and
pertussis prevention in COPD can be crucial [112]. It is also well-known that after the last
dose of Tdap, its effect lasts between 5 and 12 years, and booster vaccinations are needed
every 10 years to maintain immunity [113].
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In an observational study involving 104 patients, aged 40–85 years, with moder-
ate/severe COPD, testing for pertussis-specific antibodies (anti-PT) revealed that 14 out
of 104 (13.5%) patients exhibited anti-PT concentrations ≥50 IU/mL in either year 1 or
year 2. Moreover, 5.8% of patients demonstrated anti-PT levels ≥70 IU/mL, indicating the
presence of B. pertussis circulation within this population, and underscoring the importance
of considering vaccination in COPD [114]. A retrospective study further confirmed that
pertussis has a higher prevalence among individuals with pre-existing respiratory con-
ditions such as COPD and asthma, thereby imposing an increased economic burden on
healthcare services [115]. Tdap demonstrates a favourable safety profile and immunogenic-
ity across all adult age groups (>19 years), with recommendations for administration every
10 years as a booster to ensure sustained protection [116]. The Global Initiative for Chronic
Obstructive Lung Disease (GOLD) has incorporated the Centers for Disease Control and
Prevention (CDC) recommendation for Tdap vaccination to safeguard against pertussis,
tetanus, and diphtheria in individuals who did not receive vaccination during adoles-
cence [1]. Despite the implementation of routine booster vaccination in several European
countries, prospective trials are still required to evaluate vaccine efficacy in preventing
COPD exacerbations [117].

6. Conclusions

Patients with COPD are especially vulnerable to bacterial infections, which are the
main causes of exacerbations and mortality. Vaccines can reduce the infective burden and
could help maintain a stable COPD. Despite the increased risk of these patients, there
is still insufficient vaccine coverage and vaccine awareness. This review highlighted the
current state of vaccine recommendations against S. pneumoniae and other bacteria, such
as H. influenzae. Recently developed new PCV vaccines are included in international
guidelines, but despite the introduction of pneumococcal vaccines, S. pneumoniae serotypes
that are not included in vaccine formulation have increased the prevalence of pneumococcal
disease. We cannot be complacent, and further vaccine developments are needed to prevent
pneumococcal disease and bacterial exacerbations in patients with chronic lung diseases.

Author Contributions: D.P. and A.B. wrote the manuscript. K.B. and A.B. provided critical revision
and supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the ÚNKP-23-4-New National Excellence Program of the
Ministry for Culture and Innovation, the National Research, Development, and Innovation Fund.
Funding number: ÚNKP-23-4-SZTE-380.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. 2023 GOLD Report. Available online: https://goldcopd.org/2023-gold-report-2/ (accessed on 8 July 2023).
2. Soler-Cataluña, J.J.; Martínez-García, M.A.; Román Sánchez, P.; Salcedo, E.; Navarro, M.; Ochando, R. Severe Acute Exacerbations

and Mortality in Patients with Chronic Obstructive Pulmonary Disease. Thorax 2005, 60, 925–931. [CrossRef] [PubMed]
3. Bafadhel, M.; McKenna, S.; Terry, S.; Mistry, V.; Reid, C.; Haldar, P.; McCormick, M.; Haldar, K.; Kebadze, T.; Duvoix, A.; et al.

Acute Exacerbations of Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2011, 184, 662–671. [CrossRef]
[PubMed]

4. Barnes, P.J.; Burney, P.G.J.; Silverman, E.K.; Celli, B.R.; Vestbo, J.; Wedzicha, J.A.; Wouters, E.F.M. Chronic Obstructive Pulmonary
Disease. Nat. Rev. Dis. Primers 2015, 1, 15076. [CrossRef] [PubMed]

5. Hussell, T.; Bell, T.J. Alveolar Macrophages: Plasticity in a Tissue-Specific Context. Nat. Rev. Immunol. 2014, 14, 81–93. [CrossRef]
[PubMed]

6. Berenson, C.S.; Kruzel, R.L.; Eberhardt, E.; Sethi, S. Phagocytic Dysfunction of Human Alveolar Macrophages and Severity of
Chronic Obstructive Pulmonary Disease. J. Infect. Dis. 2013, 208, 2036–2045. [CrossRef] [PubMed]

7. Berenson, C.S.; Kruzel, R.L.; Eberhardt, E.; Dolnick, R.; Minderman, H.; Wallace, P.K.; Sethi, S. Impaired Innate Immune Alveolar
Macrophage Response and the Predilection for COPD Exacerbations. Thorax 2014, 69, 811–818. [CrossRef] [PubMed]

8. Crim, C.; Calverley, P.M.A.; Anderson, J.A.; Celli, B.; Ferguson, G.T.; Jenkins, C.; Jones, P.W.; Willits, L.R.; Yates, J.C.; Vestbo, J.
Pneumonia Risk in COPD Patients Receiving Inhaled Corticosteroids Alone or in Combination: TORCH Study Results. Eur.
Respir. J. 2009, 34, 641–647. [CrossRef] [PubMed]

https://goldcopd.org/2023-gold-report-2/
https://doi.org/10.1136/thx.2005.040527
https://www.ncbi.nlm.nih.gov/pubmed/16055622
https://doi.org/10.1164/rccm.201104-0597OC
https://www.ncbi.nlm.nih.gov/pubmed/21680942
https://doi.org/10.1038/nrdp.2015.76
https://www.ncbi.nlm.nih.gov/pubmed/27189863
https://doi.org/10.1038/nri3600
https://www.ncbi.nlm.nih.gov/pubmed/24445666
https://doi.org/10.1093/infdis/jit400
https://www.ncbi.nlm.nih.gov/pubmed/23908477
https://doi.org/10.1136/thoraxjnl-2013-203669
https://www.ncbi.nlm.nih.gov/pubmed/24686454
https://doi.org/10.1183/09031936.00193908
https://www.ncbi.nlm.nih.gov/pubmed/19443528


Vaccines 2024, 12, 213 13 of 17

9. Yang, M.; Du, Y.; Chen, H.; Jiang, D.; Xu, Z. Inhaled Corticosteroids and Risk of Pneumonia in Patients with Chronic Obstructive
Pulmonary Disease: A Meta-Analysis of Randomized Controlled Trials. Int. Immunopharmacol. 2019, 77, 105950. [CrossRef]

10. Sonnappa, S.; Martin, R.; Israel, E.; Postma, D.; van Aalderen, W.; Burden, A.; Usmani, O.S.; Price, D.B.; on behalf of the
Respiratory Effectiveness Group, S.A.S.G. Risk of Pneumonia in Obstructive Lung Disease: A Real-Life Study Comparing
Extra-Fine and Fine-Particle Inhaled Corticosteroids. PLoS ONE 2017, 12, e0178112. [CrossRef]

11. Albert, R.K.; Connett, J.; Bailey, W.C.; Casaburi, R.; Cooper, J.A.D.; Criner, G.J.; Curtis, J.L.; Dransfield, M.T.; Han, M.K.; Lazarus,
S.C.; et al. Azithromycin for Prevention of Exacerbations of COPD. N. Engl. J. Med. 2011, 365, 689–698. [CrossRef]

12. Examples: Complete Pneumococcal Vaccine Schedules for Adults. Available online: https://www.cdc.gov/vaccines/vpd/
pneumo/hcp/pneumo-vaccine-timing.html (accessed on 17 December 2023).

