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Abstract

Invasive pneumococcal disease (IPD) results from the dissemination of Streptococcus pneu-
monige to normally sterile anatomical sites such as the bloodstream or cerebrospinal fluid.
One of the primary roles of pneumococcal conjugate vaccines (PCVs) used in Romania
is to reduce the burden of pneumococcal disease. This single-center retrospective study
provides an updated overview of IPD epidemiology in a Romanian tertiary hospital. We
analyzed 67 IPD cases identified between 2017 and 2023, of which 45 isolates underwent
whole-genome sequencing followed by multilocus sequence typing. Results of genome se-
quence analysis revealed a diverse population of pneumococci, underlining the importance
of continuous genomic surveillance. Expanded-valency pneumococcal conjugate vaccines
(PCVs), particularly PCV20, showed markedly improved serotype coverage compared to
PCV7 and PCV13, while PCV21 showed serotype coverage comparable to that of PCV13.
Antimicrobial susceptibility testing revealed sustained resistance to beta-lactams, particu-
larly among meningitis isolates, underscoring the need for targeted antibiotic stewardship
and continuous monitoring of local resistance trends. Overall, these findings highlight the
evolving epidemiology of invasive pneumococcal disease in Romania, in the post-PCV era,
and the need to adapt vaccination and treatment strategies accordingly.

Keywords: Streptococcus pneumoniae; invasive pneumococcal disease; pneumococcal
serotype; pneumococcal conjugate vaccine; whole genome sequencing
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1. Introduction

Streptococcus pneumoniae, also known as pneumococcus, is a Gram-positive, encap-
sulated bacterium that is considered a normal component of the commensal flora of the
upper respiratory tract. However, it is also an opportunistic pathogen, representing the
most common cause of community-acquired bacterial pneumonia in both children and the
elderly. Besides cases of pneumonia, S. pneumoniae is responsible for otitis media and inva-
sive pneumococcal disease (IPD). IPD is characterized by the translocation of S. prneumoniae
from its commensal niche in the upper respiratory tract to normally sterile anatomical
sites, most commonly the bloodstream and cerebrospinal fluid [1-3]. To date, more than
100 different serotypes of S. pneumoniae have been described based on the structure of
their polysaccharide capsule. Serotype differences have been shown to exist not only on a
genetic and structural level, but also regarding the clinical manifestation of pneumococcal
disease. Historically, some serotypes, such as 1,2, 4, 5, 7F, 8, 9V, 12F, 14, 16, 18C, and 19A,
have been more frequently associated with invasive disease [4,5]. It is well established that
pneumococcal serotypes associated with IPD differ across geographic areas [6,7].

Despite prevention efforts, such as pneumococcal vaccination of children, IPD remains
relatively prevalent both because of reduced vaccination coverage in the general population
and because of serotype replacement with non-vaccine serotype pneumococci [8,9]. Thus,
determining the serotype of IPD isolates is a key step for epidemiological surveillance.
While historically serotyping has been done by such techniques as Quellung testing or
multiplex PCR [10], whole genome sequencing (WGS) has also become a useful tool
in determining pneumococcal serotype. WGS analysis of IPD isolates is also able to
establish the sequence type (ST) of pneumococci via multi-locus sequence typing (MLST).
MLST further distinguishes between strains, MLST enables further discrimination between
strains, facilitating the identification of bacterial factors that may contribute to differences
in pathogenicity [11].

The first vaccine available for use in the prevention of pneumococcal infections was a
14-valent polysaccharide vaccine, which later led to the licensing of the 23-valent polysac-
charide vaccine (PPSV23) still in use today. As it offered extensive coverage against
serotypes that cause 80% to 90% of IPD [4], it has been utilized successfully in disease
prevention, especially in the elderly population. However, a key drawback of the PPSV23
vaccine is that it does not have sufficient immunogenic activity when used in small chil-
dren [12]. Besides this limitation, it offers a limited duration of protection, which diminishes
over time, and thus, revaccination is mandated in order to preserve immunity [13].

