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Editorial on the Research Topic
Transmission, colonization, and molecular pathogenesis of pneumococcus

Streptococcus pneumoniae (Spn; pneumococcus) has been for decades a number one
bacterial killer of children and older adults worldwide, but it is also a commensal of the
upper respiratory tract. Although vaccination with pneumococcal conjugate vaccines has
decreased the burden of invasive pneumococcal disease (IPD), mortality caused by this
pathogen remains a concern worldwide. The introduction of new generations of
pneumococcal vaccines is creating a niche for vaccine-escape serotypes and changes in
the microbiome of the upper airways is expected to occur. Moreover, the rise of
multidrug-resistant clones around the world has posed a serious threat in recent years.
A comprehensive understanding of the transmission, colonization, and molecular
pathogenesis of the pneumococcus is necessary to come out with improved
interventions aimed to further reduce the burden of IPD. To date, more than 100
distinct pneumococcal capsular serotypes have been identified but current pneumococcal
conjugate vaccines (PCV10, PCV13, PCV20), and pneumococcal polysaccharide vaccine
(PPSV23) protect against up to a total of 24 different pneumococcal types. These vaccines
have decreased the burden of pneumococcal disease produced by vaccine types (VT) but
provide poor protection against non-vaccine serotypes (NVT) and non-encapsulated Spn
(NES) strains. Additionally, the increasing prevalence of NVTs, NES and multi-drug
resistant Spn strains results in more challenge for the treatment of pneumococcal
infections. In this Research Topic, we have compiled a series of research articles
contributing to our understanding of transmission, colonization, molecular

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2022.1028047/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1028047/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1028047/full
https://www.frontiersin.org/research-topics/23577
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.1028047&domain=pdf&date_stamp=2022-09-13
mailto:jvidal@umc.edu
https://doi.org/10.3389/fcimb.2022.1028047
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.1028047
https://www.frontiersin.org/journals/cellular-and-infection-microbiology

Vidal et al.

pathogenesis, the development of protein-based vaccines and
antibiotic resistance; highlights from each study are described by
the editors below.

An update on transmission in the current COVID-19 era
was contributed by Willen et al.. Preventing strategies of the
current COVID-19 pandemic, such as social distancing and
wearing face masks, caused a reduced burden of IPD in
Belgian children and the hypothesis was that transmission of
pneumococci was interrupted. To gain insights into this, authors
conducted a carriage surveillance in Belgium during the
COVID-19 pandemic to find out that the overall
pneumococcal carriage rate remained similar, comparing the
data against a pre-COVID-19 period of the same
children population.

Henares et al. studied the nasopharyngeal microbiota of
children diagnosed with IPD and that were exposed to B-lactam
antibiotics, compared to a cohort of children with IPD prior to
antibiotic treatment. The authors found that antibiotic treatment
increases oral bacteria and nosocomial bacterial species such as
Staphylococcus, Acinetobacter and Pseudomonas with a transient
decrease of streptococci phylogenetically related to Spn. Along
the same lines, Spn forms a biofilm in the oropharynx and
nasopharynx where it can interact with strains of the same
species and other species. A study by Valente et al. thoroughly
evaluated the interaction of phenotypically and genotypically
unrelated Spn strains. As a result of intra-species interaction,
their study identified four different outcomes: commensalism,
competition, amensalism, and neutralism. Identifying ecological
interactions in the upper airways and the molecular mechanisms
of biofilm formation may guide us to future intervention studies
aiming to reduce colonization by the pneumococcus.

Using pneumococcus as a model organism have provided
remarkable insights to the field of genetics, but the mechanism
by which Spn takes up naked and double-strand DNA is still
under active investigation. In a study by Oliveira et al., authors
demonstrated that the assemblage of the major pilin ComGC,
the DNA receptor, is stabilized by ComGG and further identified
a Glu5 residue (E5) as an essential residue to incorporate minor
pilin proteins ComGD and ComGF to the major pilin subunit
ComGC. Shedding light on our understanding of pneumococcal
prophages, Martin-Galiano and Garcia conducted a genetic
survey in >4,000 Spn genomes to identify full prophages in
43% of strains. The evolutionary relationship and putative role
in pathogenesis were discussed by the authors and provide a
valuable dataset to further study pneumococcal prophages.