13. Sethi, S.; Maloney, J.; Grove, L.; Wrona, C.; Berenson, C.S. Airway Inflammation and Bronchial Bacterial Colonization in Chronic
Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2006, 173, 991–998. [CrossRef]

14. Sethi, S.; Murphy, T.F. Infection in the Pathogenesis and Course of Chronic Obstructive Pulmonary Disease. N. Engl. J. Med. 2008,
359, 2355–2365. [CrossRef]

15. Huang, Y.J.; Kim, E.; Cox, M.J.; Brodie, E.L.; Brown, R.; Wiener-Kronish, J.P.; Lynch, S.V. A Persistent and Diverse Airway
Microbiota Present during Chronic Obstructive Pulmonary Disease Exacerbations. OMICS 2010, 14, 9–59. [CrossRef]

16. Shukla, S.D.; Muller, H.K.; Latham, R.; Sohal, S.S.; Walters, E.H. Platelet-Activating Factor Receptor (PAFr) Is Upregulated in
Small Airways and Alveoli of Smokers and COPD Patients. Respirology 2016, 21, 504–510. [CrossRef]

17. Shukla, S.D.; Mahmood, M.Q.; Weston, S.; Latham, R.; Muller, H.K.; Sohal, S.S.; Walters, E.H. The Main Rhinovirus Respiratory
Tract Adhesion Site (ICAM-1) Is Upregulated in Smokers and Patients with Chronic Airflow Limitation (CAL). Respir. Res. 2017,
18, 6. [CrossRef]

18. Papi, A.; Bellettato, C.M.; Braccioni, F.; Romagnoli, M.; Casolari, P.; Caramori, G.; Fabbri, L.M.; Johnston, S.L. Infections and
Airway Inflammation in Chronic Obstructive Pulmonary Disease Severe Exacerbations. Am. J. Respir. Crit. Care Med. 2006, 173,
1114–1121. [CrossRef]

19. Celli, B.R.; Barnes, P.J. Exacerbations of Chronic Obstructive Pulmonary Disease. Eur. Respir. J. 2007, 29, 1224–1238. [CrossRef]
20. Geno, K.A.; Gilbert, G.L.; Song, J.Y.; Skovsted, I.C.; Klugman, K.P.; Jones, C.; Konradsen, H.B.; Nahm, M.H. Pneumococcal

Capsules and Their Types: Past, Present, and Future. Clin. Microbiol. Rev. 2015, 28, 871–899. [CrossRef]
21. Le Meur, J.-B.; Lefebvre, B.; Proulx, J.-F.; Déry, S.; Pépin, J.; De Wals, P. Impact of Pneumococcal Vaccines Use on Invasive

Pneumococcal Disease in Nunavik (Quebec) from 1997 to 2010. Int. J. Circumpolar Health 2014, 73, 22691. [CrossRef]
22. Aliberti, S.; Mantero, M.; Mirsaeidi, M.; Blasi, F. The Role of Vaccination in Preventing Pneumococcal Disease in Adults. Clin.

Microbiol. Infect. 2014, 20 (Suppl. 5), 52–58. [CrossRef]
23. Wyres, K.L.; Lambertsen, L.M.; Croucher, N.J.; McGee, L.; von Gottberg, A.; Liñares, J.; Jacobs, M.R.; Kristinsson, K.G.; Beall, B.W.;

Klugman, K.P.; et al. Pneumococcal Capsular Switching: A Historical Perspective. J. Infect. Dis. 2013, 207, 439–449. [CrossRef]
24. Golden, A.R.; Adam, H.J.; Karlowsky, J.A.; Baxter, M.; Nichol, K.A.; Martin, I.; Demczuk, W.; Van Caeseele, P.; Gubbay, J.B.;

Lefebvre, B.; et al. Molecular Characterization of Predominant Streptococcus Pneumoniae Serotypes Causing Invasive Infections
in Canada: The SAVE Study, 2011–2015. J. Antimicrob. Chemother. 2018, 73, vii20–vii31. [CrossRef]

25. Masomian, M.; Ahmad, Z.; Gew, L.T.; Poh, C.L. Development of Next Generation Streptococcus Pneumoniae Vaccines Conferring
Broad Protection. Vaccines 2020, 8, 132. [CrossRef]

26. Matanock, A. Use of 13-Valent Pneumococcal Conjugate Vaccine and 23-Valent Pneumococcal Polysaccharide Vaccine Among
Adults Aged ≥65 Years: Updated Recommendations of the Advisory Committee on Immunization Practices. MMWR Morb.
Mortal. Wkly. Rep. 2019, 68, 1069–1075. [CrossRef] [PubMed]

27. Huss, A.; Scott, P.; Stuck, A.E.; Trotter, C.; Egger, M. Efficacy of Pneumococcal Vaccination in Adults: A Meta-Analysis. CMAJ
2009, 180, 48–58. [CrossRef]

28. Tin Tin Htar, M.; Stuurman, A.L.; Ferreira, G.; Alicino, C.; Bollaerts, K.; Paganino, C.; Reinert, R.R.; Schmitt, H.-J.; Trucchi, C.;
Vestraeten, T.; et al. Effectiveness of Pneumococcal Vaccines in Preventing Pneumonia in Adults, a Systematic Review and
Meta-Analyses of Observational Studies. PLoS ONE 2017, 12, e0177985. [CrossRef]

29. Hung, C.-C.; Chang, S.-Y.; Su, C.-T.; Chen, Y.-Y.; Chang, S.-F.; Yang, C.-Y.; Liu, W.-C.; Wu, C.-H.; Chang, S.-C. A 5-Year Longitudinal
Follow-up Study of Serological Responses to 23-Valent Pneumococcal Polysaccharide Vaccination among Patients with HIV
Infection Who Received Highly Active Antiretroviral Therapy. HIV Med. 2010, 11, 54–63. [CrossRef]

30. Rodriguez-Barradas, M.C.; Musher, D.M.; Lahart, C.; Lacke, C.; Groover, J.; Watson, D.; Baughn, R.; Cate, T.; Crofoot, G. Antibody
to Capsular Polysaccharides of Streptococcus Pneumoniae after Vaccination of Human Immunodeficiency Virus-Infected Subjects
with 23-Valent Pneumococcal Vaccine. J. Infect. Dis. 1992, 165, 553–556. [CrossRef]

31. Clutterbuck, E.A.; Lazarus, R.; Yu, L.-M.; Bowman, J.; Bateman, E.A.L.; Diggle, L.; Angus, B.; Peto, T.E.; Beverley, P.C.; Mant, D.;
et al. Pneumococcal Conjugate and Plain Polysaccharide Vaccines Have Divergent Effects on Antigen-Specific B Cells. J. Infect.
Dis. 2012, 205, 1408–1416. [CrossRef]