For vaccination of young children, the use of pneumococcal conjugate vaccines (PCVs)
is preferred instead of PPSV23, since PCVs induce an adequate T-cell mediated immunity in
this patient population when compared to non-conjugated polysaccharide vaccine [14,15].
The seven serotypes covered by the PCV7 vaccine are as follows: 4, 6B, 9V, 14, 18C, 19F,
23F. The PCV13 contains all serotypes covered by the PCV7 and extends the list with
the following six serotypes: 1, 3, 5, 6A, 7F, 19A [16,17]. The PCV20 vaccine contains all
the serotypes covered by PCV13, further adding seven serotypes: 8, 10A, 11A, 12F, 15B,
22F, 33F. With the addition of these 7 serotypes an extended valence conjugate vaccine is
obtained, comparable to the serotype coverage of the non-conjugate PPSV23. Compared
to PCV20, the coverage spectrum of PPSV23 does not include serotype 6A, meanwhile
offering coverage for four additional serotypes, namely 2, 9N, 17F, and 20. The PCV21
vaccine contains only four serotypes that are covered by the PCV13 vaccine, namely 3, 6A,
7F, and 19A. In addition, the PCV21 includes serotypes 8, 9N, 10A, 11A, 12F, 15A, 15B, 16F,
17F, 20A, 22F, 23A, 23B, 24F, 31, 33F, and 35B (Table 1) [16,17]. In Romania, the conjugate
vaccine formulation for vaccination of young children during our study period was PCV13,
which was introduced in the National Vaccination Calendar in 2017.

https:/ /doi.org/10.3390 /microorganisms14020418


https://doi.org/10.3390/microorganisms14020418

Microorganisms 2026, 14, 418

30f15

Table 1. Vaccine coverage of the different pneumococcal vaccines. Grey area indicates vaccine
coverage of the serotype indicated in the left column. PCV—pneumococcal conjugate vaccine;
PPSV—pneumococcal polysaccharide vaccine.

PCV7 PCV13 PCV20 PCV21 PPSV23

Ol = W N =

6A
6B
7F

8
9N
9V
10A
11A
12F
14
15A
15B
16F
17F
18C
19A
19F
20/20A
22F
23A
23B
23F
24F
31
33F
35B

Given the impact of PCV vaccines on serotype distribution and the potential emergence
of non-vaccine serotypes, continued surveillance of antimicrobial susceptibility remains essen-
tial to assess their clinical and public health impact. Monitoring pneumococcal susceptibility
to penicillin is a core component of the European Centre for Disease Prevention and Control
(ECDC) antimicrobial resistance surveillance program. Beyond susceptibility, the term peni-
cillin non-wild-type is used to describe isolates categorized as susceptible, increased exposure
(I), or resistant (R). According to the ECDC Antimicrobial Resistance in the EU/EEA (EARS-
Net) Annual Epidemiological Report for 2023, the proportion of penicillin non-wild-type S.
pneumoniae isolates continues to rise across Europe [18]. Romania has historically performed
poorly in antimicrobial resistance (AMR) surveillance and control [19], as reflected by its rate
of penicillin non-wild-type invasive pneumococcal isolates, which remains above the EU
average. Moreover, Romania contributed only a small number of isolates to the EARS-Net
dataset, resulting in the absence of nationally representative data. This gap reflects the lack
of a national surveillance program for IPD and pneumococcal antimicrobial resistance. In
addition to the scarcity of centralized data, we also observed a lack of scientific publications
reporting antibiotic susceptibility and serotype distribution in IPD. Most Romanian studies
have focused instead on upper respiratory tract carriage. The present study, therefore, seeks
to offer a local epidemiological assessment of IPD.
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The objective of this study is to provide insights into the molecular epidemiology of
regionally circulating strains, focusing on pneumococcal serotype distribution and possible
vaccine coverage gaps.

2. Materials and Methods

In this single-center retrospective, descriptive study, we performed whole-genome
sequencing and antimicrobial susceptibility testing on invasive pneumococcal strains
isolated between 2017 and 2023 in a Romanian tertiary hospital.

2.1. Bacterial Strains, Patient, and Clinical Data

Invasive S. pneumoniae isolates obtained through routine diagnostic procedures be-
tween January 2017 and April 2023 at the Microbiology Laboratory of Mures County
Emergency Clinical Hospital were preserved at —70 °C in 20% glycerol. Duplicate isolates
were defined as two or more S. pneumoniae isolates isolated during a single hospitalization
and were excluded from the study. IPD cases were defined as S. pneumoniae isolated from
otherwise sterile sites, such as blood or cerebrospinal fluid (CSF). Patients with IPD were
categorized by age into adult and pediatric groups, the latter being defined as patients less
than 18 years old. Patients were also assigned to meningitis and non-meningitis groups
based on electronic chart review and site of isolation. All CSF isolates were automatically
considered cases of meningitis, while patients whose charts had positive blood specimens
were reviewed for clinical diagnosis or symptomatology of meningitis. The pneumococcal
vaccination status of patients was not available for this study.

2.2. Bacterial Strains and Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing (AST) data were accessed using the centralized
electronic records of the Microbiology laboratory of the Mures County Emergency Clinical
Hospital. Susceptibility to antimicrobial agents was determined using disk diffusion test,
gradient test, and Vitek2C (bioMérieux, Marcy I'Etoile, France) automated system, in confor-
mity with local laboratory protocol and EUCAST (European Committee on Antimicrobial
Susceptibility Testing) standard. Isolates exhibiting an oxacillin (1 pg) inhibition zone diam-
eter > 20 mm or a benzylpenicillin minimum inhibitory concentration (MIC) < 0.06 mg/L
were interpreted as lacking resistance mechanisms to 3-lactam antibiotics. In the case of a
positive oxacillin screen, further testing for benzylpenicillin, ampicillin /amoxicillin was
performed either by disk diffusion or MIC determination, while ceftriaxone/cefotaxime
susceptibility was assessed by determining the minimum inhibitory concentration (MIC).

2.3. Whole Genome Sequencing

Preserved strains were sent to the Cantacuzino National Institute for Medical-Military
Research and Development for whole genome sequencing. Genomic DNA was extracted
using PureLink Genomic DNA Mini kit (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA), following the manufacturer’s recommendation for Gram-positive bacteria.
DNA concentrations were assessed with Qubit ds HS Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Raw reads were generated using Illumina technology. Briefly, for
library preparation Nextera XT (Illumina, San Diego, CA, USA) and IDT for Illumina
DNA/RNA UD Index kit (Illumina, San Diego, CA, USA) were used, according to the
kit instructions. Libraries were loaded onto NovaSeq 6000 SP Reagent Kit v1.5 (200 or
300 cycles) and sequenced on Illumina NovaSeq 6000 instrument (Illumina, San Diego, CA,
USA). Raw reads were quality-filtered and de novo assembled with SKESA version 2.4.0 in
SeqSphere+ software version 9.0 (Ridom GmbH, Miinster, Germany). Assembled genomes
were further analyzed with SeqSphere+ tools for multilocus sequence typing (S. pneumoniae
MLST). Identification of virulence genes and antimicrobial resistance genes was achieved
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using web-based tools offered by the Bacterial and Viral Bioinformatics Resource Center
(BV-BRC) and Proksee [20,21], utilizing a blast algorithm on the NCBI AMRFinder Plus [22]
database. Sequences were deposited in the European Nucleotide Archive (ENA) under
study number ERP187160.

2.4. Ethical Approval

Ethical approval for this study was obtained from the ethics committee of County
Emergency Clinical Hospital, Targu Mures (reference number Ad.7875/08.04.2025).

3. Results

In total, we identified 67 cases of IPD between January 2017 and April 2023. The
distribution of cases by age groups is represented in Figure 1. Yearly distribution of cases,
divided into pediatric and adult groups, is represented in Figure 2a, while the distribution
of meningitis and non-meningitis cases is presented in Figure 2b. In the ten cases of
meningitis, samples were obtained from cerebrospinal fluid culture in seven cases and
blood culture in three cases. Whole genome sequencing was performed on 47 isolates,
of which two isolates were not further analyzed due to poor quality of sequencing data,
resulting in 45 strains suitable for molecular description.