32. Ingels, H.A.S.; Kantsø, B.; Slotved, H.-C. Serologic Response to Pneumococcal Vaccination in Children Experiencing Recurrent
Invasive Pneumococcal Disease. BMC Infect. Dis. 2018, 18, 366. [CrossRef]

33. Lazarus, R.; Clutterbuck, E.; Yu, L.-M.; Bowman, J.; Bateman, E.A.; Diggle, L.; Angus, B.; Peto, T.E.; Beverley, P.C.; Mant, D.; et al.
A Randomized Study Comparing Combined Pneumococcal Conjugate and Polysaccharide Vaccination Schedules in Adults. Clin.
Infect. Dis. 2011, 52, 736–742. [CrossRef]

https://doi.org/10.1016/j.intimp.2019.105950
https://doi.org/10.1371/journal.pone.0178112
https://doi.org/10.1056/NEJMoa1104623
https://www.cdc.gov/vaccines/vpd/pneumo/hcp/pneumo-vaccine-timing.html
https://www.cdc.gov/vaccines/vpd/pneumo/hcp/pneumo-vaccine-timing.html
https://doi.org/10.1164/rccm.200509-1525OC
https://doi.org/10.1056/NEJMra0800353
https://doi.org/10.1089/omi.2009.0100
https://doi.org/10.1111/resp.12709
https://doi.org/10.1186/s12931-016-0483-8
https://doi.org/10.1164/rccm.200506-859OC
https://doi.org/10.1183/09031936.00109906
https://doi.org/10.1128/CMR.00024-15
https://doi.org/10.3402/ijch.v73.22691
https://doi.org/10.1111/1469-0691.12518
https://doi.org/10.1093/infdis/jis703
https://doi.org/10.1093/jac/dky157
https://doi.org/10.3390/vaccines8010132
https://doi.org/10.15585/mmwr.mm6846a5
https://www.ncbi.nlm.nih.gov/pubmed/31751323
https://doi.org/10.1503/cmaj.080734
https://doi.org/10.1371/journal.pone.0177985
https://doi.org/10.1111/j.1468-1293.2009.00744.x
https://doi.org/10.1093/infdis/165.3.553
https://doi.org/10.1093/infdis/jis212
https://doi.org/10.1186/s12879-018-3267-6
https://doi.org/10.1093/cid/cir003


Vaccines 2024, 12, 213 14 of 17

34. Dransfield, M.T.; Nahm, M.H.; Han, M.K.; Harnden, S.; Criner, G.J.; Martinez, F.J.; Scanlon, P.D.; Woodruff, P.G.; Washko, G.R.;
Connett, J.E.; et al. Superior Immune Response to Protein-Conjugate versus Free Pneumococcal Polysaccharide Vaccine in Chronic
Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2009, 180, 499–505. [CrossRef]

35. Dransfield, M.T.; Harnden, S.; Burton, R.L.; Albert, R.K.; Bailey, W.C.; Casaburi, R.; Connett, J.; Cooper, J.A.D.; Criner, G.J.; Curtis,
J.L.; et al. Long-Term Comparative Immunogenicity of Protein Conjugate and Free Polysaccharide Pneumococcal Vaccines in
Chronic Obstructive Pulmonary Disease. Clin. Infect. Dis. 2012, 55, e35–e44. [CrossRef]

36. Goldblatt, D. Conjugate Vaccines. Clin. Exp. Immunol. 2000, 119, 1–3. [CrossRef]
37. Prymula, R.; Schuerman, L. 10-Valent Pneumococcal Nontypeable Haemophilus Influenzae PD Conjugate Vaccine: Synflorix.

Expert. Rev. Vaccines 2009, 8, 1479–1500. [CrossRef]
38. Centers for Disease Control and Prevention (CDC) Use of 13-Valent Pneumococcal Conjugate Vaccine and 23-Valent Pneumococcal

Polysaccharide Vaccine for Adults with Immunocompromising Conditions: Recommendations of the Advisory Committee on
Immunization Practices (ACIP). MMWR Morb. Mortal. Wkly. Rep. 2012, 61, 816–819.

39. Schwarz, T.F.; Flamaing, J.; Rümke, H.C.; Penzes, J.; Juergens, C.; Wenz, A.; Jayawardene, D.; Giardina, P.; Emini, E.A.; Gruber,
W.C.; et al. A Randomized, Double-Blind Trial to Evaluate Immunogenicity and Safety of 13-Valent Pneumococcal Conjugate
Vaccine given Concomitantly with Trivalent Influenza Vaccine in Adults Aged ≥65 Years. Vaccine 2011, 29, 5195–5202. [CrossRef]

40. Walters, J.A.; Smith, S.; Poole, P.; Granger, R.H.; Wood-Baker, R. Injectable Vaccines for Preventing Pneumococcal Infection in
Patients with Chronic Obstructive Pulmonary Disease. Cochrane Database Syst. Rev. 2010, 10, CD001390. [CrossRef]

41. Steentoft, J.; Konradsen, H.B.; Hilskov, J.; Gislason, G.; Andersen, J.R. Response to Pneumococcal Vaccine in Chronic Obstructive
Lung Disease--the Effect of Ongoing, Systemic Steroid Treatment. Vaccine 2006, 24, 1408–1412. [CrossRef] [PubMed]

42. Walters, J.A.; Tang, J.N.Q.; Poole, P.; Wood-Baker, R. Pneumococcal Vaccines for Preventing Pneumonia in Chronic Obstructive
Pulmonary Disease. Cochrane Database Syst. Rev. 2017, 1, CD001390. [CrossRef] [PubMed]

43. Alfageme, I.; Vazquez, R.; Reyes, N.; Muñoz, J.; Fernández, A.; Hernandez, M.; Merino, M.; Perez, J.; Lima, J. Clinical Efficacy of
Anti-Pneumococcal Vaccination in Patients with COPD. Thorax 2006, 61, 189–195. [CrossRef]

44. Ortqvist, A.; Hedlund, J.; Burman, L.A.; Elbel, E.; Höfer, M.; Leinonen, M.; Lindblad, I.; Sundelöf, B.; Kalin, M. Randomised Trial
of 23-Valent Pneumococcal Capsular Polysaccharide Vaccine in Prevention of Pneumonia in Middle-Aged and Elderly People.
Swedish Pneumococcal Vaccination Study Group. Lancet 1998, 351, 399–403. [CrossRef]

45. Jackson, L.A.; Neuzil, K.M.; Yu, O.; Benson, P.; Barlow, W.E.; Adams, A.L.; Hanson, C.A.; Mahoney, L.D.; Shay, D.K.; Thompson,
W.W.; et al. Effectiveness of Pneumococcal Polysaccharide Vaccine in Older Adults. N. Engl. J. Med. 2003, 348, 1747–1755.
[CrossRef]

46. Grabenstein, J.D.; Manoff, S.B. Pneumococcal Polysaccharide 23-Valent Vaccine: Long-Term Persistence of Circulating Antibody
and Immunogenicity and Safety after Revaccination in Adults. Vaccine 2012, 30, 4435–4444. [CrossRef]