3.1. Pneumococcal Serotypes and Sequence Types Identified

In total, 21 different pneumococcal serotypes were identified, the most prevalent being
serotype 3 and serotype 14, with 20% (n = 9) of isolates each, followed by serotype 19F,
with a total of 8% (n = 4) of the cases (Figure 3a,b). The yearly distribution of serotypes is
represented in Figure 4.

Multilocus Sequence Typing (MLST) of isolates resulted in the identification of 26 dif-
ferent sequence types (STs). We identified four novel sequence types, three of which were
defined by new combinations of previously described alleles, and one by a novel allele of
the aroE gene (Table 2).

Number of cases

0-4 5-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89

Age groups

Figure 1. Distribution of IPD cases by age. The median age for the pediatric population was 1 year,
with a range of 0 to 16 years, while the adult population presented a median age of 66, ranging
from 20 to 89 years. The age distribution reveals two incidence peaks, occurring in early childhood
(0-5 years) and among older adults aged 60-69 years.
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Figure 2. Yearly distribution of invasive S. pneumoniae isolates by (a) pediatric and adult groups and
(b) meningitis and non-meningitis groups at Mures County Emergency Clinical Hospital, Romania.
* Not a full calendar year: cases from the year 2023 are represented only from January to April.
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Figure 3. (a) Distribution of adult and pediatric IPD cases by pneumococcal serotype. Out of the
45 cases with pneumococcal serotype identified, we found 13 (29%) strains originating from pediatric
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patients. (b) Distribution of meningitis and non-meningitis IPD cases by pneumococcal serotype.
Out of 45 cases, 22% (n = 10) were from cases of meningitis. In the non-meningitis group, one isolate
was obtained from pleural fluid, while the other 33 strains were isolated from blood culture.
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|:| Serotype not covered by PCV7 and PCV13

Figure 4. Yearly distribution of pneumococcal serotypes. Serotypes are shown inside of the bar-stacks.
Colors indicate if the given serotype is covered by PCV7 or PCV13. Grey color indicates a non-PCV13
serotype. PCV13 covers all serotypes contained by PCV?7.

Table 2. Number of identified pneumococcal sequence types and serotypes. The second column of
the table indicates which of the vaccines included in our study offer coverage for the given serotype.

Serotype Vaccine Coverage Sequence Type Number of Isolates

1 PCV13, PCV20, PPSV23 306 2
180 3
260 1

3 PCV13, PCV20, PCV21, PPSV23
505 3
1377 2
4 PCV7,PCV13,PCV20, PPSV23 205 2
6B PCV7,PCV13,PCV20, PPSV23 1143 1
6D Non-vaccine serotype 20,514 1
7C Non-vaccine serotype 20,591 1
8 PCV20, PCV21, PPSV23 1480 1
9V PCV7,PCV13, PCV20, PPSV23 156 !
166 1
12F PCV20, PCV21, PPSV23 8060 !
15,340 1
15 3
14 PCV7,PCV13,PCV20, PPSV23 44 3
2944 3
16F PCV21 14,663 1
17F PCV21, PPSV23 20,360 1
19A PCV13, PCV20, PCV21, PPSV23 3772 1
179 1
19F PCV7,PCV13,PCV20, PPSV23 271 1
423 2
20 PCV21, PPSV23 1026 1
22F PCV20, PCV21, PPSV23 433 2
23F PCV7,PCV13,PCV20, PPSV23 20,513 1
24 PCV21 4253 1
34 Non-vaccine serotype 4083 1
35B PCV21 558 1
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3.2. Vaccine Serotypes and Vaccine Coverage

Identifying the serotype distribution of IPD isolates, we determined the vaccine
serotype coverage rate and the proportion of vaccine-type isolates for five different pneu-
mococcal vaccines, namely PCV7, PCV13, PCV20, PCV21, and PPSV23. The presumed
vaccine-preventable proportion of cases was assessed based on the number of cases caused
by a serotype covered by the studied vaccine (Table 3). Two IPD isolates (4%) were covered
exclusively by the PCV21 formulation.