47. LaFon, D.C.; Woo, H.; Fedarko, N.; Azar, A.; Hill, H.; Tebo, A.E.; Martins, T.B.; Han, M.K.; Krishnan, J.A.; Ortega, V.E.; et al.
Reduced Quantity and Function of Pneumococcal Antibodies Are Associated with Exacerbations of COPD in SPIROMICS. Clin.
Immunol. 2023, 250, 109324. [CrossRef]

48. Furumoto, A.; Ohkusa, Y.; Chen, M.; Kawakami, K.; Masaki, H.; Sueyasu, Y.; Iwanaga, T.; Aizawa, H.; Nagatake, T.; Oishi, K.
Additive Effect of Pneumococcal Vaccine and Influenza Vaccine on Acute Exacerbation in Patients with Chronic Lung Disease.
Vaccine 2008, 26, 4284–4289. [CrossRef]

49. Nichol, K.L. The Additive Benefits of Influenza and Pneumococcal Vaccinations during Influenza Seasons among Elderly Persons
with Chronic Lung Disease. Vaccine 1999, 17 (Suppl. 1), S91–S93. [CrossRef]

50. Christenson, B.; Pauksen, K.; Sylvan, S.P.E. Effect of Influenza and Pneumococcal Vaccines in Elderly Persons in Years of Low
Influenza Activity. Virol. J. 2008, 5, 52. [CrossRef] [PubMed]

51. Fekete, M.; Pako, J.; Nemeth, A.N.; Tarantini, S.; Varga, J.T. Prevalence of Influenza and Pneumococcal Vaccination in Chronic
Obstructive Pulmonary Disease Patients in Association with the Occurrence of Acute Exacerbations. J. Thorac. Dis. 2020, 12,
4233–4242. [CrossRef] [PubMed]

52. Li, Y.; Zhang, P.; An, Z.; Yue, C.; Wang, Y.; Liu, Y.; Yuan, X.; Ma, Y.; Li, K.; Yin, Z.; et al. Effectiveness of Influenza and Pneumococcal
Vaccines on Chronic Obstructive Pulmonary Disease Exacerbations. Respirology 2022, 27, 844–853. [CrossRef] [PubMed]

53. Chen, H.; Huang, Z.; Chang, S.; Hu, M.; Lu, Q.; Zhang, Y.; Wang, H.; Xiao, Y.; Wang, H.; Ge, Y.; et al. Immunogenicity and Safety
of an Inactivated SARS-CoV-2 Vaccine (Sinopharm BBIBP-CorV) Coadministered with Quadrivalent Split-Virion Inactivated
Influenza Vaccine and 23-Valent Pneumococcal Polysaccharide Vaccine in China: A Multicentre, Non-Inferiority, Open-Label,
Randomised, Controlled, Phase 4 Trial. Vaccine 2022, 40, 5322–5332. [CrossRef]

54. Davis, A.L.; Aranda, C.P.; Schiffman, G.; Christianson, L.C. Pneumococcal Infection and Immunologic Response to Pneumococcal
Vaccine in Chronic Obstructive Pulmonary Disease. A Pilot Study. Chest 1987, 92, 204–212. [CrossRef]

55. Kostinov, M.; Ryzhov, A.; Magarshak, O.; Zhirova, S.; Protasov, A.; Erofeev, I.; Migunova, O.; Tolokonnikova, I.; Liverko, E. The
Clinical Aspects of Efficiency of the Prevention of Pneumococcal Infection with Vaccines in Chronic Obstructive Pulmonary
Disease Patients Living in the West Siberian Region. Ter. Arkhiv 2014, 86, 28–33.

56. Ignatova, G.L.; Avdeev, S.N.; Antonov, V.N. Comparative Effectiveness of Pneumococcal Vaccination with PPV23 and PCV13 in
COPD Patients over a 5-Year Follow-up Cohort Study. Sci. Rep. 2021, 11, 15948. [CrossRef]

https://doi.org/10.1164/rccm.200903-0488OC
https://doi.org/10.1093/cid/cis513
https://doi.org/10.1046/j.1365-2249.2000.01109.x
https://doi.org/10.1586/erv.09.113
https://doi.org/10.1016/j.vaccine.2011.05.031
https://doi.org/10.1002/14651858.CD001390.pub3
https://doi.org/10.1016/j.vaccine.2005.09.020
https://www.ncbi.nlm.nih.gov/pubmed/16297507
https://doi.org/10.1002/14651858.CD001390.pub4
https://www.ncbi.nlm.nih.gov/pubmed/28116747
https://doi.org/10.1136/thx.2005.043323
https://doi.org/10.1016/S0140-6736(97)07358-3
https://doi.org/10.1056/NEJMoa022678
https://doi.org/10.1016/j.vaccine.2012.04.052
https://doi.org/10.1016/j.clim.2023.109324
https://doi.org/10.1016/j.vaccine.2008.05.037
https://doi.org/10.1016/S0264-410X(99)00114-0
https://doi.org/10.1186/1743-422X-5-52
https://www.ncbi.nlm.nih.gov/pubmed/18442371
https://doi.org/10.21037/jtd-20-814
https://www.ncbi.nlm.nih.gov/pubmed/32944335
https://doi.org/10.1111/resp.14309
https://www.ncbi.nlm.nih.gov/pubmed/35705329
https://doi.org/10.1016/j.vaccine.2022.07.033
https://doi.org/10.1378/chest.92.2.204
https://doi.org/10.1038/s41598-021-95129-w


Vaccines 2024, 12, 213 15 of 17

57. Black, S.; Shinefield, H.; Fireman, B.; Lewis, E.; Ray, P.; Hansen, J.R.; Elvin, L.; Ensor, K.M.; Hackell, J.; Siber, G.; et al. Efficacy,
Safety and Immunogenicity of Heptavalent Pneumococcal Conjugate Vaccine in Children. Northern California Kaiser Permanente
Vaccine Study Center Group. Pediatr. Infect. Dis. J. 2000, 19, 187–195. [CrossRef]

58. Jackson, L.A.; Neuzil, K.M.; Nahm, M.H.; Whitney, C.G.; Yu, O.; Nelson, J.C.; Starkovich, P.T.; Dunstan, M.; Carste, B.; Shay,
D.K.; et al. Immunogenicity of Varying Dosages of 7-Valent Pneumococcal Polysaccharide-Protein Conjugate Vaccine in Seniors
Previously Vaccinated with 23-Valent Pneumococcal Polysaccharide Vaccine. Vaccine 2007, 25, 4029–4037. [CrossRef]

59. Clutterbuck, E.A.; Salt, P.; Oh, S.; Marchant, A.; Beverley, P.; Pollard, A.J. The Kinetics and Phenotype of the Human B-Cell
Response Following Immunization with a Heptavalent Pneumococcal-CRM Conjugate Vaccine. Immunology 2006, 119, 328–337.
[CrossRef]

60. de Roux, A.; Schmöle-Thoma, B.; Siber, G.R.; Hackell, J.G.; Kuhnke, A.; Ahlers, N.; Baker, S.A.; Razmpour, A.; Emini, E.A.;
Fernsten, P.D.; et al. Comparison of Pneumococcal Conjugate Polysaccharide and Free Polysaccharide Vaccines in Elderly Adults:
Conjugate Vaccine Elicits Improved Antibacterial Immune Responses and Immunological Memory. Clin. Infect. Dis. 2008, 46,
1015–1023. [CrossRef]

61. Baxendale, H.E.; Johnson, M.; Keating, S.M.; Ashton, L.; Burbidge, P.; Woodgate, S.; Southern, J.; Miller, E.; Goldblatt, D.
Circulating Pneumococcal Specific Plasma and Memory B Cells in the Elderly Two Years after Pneumococcal Conjugate versus
Polysaccharide Vaccination. Vaccine 2010, 28, 6915–6922. [CrossRef]

62. Baxendale, H.E.; Keating, S.M.; Johnson, M.; Southern, J.; Miller, E.; Goldblatt, D. The Early Kinetics of Circulating Pneumococcal-
Specific Memory B Cells Following Pneumococcal Conjugate and Plain Polysaccharide Vaccines in the Elderly. Vaccine 2010, 28,
4763–4770. [CrossRef]

63. Cheng, A.; Chang, S.-Y.; Tsai, M.-S.; Su, Y.-C.; Liu, W.-C.; Sun, H.-Y.; Hung, C.-C. Long-Term Immune Responses and Comparative
Effectiveness of One or Two Doses of 7-Valent Pneumococcal Conjugate Vaccine (PCV7) in HIV-Positive Adults in the Era of
Combination Antiretroviral Therapy. J. Int. AIDS Soc. 2016, 19, 20631. [CrossRef]

64. Bonten, M.J.M.; Huijts, S.M.; Bolkenbaas, M.; Webber, C.; Patterson, S.; Gault, S.; van Werkhoven, C.H.; van Deursen, A.M.M.;
Sanders, E.A.M.; Verheij, T.J.M.; et al. Polysaccharide Conjugate Vaccine against Pneumococcal Pneumonia in Adults. N. Engl. J.
Med. 2015, 372, 1114–1125. [CrossRef]

65. Suaya, J.A.; Jiang, Q.; Scott, D.A.; Gruber, W.C.; Webber, C.; Schmoele-Thoma, B.; Hall-Murray, C.K.; Jodar, L.; Isturiz, R.E. Post
Hoc Analysis of the Efficacy of the 13-Valent Pneumococcal Conjugate Vaccine against Vaccine-Type Community-Acquired
Pneumonia in at-Risk Older Adults. Vaccine 2018, 36, 1477–1483. [CrossRef]

66. Metcalf, B.J.; Gertz, R.E.; Gladstone, R.A.; Walker, H.; Sherwood, L.K.; Jackson, D.; Li, Z.; Law, C.; Hawkins, P.A.; Chochua, S.;
et al. Strain Features and Distributions in Pneumococci from Children with Invasive Disease before and after 13-Valent Conjugate
Vaccine Implementation in the USA. Clin. Microbiol. Infect. 2016, 22, 60.e9–60.e29. [CrossRef]

67. Tomczyk, S.; Lynfield, R.; Schaffner, W.; Reingold, A.; Miller, L.; Petit, S.; Holtzman, C.; Zansky, S.M.; Thomas, A.; Baumbach,
J.; et al. Prevention of Antibiotic-Nonsusceptible Invasive Pneumococcal Disease With the 13-Valent Pneumococcal Conjugate
Vaccine. Clin. Infect. Dis. 2016, 62, 1119–1125. [CrossRef]

68. Kobayashi, M.; Farrar, J.L.; Gierke, R.; Britton, A.; Childs, L.; Leidner, A.J.; Campos-Outcalt, D.; Morgan, R.L.; Long, S.S.; Talbot,
H.K.; et al. Use of 15-Valent Pneumococcal Conjugate Vaccine and 20-Valent Pneumococcal Conjugate Vaccine Among U.S.
Adults: Updated Recommendations of the Advisory Committee on Immunization Practices—United States, 2022. MMWR Morb.
Mortal. Wkly. Rep. 2022, 71, 109–117. [CrossRef]

69. Stacey, H.L.; Rosen, J.; Peterson, J.T.; Williams-Diaz, A.; Gakhar, V.; Sterling, T.M.; Acosta, C.J.; Nolan, K.M.; Li, J.; Pedley, A.;
et al. Safety and Immunogenicity of 15-Valent Pneumococcal Conjugate Vaccine (PCV-15) Compared to PCV-13 in Healthy Older
Adults. Hum. Vaccin. Immunother. 2019, 15, 530–539. [CrossRef]

70. Essink, B.; Sabharwal, C.; Cannon, K.; Frenck, R.; Lal, H.; Xu, X.; Sundaraiyer, V.; Peng, Y.; Moyer, L.; Pride, M.W.; et al. Pivotal
Phase 3 Randomized Clinical Trial of the Safety, Tolerability, and Immunogenicity of 20-Valent Pneumococcal Conjugate Vaccine
in Adults Aged ≥18 Years. Clin. Infect. Dis. 2022, 75, 390–398. [CrossRef]

71. Hurley, D.; Griffin, C.; Young, M.; Scott, D.A.; Pride, M.W.; Scully, I.L.; Ginis, J.; Severs, J.; Jansen, K.U.; Gruber, W.C.; et al. Safety,
Tolerability, and Immunogenicity of a 20-Valent Pneumococcal Conjugate Vaccine (PCV20) in Adults 60 to 64 Years of Age. Clin.
Infect. Dis. 2021, 73, e1489–e1497. [CrossRef]

72. Thompson, A.R.; Klein, N.P.; Downey, H.J.; Patterson, S.; Sundaraiyer, V.; Watson, W.; Clarke, K.; Jansen, K.U.; Sebastian, S.;
Gruber, W.C.; et al. Coadministration of 13-Valent Pneumococcal Conjugate and Quadrivalent Inactivated Influenza Vaccines
in Adults Previously Immunized with Polysaccharide Pneumococcal Vaccine 23: A Randomized Clinical Trial. Hum. Vaccin.
Immunother. 2019, 15, 444–451. [CrossRef]

73. Cannon, K.; Cardona, J.F.; Yacisin, K.; Thompson, A.; Belanger, T.J.; Lee, D.-Y.; Peng, Y.; Moyer, L.; Ginis, J.; Gruber, W.C.;
et al. Safety and Immunogenicity of a 20-Valent Pneumococcal Conjugate Vaccine Coadministered with Quadrivalent Influenza
Vaccine: A Phase 3 Randomized Trial. Vaccine 2023, 41, 2137–2146. [CrossRef]