Table 3. Presumed vaccine-preventable proportion of cases for the different pneumococcal vaccines.
In this study, the term presumed vaccine-preventable portion is defined as the number of IPD cases
attributable to isolates belonging to serotypes targeted by a given vaccine formulation.

Presumed Vaccine-Preventable Proportion of Cases

Vaccine Name Total Cases Meningitis Non-Meningitis Adult Pediatric
n (%) n (%) n (%) n (%) n (%)
PCV7 19 (49) 5 (50) 14 (40) 12 (54) 7 (38)
PCV13 1(69) 6 (60) 25 (71) 22 (69) 9 (69)
PCV20 6 (80) 8 (80) 28 (80) 26 (81) 10 (77)
PCV21 0 (44) 5 (50) 15 (43) 18 (56) 2 (15)
PPSV23 8 (84) 9 (90) 29 (83) 28 (88) 10 (77)
3.3. Antimicrobial Susceptibility
All 45 strains were initially screened for beta-lactam resistance using the 1 ug oxacillin
disk diffusion method. Of these, twenty-one isolates showed a positive screening and
were further tested for beta-lactam susceptibility, while 24 isolates had a negative screen,
indicating beta-lactam susceptibility. Table 4 assesses the phenotypic resistance rates of
the studied isolates, based on clinical manifestation. Subsequent testing showed that
58% (n = 26) of the isolates had susceptibility to penicillin, and a further 18% (n = 8)
were classified as susceptible, increased exposure. Penicillin resistant strains belonged
to serotypes 6B, 9V, 14, 19A, 19F, and 35B. All isolates of serotypes 14 (n =9), 19F (n = 4),
and 9V (n = 2) exhibited a penicillin non-wild-type phenotype. In total, 43 isolates were
tested for resistance to ampicillin and amoxicillin, with 72% (n = 31) of the isolates showing
susceptibility and a further 9% (n = 4) being categorized as susceptible, increased exposure,
while 19% (n = 8) were deemed resistant to aminopenicillins.
Table 4. Antimicrobial resistance profiles of invasive S. pneumoniae isolates by age group and
meningitis and non-meningitis etiology. Antimicrobial susceptibility testing was interpreted in
conformity with EUCAST standard. S-susceptible; I-susceptible, increased exposure; R-resistant.
Antimicrobial Phenotype Total Rate Adult Cases Pediatric Cases Meningitis Non-Meningitis
Agent n (%) n (%) n (%) n (%) n (%)
S 26 (58) 21 (66) 5 (38) 5 (50) 21 (60)
Penicillin I 8 (18) 309 5(38) 0 (0) 8 (23)
R 11 (24) 8 (25) 3(23) 5 (50) 6 (17)
S 31(72) 23 (72) 8 (73) 6 (60) 25 (76)
Aminopenicillins I 4(9) 4(12) 0(0) 2 (20) 2 (6)
R 8 (19) 5 (16) 3(27) 2 (20) 6 (18)
_ _ S 40 (89) 27 (84) 13 (100) 7 (70) 33 (94)
Ti‘;i‘ﬁi’;‘;ﬁfs“ I 2 (4) 2(6) 0(0) 0 (0) 2(6)
R 3(7) 3 (10) 0(0) 3 (30) 0(0)
] S 30 (66) 23 (72) 7 (54) 7 (70) 23 (66)
Erythromycin
R 15 (33) 9 (28) 6 (46) 3 (30) 12 (34)
Trimethoprim/ S 30 (68) 22 (69) 8 (67) 6 (60) 24 (83)
sulfamethoxazole R 14 (32) 10 (31) 4(33) 4 (40) 10 (18)
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Table 4. Cont.
Anti;nicrobial Phenotype TotaloRate Adult oCases Pediatrioc Cases Menif’\gitis Non-Me:ﬁngitis
gent n (%) n (%) n (%) 1 (%) n (%)
Clindamycin ISQ Eﬁ gg 265 ((1891)) g Eig; 2 gg; 293((2782))
T — o M— L E—  — —