74. Fitz-Patrick, D.; Young, M.; Yacisin, K.; McElwee, K.; Belanger, T.; Belanger, K.; Peng, Y.; Lee, D.-Y.; Gruber, W.C.; Scott, D.A.; et al.
Randomized Trial to Evaluate the Safety, Tolerability, and Immunogenicity of a Booster (Third Dose) of BNT162b2 COVID-19
Vaccine Coadministered with 20-Valent Pneumococcal Conjugate Vaccine in Adults ≥65 Years Old. Vaccine 2023, 41, 4190–4198.
[CrossRef]

https://doi.org/10.1097/00006454-200003000-00003
https://doi.org/10.1016/j.vaccine.2007.02.062
https://doi.org/10.1111/j.1365-2567.2006.02436.x
https://doi.org/10.1086/529142
https://doi.org/10.1016/j.vaccine.2010.08.004
https://doi.org/10.1016/j.vaccine.2010.04.103
https://doi.org/10.7448/IAS.19.1.20631
https://doi.org/10.1056/NEJMoa1408544
https://doi.org/10.1016/j.vaccine.2018.01.049
https://doi.org/10.1016/j.cmi.2015.08.027
https://doi.org/10.1093/cid/ciw067
https://doi.org/10.15585/mmwr.mm7104a1
https://doi.org/10.1080/21645515.2018.1532249
https://doi.org/10.1093/cid/ciab990
https://doi.org/10.1093/cid/ciaa1045
https://doi.org/10.1080/21645515.2018.1533777
https://doi.org/10.1016/j.vaccine.2022.11.046
https://doi.org/10.1016/j.vaccine.2023.05.002


Vaccines 2024, 12, 213 16 of 17

75. Ofori-Anyinam, O.; Leroux-Roels, G.; Drame, M.; Aerssens, A.; Maes, C.; Amanullah, A.; Schuind, A.; Li, P.; Jain, V.K.; Innis, B.L.
Immunogenicity and Safety of an Inactivated Quadrivalent Influenza Vaccine Co-Administered with a 23-Valent Pneumococcal
Polysaccharide Vaccine versus Separate Administration, in Adults ≥50years of Age: Results from a Phase III, Randomized,
Non-Inferiority Trial. Vaccine 2017, 35, 6321–6328. [CrossRef]

76. Shoji, H.; Vázquez-Sánchez, D.A.; Gonzalez-Diaz, A.; Cubero, M.; Tubau, F.; Santos, S.; García-Somoza, D.; Liñares, J.; Yuste, J.;
Martí, S.; et al. Overview of Pneumococcal Serotypes and Genotypes Causing Diseases in Patients with Chronic Obstructive
Pulmonary Disease in a Spanish Hospital between 2013 and 2016. Infect. Drug Resist. 2018, 11, 1387–1400. [CrossRef]

77. De Rose, V.; Molloy, K.; Gohy, S.; Pilette, C.; Greene, C.M. Airway Epithelium Dysfunction in Cystic Fibrosis and COPD. Mediat.
Inflamm. 2018, 2018, 1309746. [CrossRef]

78. Tu, A.H.; Fulgham, R.L.; McCrory, M.A.; Briles, D.E.; Szalai, A.J. Pneumococcal Surface Protein A Inhibits Complement Activation
by Streptococcus Pneumoniae. Infect. Immun. 1999, 67, 4720–4724. [CrossRef]

79. Håkansson, A.; Roche, H.; Mirza, S.; McDaniel, L.S.; Brooks-Walter, A.; Briles, D.E. Characterization of Binding of Human
Lactoferrin to Pneumococcal Surface Protein A. Infect. Immun. 2001, 69, 3372–3381. [CrossRef]

80. Briles, D.E.; Hollingshead, S.K.; King, J.; Swift, A.; Braun, P.A.; Park, M.K.; Ferguson, L.M.; Nahm, M.H.; Nabors, G.S. Immuniza-
tion of Humans with Recombinant Pneumococcal Surface Protein A (rPspA) Elicits Antibodies That Passively Protect Mice from
Fatal Infection with Streptococcus Pneumoniae Bearing Heterologous PspA. J. Infect. Dis. 2000, 182, 1694–1701. [CrossRef]

81. Kono, M.; Iyo, T.; Murakami, D.; Sakatani, H.; Nanushaj, D.; Hotomi, M. Maternal Immunization with Pneumococcal Surface
Protein A Provides the Immune Memories of Offspring against Pneumococcal Infection. Front. Cell Infect. Microbiol. 2023,
13, 1059603. [CrossRef]

82. Akbari, E.; Negahdari, B.; Faraji, F.; Behdani, M.; Kazemi-Lomedasht, F.; Habibi-Anbouhi, M. Protective Responses of an
Engineered PspA Recombinant Antigen against Streptococcus Pneumoniae. Biotechnol. Rep. 2019, 24, e00385. [CrossRef]

83. Georgieva, M.; Kagedan, L.; Lu, Y.-J.; Thompson, C.M.; Lipsitch, M. Antigenic Variation in Streptococcus Pneumoniae PspC
Promotes Immune Escape in the Presence of Variant-Specific Immunity. mBio 2018, 9, e00264-18. [CrossRef]

84. McNeela, E.A.; Burke, A.; Neill, D.R.; Baxter, C.; Fernandes, V.E.; Ferreira, D.; Smeaton, S.; El-Rachkidy, R.; McLoughlin, R.M.;
Mori, A.; et al. Pneumolysin Activates the NLRP3 Inflammasome and Promotes Proinflammatory Cytokines Independently of
TLR4. PLoS Pathog. 2010, 6, e1001191. [CrossRef]

85. Hill, S.; Entwisle, C.; Pang, Y.; Joachim, M.; McIlgorm, A.; Dalton, K.; Burbidge, P.; Colaco, C.; Brown, J.; Goldblatt, D.; et al.
Immunogenicity and Mechanisms of Action of PnuBioVax, a Multi-Antigen Serotype-Independent Prophylactic Vaccine against
Infection with Streptococcus Pneumoniae. Vaccine 2018, 36, 4255–4264. [CrossRef]

86. Entwisle, C.; Hill, S.; Pang, Y.; Joachim, M.; McIlgorm, A.; Colaco, C.; Goldblatt, D.; De Gorguette D’Argoeuves, P.; Bailey, C.
Safety and Immunogenicity of a Novel Multiple Antigen Pneumococcal Vaccine in Adults: A Phase 1 Randomised Clinical Trial.
Vaccine 2017, 35, 7181–7186. [CrossRef]

87. Wang, Y.; Xia, L.; Wang, G.; Lu, H.; Wang, H.; Luo, S.; Zhang, T.; Gao, S.; Huang, J.; Min, X. Subcutaneous Immunization with
the Fusion. Protein ∆A146Ply-SP0148 Confers Protection against Streptococcus Pneumoniae Infection. Microb. Pathog. 2022,
162, 105325. [CrossRef]

88. Dos Santos, T.W.; Gonçalves, P.A.; Rodriguez, D.; Pereira, J.A.; Martinez, C.A.R.; Leite, L.C.C.; Ferraz, L.F.C.; Converso, T.R.;
Darrieux, M. A Fusion Protein Comprising Pneumococcal Surface Protein A and a Pneumolysin Derivate Confers Protection in a
Murine Model of Pneumococcal Pneumonia. PLoS ONE 2022, 17, e0277304. [CrossRef]

89. Bersch, B.; Bougault, C.; Roux, L.; Favier, A.; Vernet, T.; Durmort, C. New Insights into Histidine Triad Proteins: Solution Structure
of a Streptococcus Pneumoniae PhtD Domain and Zinc Transfer to AdcAII. PLoS ONE 2013, 8, e81168. [CrossRef]

90. Khan, M.N.; Pichichero, M.E. CD4 T Cell Memory and Antibody Responses Directed against the Pneumococcal Histidine
Triad Proteins PhtD and PhtE Following Nasopharyngeal Colonization and Immunization and Their Role in Protection against
Pneumococcal Colonization in Mice. Infect. Immun. 2013, 81, 3781–3792. [CrossRef]

91. Seiberling, M.; Bologa, M.; Brookes, R.; Ochs, M.; Go, K.; Neveu, D.; Kamtchoua, T.; Lashley, P.; Yuan, T.; Gurunathan, S. Safety
and Immunogenicity of a Pneumococcal Histidine Triad Protein D Vaccine Candidate in Adults. Vaccine 2012, 30, 7455–7460.
[CrossRef]

92. Leroux-Roels, I.; Devaster, J.-M.; Leroux-Roels, G.; Verlant, V.; Henckaerts, I.; Moris, P.; Hermand, P.; Van Belle, P.; Poolman, J.T.;
Vandepapelière, P.; et al. Adjuvant System AS02V Enhances Humoral and Cellular Immune Responses to Pneumococcal Protein
PhtD Vaccine in Healthy Young and Older Adults: Randomised, Controlled Trials. Vaccine 2015, 33, 577–584. [CrossRef]

93. Brooks, W.A.; Chang, L.-J.; Sheng, X.; Hopfer, R. PPR02 Study Team Safety and Immunogenicity of a Trivalent Recombinant
PcpA, PhtD, and PlyD1 Pneumococcal Protein Vaccine in Adults, Toddlers, and Infants: A Phase I Randomized Controlled Study.
Vaccine 2015, 33, 4610–4617. [CrossRef]

94. Leroux-Roels, G.; Maes, C.; De Boever, F.; Traskine, M.; Rüggeberg, J.U.; Borys, D. Safety, Reactogenicity and Immunogenicity of a Novel
Pneumococcal Protein-Based Vaccine in Adults: A Phase I/II Randomized Clinical Study. Vaccine 2014, 32, 6838–6846. [CrossRef]

95. Nagai, K.; Domon, H.; Maekawa, T.; Hiyoshi, T.; Tamura, H.; Yonezawa, D.; Habuka, R.; Saitoh, A.; Terao, Y. Immunization with
Pneumococcal Elongation Factor Tu Enhances Serotype-Independent Protection against Streptococcus Pneumoniae Infection.
Vaccine 2019, 37, 160–168. [CrossRef]

96. Cui, Y.; Miao, C.; Chen, W.; Shang, W.; Qi, Q.; Zhou, W.; Wang, X.; Li, Y.; Yan, Z.; Jiang, Y. Construction and Protective Efficacy of
a Novel Streptococcus Pneumoniae Fusion Protein Vaccine NanAT1-TufT1-PlyD4. Front. Immunol. 2022, 13, 1043293. [CrossRef]

https://doi.org/10.1016/j.vaccine.2017.09.012
https://doi.org/10.2147/IDR.S165093
https://doi.org/10.1155/2018/1309746
https://doi.org/10.1128/IAI.67.9.4720-4724.1999
https://doi.org/10.1128/IAI.69.5.3372-3381.2001
https://doi.org/10.1086/317602
https://doi.org/10.3389/fcimb.2023.1059603
https://doi.org/10.1016/j.btre.2019.e00385
https://doi.org/10.1128/mBio.00264-18
https://doi.org/10.1371/journal.ppat.1001191
https://doi.org/10.1016/j.vaccine.2018.05.122
https://doi.org/10.1016/j.vaccine.2017.10.076
https://doi.org/10.1016/j.micpath.2021.105325
https://doi.org/10.1371/journal.pone.0277304
https://doi.org/10.1371/journal.pone.0081168
https://doi.org/10.1128/IAI.00313-13
https://doi.org/10.1016/j.vaccine.2012.10.080
https://doi.org/10.1016/j.vaccine.2013.10.052
https://doi.org/10.1016/j.vaccine.2015.06.078
https://doi.org/10.1016/j.vaccine.2014.02.052
https://doi.org/10.1016/j.vaccine.2018.11.015
https://doi.org/10.3389/fimmu.2022.1043293


Vaccines 2024, 12, 213 17 of 17

97. Lu, Y.-J.; Yadav, P.; Clements, J.D.; Forte, S.; Srivastava, A.; Thompson, C.M.; Seid, R.; Look, J.; Alderson, M.; Tate, A.; et al.
Options for Inactivation, Adjuvant, and Route of Topical Administration of a Killed, Unencapsulated Pneumococcal Whole-Cell
Vaccine. Clin. Vaccine Immunol. 2010, 17, 1005–1012. [CrossRef]

98. Jang, A.-Y.; Ahn, K.B.; Zhi, Y.; Ji, H.-J.; Zhang, J.; Han, S.H.; Guo, H.; Lim, S.; Song, J.Y.; Lim, J.H.; et al. Serotype-Independent
Protection Against Invasive Pneumococcal Infections Conferred by Live Vaccine With Lgt Deletion. Front. Immunol. 2019, 10, 1212.
[CrossRef]

99. Rodrigues, T.C.; Oliveira, M.L.S.; Soares-Schanoski, A.; Chavez-Rico, S.L.; Figueiredo, D.B.; Gonçalves, V.M.; Ferreira, D.M.;
Kunda, N.K.; Saleem, I.Y.; Miyaji, E.N. Mucosal Immunization with PspA (Pneumococcal Surface Protein A)-Adsorbed Nanopar-
ticles Targeting the Lungs for Protection against Pneumococcal Infection. PLoS ONE 2018, 13, e0191692. [CrossRef]

100. Sethi, S.; Evans, N.; Grant, B.J.B.; Murphy, T.F. New Strains of Bacteria and Exacerbations of Chronic Obstructive Pulmonary
Disease. N. Engl. J. Med. 2002, 347, 465–471. [CrossRef]

101. Murphy, T.F.; Brauer, A.L.; Grant, B.J.B.; Sethi, S. Moraxella Catarrhalis in Chronic Obstructive Pulmonary Disease: Burden of
Disease and Immune Response. Am. J. Respir. Crit. Care Med. 2005, 172, 195–199. [CrossRef]

102. Murphy, T.F.; Brauer, A.L.; Eschberger, K.; Lobbins, P.; Grove, L.; Cai, X.; Sethi, S. Pseudomonas Aeruginosa in Chronic Obstructive
Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2008, 177, 853–860. [CrossRef]

103. Sriram, K.B.; Cox, A.J.; Clancy, R.L.; Slack, M.P.E.; Cripps, A.W. Nontypeable Haemophilus Influenzae and Chronic Obstructive
Pulmonary Disease: A Review for Clinicians. Crit. Rev. Microbiol. 2018, 44, 125–142. [CrossRef]

104. Khan, M.N.; Ren, D.; Kaur, R.; Basha, S.; Zagursky, R.; Pichichero, M.E. Developing a Vaccine to Prevent Otitis Media Caused by
Nontypeable Haemophilus Influenzae. Expert. Rev. Vaccines 2016, 15, 863–878. [CrossRef]