All isolates were tested for susceptibility to third-generation cephalosporins, with
40 isolates (89%) showing susceptibility, a further 2 isolates (4%) susceptibility, increased
exposure, and 3 isolates (7%) resistance to ceftriaxone and cefotaxime. Cephalosporin
resistant isolates were identified in strains belonging to serotypes 14, 19A, and 19F.
Out of the 11 strains showing penicillin resistance, five strains were isolated from pa-
tients with meningitis. Furthermore, isolates from meningitis were resistant to third-
generation cephalosporins in 3 cases (30%). No phenotypic resistance to third-generation
cephalosporins was detected among isolates from non-meningitis cases. We observed 100%
susceptibility to moxifloxacin, linezolid, and vancomycin.

4. Discussion

Genomic analysis and surveillance have become the norm in modern epidemiolog-
ical studies. As S. pneumoniae presents a high level of genomic variability both between
serotypes and across them, sequence typing has become an essential tool to distinguish
between clinical isolates of any given serotype. However, serotyping still has relevance, as
vaccine protection is linked to the serotype-determining polysaccharide capsule of pneu-
mococcus [23]. The introduction of the pneumococcal conjugate vaccines (PCV) led to a
worldwide reduction of IPD cases caused by serotypes included in the PCV vaccines [24].
Because there is a lack of data on the local serotype distribution of IPD isolates in Romania,
the effect of the PCV vaccines on IPD is still undetermined. The diagnostic challenges of
IPD and the lack of a centralized surveillance system further reduce available data.

According to the European Centre for Disease Prevention and Control (ECDC) Annual
Epidemiological Report for 2022, a total of 220 cases of IPD were reported in Romania
between 2018 and 2022 [25]. Over the same period, there were 56 IPD cases identified in our
study, representing a considerable proportion relative to national reports. By comparison, a
total of 71,404 IPD cases were reported across 30 European Union member states during this
timeframe, suggesting a notably lower reporting rate in Romania. This apparent underre-
porting may be caused by systemic administrative limitations as well as underdiagnosis of
IPD cases. Additionally, failure to obtain adequate culture samples may further contribute
to the reduced number of confirmed IPD isolates reported nationally. Analysis of the data
shown in Figure 1 reveals two incidence peaks, highlighting the vulnerable populations
that stand to benefit most from pneumococcal vaccination.

Regarding the yearly incidence of IPD, the data presented in Figure 2a,b indicate a
drop in the incidence of IPD in 2020. Similar episodes have been identified worldwide in
other community-acquired infectious diseases, such as S. pyogenes infections [26]. These
reductions in the number of cases have been widely attributed to the COVID-19 pan-
demic [27]. However, we did not observe such a strong rebound effect on the incidence
of IPD cases as described in the case of invasive group A streptococcal disease. A peak
of disease incidence from our sample was present in 2018, with a total of 22 IPD cases
identified during the calendar year. The increase may be due to multiple local interventions
in 2017 focusing on blood specimen collection to improve diagnostic yield. On the other
hand, a real increase in incidence cannot be ruled out. This rise could be attributed to
several targeted local initiatives implemented in 2017 to enhance blood specimen collection

https://doi.org/10.3390 /microorganisms14020418


https://doi.org/10.3390/microorganisms14020418

Microorganisms 2026, 14, 418

10 of 15

and thereby improve diagnostic yield. However, the possibility of an actual increase in
incidence cannot be excluded.

With the introduction of PCVs, pneumococcal serotype distribution has been inten-
sively studied in both IPD and non-invasive infections. As pneumococcal vaccines target
strains with a high potential for invasiveness, some studies have identified serotypes more
frequently associated with IPD [5]. Furthermore, some serotypes have been identified
as having a higher incidence in cases of meningitis [28,29]. In our study, serotype 3 and
serotype 14 were most prevalent.

Before the introduction of pneumococcal conjugate vaccination, several studies assess-
ing pneumococcal carriage and non-invasive disease in Romania consistently reported a
predominance of classical pediatric serotypes, particularly 19F, 6B, 23F, with a lower rate
of representation in the case of serotype 14 [30,31]. In nasopharyngeal carriage among
children, serotypes 23F, 6B, 19F together accounted for a substantial proportion of isolates.
Similarly, in non-invasive infections such as otitis media, serotypes 19A, 19F, 6A, 6B, 23F,
and 14 remained dominant [32].