105. Leroux-Roels, G.; Van Damme, P.; Haazen, W.; Shakib, S.; Caubet, M.; Aris, E.; Devaster, J.-M.; Peeters, M. Phase I, Randomized,
Observer-Blind, Placebo-Controlled Studies to Evaluate the Safety, Reactogenicity and Immunogenicity of an Investigational
Non-Typeable Haemophilus Influenzae (NTHi) Protein Vaccine in Adults. Vaccine 2016, 34, 3156–3163. [CrossRef]

106. Armbruster, C.E.; Hong, W.; Pang, B.; Weimer, K.E.D.; Juneau, R.A.; Turner, J.; Swords, W.E. Indirect Pathogenicity of Haemophilus
Influenzae and Moraxella Catarrhalis in Polymicrobial Otitis Media Occurs via Interspecies Quorum Signaling. mBio 2010, 1,
e00102-10. [CrossRef]

107. Tan, T.T.; Morgelin, M.; Forsgren, A.; Riesbeck, K. Haemophilus Influenzae Survival during Complement-Mediated Attacks Is
Promoted by Moraxella Catarrhalis Outer Membrane Vesicles. J. Infect. Dis. 2007, 195, 1661–1670. [CrossRef]

108. Perez, A.C.; Murphy, T.F. Do We Need a Vaccine against Moraxella Catarrhalis in Chronic Lung Disease? What Are the Options
and Opportunities? Vaccine 2019, 37, 5551–5558. [CrossRef]

109. Van Damme, P.; Leroux-Roels, G.; Vandermeulen, C.; De Ryck, I.; Tasciotti, A.; Dozot, M.; Moraschini, L.; Testa, M.; Arora, A.K.
Safety and Immunogenicity of Non-Typeable Haemophilus Influenzae-Moraxella Catarrhalis Vaccine. Vaccine 2019, 37, 3113–3122.
[CrossRef]

110. Wilkinson, T.M.A.; Schembri, S.; Brightling, C.; Bakerly, N.D.; Lewis, K.; MacNee, W.; Rombo, L.; Hedner, J.; Allen, M.; Walker,
P.P.; et al. Non-Typeable Haemophilus Influenzae Protein Vaccine in Adults with COPD: A Phase 2 Clinical Trial. Vaccine 2019, 37,
6102–6111. [CrossRef]

111. Andreas, S.; Testa, M.; Boyer, L.; Brusselle, G.; Janssens, W.; Kerwin, E.; Papi, A.; Pek, B.; Puente-Maestu, L.; Saralaya, D.; et al.
Non-Typeable Haemophilus Influenzae-Moraxella Catarrhalis Vaccine for the Prevention of Exacerbations in Chronic Obstructive
Pulmonary Disease: A Multicentre, Randomised, Placebo-Controlled, Observer-Blinded, Proof-of-Concept, Phase 2b Trial. Lancet
Respir. Med. 2022, 10, 435–446. [CrossRef]

112. Liu, B.C.; McIntyre, P.; Kaldor, J.M.; Quinn, H.E.; Ridda, I.; Banks, E. Pertussis in Older Adults: Prospective Study of Risk Factors
and Morbidity. Clin. Infect. Dis. 2012, 55, 1450–1456. [CrossRef]

113. González-Barcala, F.-J.; Villar-Álvarez, F.; Martinón-Torres, F. Whooping Cough: The Visible Enemy. Arch. Bronconeumol. 2022, 58,
300–302. [CrossRef] [PubMed]

114. Wilkinson, T.M.A.; Van den Steen, P.; Cheuvart, B.; Baudson, N.; Dodet, M.; Turriani, E.; Harrington, L.; Meyer, N.; Rondini, S.;
Taddei, L.; et al. Seroprevalence of Bordetella Pertussis Infection in Patients With Chronic Obstructive Pulmonary Disease in
England: Analysis of the AERIS Cohort. COPD 2021, 18, 341–348. [CrossRef]

115. Buck, P.O.; Meyers, J.L.; Gordon, L.-D.; Parikh, R.; Kurosky, S.K.; Davis, K.L. Economic Burden of Diagnosed Pertussis among
Individuals with Asthma or Chronic Obstructive Pulmonary Disease in the USA: An Analysis of Administrative Claims. Epidemiol.
Infect. 2017, 145, 2109–2121. [CrossRef]

116. Havers, F.P.; Moro, P.L.; Hunter, P.; Hariri, S.; Bernstein, H. Use of Tetanus Toxoid, Reduced Diphtheria Toxoid, and Acellular
Pertussis Vaccines: Updated Recommendations of the Advisory Committee on Immunization Practices—United States, 2019.
MMWR Morb. Mortal. Wkly. Rep. 2020, 69, 77–83. [CrossRef] [PubMed]

117. Villar-Álvarez, F.; González-Barcala, F.-J.; Bernal-González, P.J. Pertussis Vaccine in COPD and Asthma: An Old Acquaintance Is
Back. Open Respir. Arch. 2022, 4, 100153. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/CVI.00036-10
https://doi.org/10.3389/fimmu.2019.01212
https://doi.org/10.1371/journal.pone.0191692
https://doi.org/10.1056/NEJMoa012561
https://doi.org/10.1164/rccm.200412-1747OC
https://doi.org/10.1164/rccm.200709-1413OC
https://doi.org/10.1080/1040841X.2017.1329274
https://doi.org/10.1586/14760584.2016.1156539
https://doi.org/10.1016/j.vaccine.2016.04.051
https://doi.org/10.1128/mBio.00102-10
https://doi.org/10.1086/517611
https://doi.org/10.1016/j.vaccine.2016.12.066
https://doi.org/10.1016/j.vaccine.2019.04.041
https://doi.org/10.1016/j.vaccine.2019.07.100
https://doi.org/10.1016/S2213-2600(21)00502-6
https://doi.org/10.1093/cid/cis627
https://doi.org/10.1016/j.arbres.2021.06.008
https://www.ncbi.nlm.nih.gov/pubmed/35315328
https://doi.org/10.1080/15412555.2021.1920904
https://doi.org/10.1017/S0950268817000887
https://doi.org/10.15585/mmwr.mm6903a5
https://www.ncbi.nlm.nih.gov/pubmed/31971933
https://doi.org/10.1016/j.opresp.2021.100153
https://www.ncbi.nlm.nih.gov/pubmed/37497170

	Introduction 
	The Importance of Bacterial Vaccines in COPD Care 
	Pneumococcal Vaccination 
	Serotypes and Vaccine Options 
	PPSV23 and PCVs 
	Clinical Efficacy of PPSV23 in Chronic Respiratory Conditions 
	Co-Administration of PPSV23 and Antiviral Vaccines 
	Clinical Efficacy of PCVs in COPD 
	Co-Administration of PCVs and Antiviral Vaccines 

	Main Virulence Factors of S. pneumoniae and Potential Future Vaccine Targets 
	Emerging Bacteria in COPD Exacerbations and Their Prevention 
	Conclusions 
	References