In contrast, our IPD data demonstrate a distinct serotype distribution, characterized
by the predominance of serotype 3 and serotype 14, each accounting for 20% of invasive
isolates, while serotype 19F only represented a smaller proportion (8%). This divergence
underscores the well-recognized difference between carriage-associated serotypes and
those with higher invasive potential, particularly serotype 3, which is infrequently detected
in carriage but is disproportionately associated with invasive disease. Despite low carriage
rates, serotype 3 has been associated with a high disease burden and increased mortal-
ity [30]. In the present study, serotype 3 was observed exclusively in non-meningitis cases.
However, direct comparisons should be interpreted cautiously due to possible age-related
differences in serotype distribution, as serotype 3 and 19A were mainly observed in adult
IPD cases.

Serotype 14 is also frequently isolated from IPD cases. In our study it was present in
both pediatric and adult IPD cases in relatively high proportion. The presence of serotype
14 in both pediatric carriage studies and invasive disease in our cohort highlights its dual
role as both a common colonizer and an important invasive pathogen in the pre- and early
vaccination era in Romania [32,33]. In recent years, multiple studies reported cases of
serotype switching involving serotype 14 isolates. This phenomenon in itself can interfere
with vaccine-provided protection [34-37].

Serotype 1 has been reported globally and is typically regarded as an uncommon and
transient colonizer of the respiratory tract, characterized by a markedly shorter duration
of carriage compared with most other pneumococcal serotypes and a high propensity for
invasive disease. In line with this profile, serotype 1 was not reported in the previously
discussed Romanian carriage studies, yet it was identified in our cohort as the cause of
both pediatric and adult invasive pneumococcal disease, further underscoring its dispro-
portionate association with invasive infections rather than asymptomatic colonization [38].

Serotype 4, historically linked to invasive pneumococcal disease, remains a notable
concern among invasive serotypes, even though it is included in current pneumococcal
vaccines [39-41].

Serotype prevalence is an important element used in the evaluation of vaccine coverage
in cases of IPD. Even though pneumococcal conjugate vaccines have been introduced into
the National Vaccination Calendar of Romania since 2017, we observed a relatively high
number of pediatric IPD cases during the seven-year study period. In this context, a large
proportion of IPD-associated serotypes observed in our cohort are included in currently
available vaccines, such as PCV13, PCV20, and PPSV23. However, in the absence of
individual vaccination status data, these observations should be interpreted as serotype
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coverage by available vaccines rather than evidence for lack of vaccine preventability.
Furthermore, within the limitations of the sample size and study design, our data do
not indicate a clear shift toward non-vaccine serotypes, although ongoing surveillance is
required to reliably assess serotype replacement dynamics.

Based on global studies, vaccination of the adult population using the PPSV23 has
been compared in effectiveness to the PCV13 in certain settings [42]. However, we observed
a clear serotype coverage benefit from the presence of the 10 serotypes in the PPSV23 com-
pared to PCV13. Nevertheless, the absence of vaccination status data precludes definitive
conclusions regarding vaccine preventability, as infections may have occurred in unvac-
cinated individuals or could represent breakthrough disease in vaccinated patients. We
estimated a theoretical vaccine serotype coverage under the assumption of complete vaccine
efficacy, recognizing that this does not reflect real-world vaccine performance, particularly
in pediatric populations where immune responses may be less robust. In our study, the
presumed vaccine-preventable proportion by PPSV23 is more comparable to the rate of
cases that presumably could have been prevented by PCV20. It must be emphasized that
the small sample size of our study does not offer a high degree of confidence to these obser-
vations. Nonetheless, expanded-valency pneumococcal conjugate vaccines, particularly
PCV20, showed markedly improved serotype coverage compared to PCV7 and PCV13,
while PCV21 showed serotype coverage comparable to that of PCV13. There were also two
cases identified in which the disease-causing isolates would have been covered only by the
PCV21 vaccine. Based on our data, no added benefit of the PCV21 vaccine was observed
compared to the PCV13 vaccine.

A high incidence rate of penicillin non-wild-type pneumococcal strains has a signifi-
cant impact on empiric therapy, particularly in the case of meningitis. Although to some
degree enhanced by meningeal inflammation, the penetration of beta-lactam antibiotics into
the cerebrospinal fluid is considered relatively poor [43]. This pharmacokinetic limitation
complicates the treatment of pneumococcal meningitis, especially when the causative agent
is a penicillin non-wild-type strain. Consequently, current guidelines on empirical treat-
ment of meningitis recommend the use of third-generation cephalosporins. In settings with
high rates of penicillin non-susceptible S. pneumoniae, empiric inclusion of vancomycin may
be appropriate [44,45]. In our study cohort, antimicrobial susceptibility testing revealed
sustained resistance to beta-lactams, particularly among meningitis isolates, with more than
42% of isolates from meningitis classified as penicillin non-wild-type. Notably, there were
three cases of meningitis caused by strains resistant to third-generation cephalosporins.
This underscores the importance of the guideline-recommended empirical therapy, in cases
of meningitis, since Romania is continually considered a country with reduced rates of
penicillin susceptibility [45]. Meanwhile improving diagnostic efforts should present a high
priority, to facilitate susceptibility testing and consequent deescalation of antimicrobial
therapy.

Besides the marked beta-lactam resistance, we also observed a high rate of resistance
to erythromycin. Pneumococcal resistance to macrolides has been increasing worldwide,
thus removing valuable therapeutic options in case of beta-lactam-resistant infections [46].

These findings are consistent with earlier Romanian data on non-invasive pneumococ-
cal infections, which also reported very high rates of penicillin non-susceptibility. In a 2017
study investigating pneumococcal isolates from acute otitis media (AOM) and community-
acquired alveolar pneumonia (CAAP), more than 90% of isolates in both clinical contexts
were non-susceptible to penicillin, with a substantial proportion exhibiting high-level resis-
tance [32]. These high rates of antibiotic resistance are alarming, considering IPD is most
commonly a community-acquired infection. This suggests the existence of a shared, resis-
tant pneumococcal reservoir circulating in the community and serving as a potential source
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for severe invasive infections. A sustained susceptibility toward vancomycin, linezolid, and
moxifloxacin constitutes the last therapeutic options against drug-resistant pneumococcal
infections. Thus, our findings help underscore the need for targeted antibiotic stewardship
and continuous monitoring of local resistance trends.

The principal limitation of our study is its single-center design, which may limit the
generalizability of our conclusions. Despite its long duration, the number of cases included
is relatively small. However, these cases constitute a great proportion of the IPD cases
identified during the study period. This suggests that, in the absence of microbiological
diagnosis, IPD cases are overlooked. Thus, a further limitation is that the retrospective
nature of the study limited our ability to influence sample collection, potentially restricting
case identification. A further limitation was the unavailability of patient vaccination status
data. However, we must emphasize that, to our knowledge, this is the first study to
analyze the antimicrobial resistance profile and use whole genome sequencing to determine
serotype and sequence type distribution of IPD isolates in Romania.

5. Conclusions

Reliable data on IPD remain limited in Romania. Given that the country ranks among
the most vulnerable EU states regarding multidrug-resistant microorganisms, community-
associated infections with S. pneumoniae pose a significant threat. Thus, national-level IPD
surveillance and integration with larger studies are paramount. Achieving this objective
depends on improved diagnostic capabilities and more consistent sample collection habits.
Our results of genome sequence analysis reveal a diverse population of pneumococci, un-
derlining the importance of continuous genomic surveillance. The overwhelming presence
of PCV7 and PCV13 vaccine types in our sample indicates a lack of vaccination in both the
pediatric and adult populations. While phenotypic characterization, such as the antimicro-
bial susceptibility pattern is a useful epidemiological tool, whole-genome sequencing of
pneumococcal isolates is informative in understanding pneumococcal strain distribution
and assessing local trends in IPD. Vaccination of all age groups is a highly effective tool in
combating IPD.
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