Three review manuscripts highlight the advances on our
understanding about conserved immunogenic proteins as
vaccine targets. Aceil and Avci provide a thoughtful overview
of multiple classes of conserved surface proteins utilized by
pneumococcal strains as colonization or virulence factors. They
approach the contribution of such surface proteins to
colonization and IPD, and discuss data about the immune
response of the human host. Then a paper by Gingerich and

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2022.1028047

Mousa reviews the most recent information about the molecular
mechanism of protection of those anti-pneumococcal
antibodies. The authors discuss a variety of mechanisms
including opsonophagocytic activity, toxin neutralization, and
inhibition of bacterial adherence. Lane et al. focus their review
paper on a family of proteins collectively known as choline-
binding proteins (CBPs) and in particular on PspA, one of the
most abundant CBP. They summarize new developments on
pathogenesis and the potential use of CBPs and PspA for the
treatment and prevention of pneumococcal pneumonia.

Exciting new molecular pathogenesis insights were
published in a series of manuscripts. Takemura et al. identified
a novel role for the enzyme [-galactosidase (BgaA) during
pneumococcal bacteremia. Authors provide experimental
evidence that BgaA indirectly induces tissue damage and
triggers blood clot during sepsis. A paper by Mo et al. nicely
provides an automated image analysis tool to evaluate the
intercellular tight junction from in vitro and in vivo
experiments. This new quantitative method is such a valuable
tool to investigate invasion of epithelium and endothelium,
through the disruption of tight junction by Spn strains but can
be utilized with other pathogens as well. Along the same lines,
Sura et al. used a co-infection model with Spn and HINI
influenza virus to investigate modifications of the proteome or
ubiquitome. However, their findings point out towards minor
differences in ubiquitination abundance during Spn-influenza
virus co-infection.

Selection of Spn during disease evolves rapidly and help Spn
to successfully adapt to the new niche. Agnew et al. isolated two
clones of the same strain from blood and cerebrospinal fluid of a
child with meningitis. Molecular studies identified an altered
raffinose utilization between the two strains that may influence
Spn clones to cause meningitis. Using transcriptome and
cytokine analysis, Moscardini et al. elegantly demonstrated a
“recall” adaptive and innate immune response post-Spn
infection. They identified an immune response signature
including genes associated to the cytokine response. Finally,
Ali et al. summarized the recent advances on the contribution of
extracellular serine protease to pneumococcal disease and
pathogenesis. The authors focus this review on the molecular
and functional analysis of such pneumococcal enzymes and
update the field with recent developments regarding their
immunogenicity and interaction with the human host.

Despite new generations of pneumococcal vaccines and the
development and FDA-approval of new antibiotics for IPD, the
isolation of pneumococcal strains with resistance to first line
antibiotics is on the rise. A study set up in a high-income
country, Sweden, investigated the genetic relationship between
their multidrug resistant (MDR) Spn strains and MDR global
Spn isolates. Investigators identified global pneumococcal
sequence cluster (GPSC) 1, GPSC9 and GPSC10, with the
majority of their isolates belonging to one of these GPSCs.
MDR, non-vaccine strains, were identified in GPSC9 and
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GPSC10 and warrants further surveillance as the burden of IPD
caused by those vaccine escape strains may increase with the
introduction of new generation of vaccines. Finally, Gonzales
et al. investigated the burden of resistance in Peru, a low-middle
income country post introduction of pneumococcal vaccines.
Their stunning data revealed an increase macrolide resistance in
both carriage strains and strains isolated from IPD cases in the
country. Authors worry that a further increase in macrolide
resistance can be observed in the years to come given that
azithromycin is being empirically prescribed for COVID-19
cases worldwide.

The prevention and control of S. pneumoniae colonization
and IPD are essential to global health. The sixteen articles
published in this Research Topic have contributed to this
pathogen’s research from different angles e.g., pneumococcal
transmission, antibiotic resistance, genomics, molecular
pathology, drug innovation, and reviewing recent findings on
pneumcococal colonization and proteinaceous vaccine
candidates. We believe these cutting-edge research outcomes
expand our knowledge on Spn transmission and molecular
mechanisms of colonization and will therefore significantly
contribute to pneumococcal disease prevention and further
new findings in this field.
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Introduction: Antibiotics are commonly prescribed to young children for treating bacterial
infections such as invasive pneumococcal disease (IPD) caused by Streptococcus
pneumoniae. Despite the obvious benefits of antibiotics, little is known about their
possible side effects on children’s nasopharyngeal microbiota. In other ecological
niches, antibiotics have been described to perturb the balanced microbiota with short-
and long-term effects on children’s health. The present study aims to evaluate and
compare the nasopharyngeal microbiota of children with IPD and different degree of
antibiotic exposure.

Methods: We investigated differences in nasopharyngeal microbiota of two groups of
children <18 years with IPD: children not exposed to antibiotics before sample collection
(n=27) compared to children previously exposed (n=54). Epidemiological/clinical data
were collected from subjects, and microbiota was characterized by lllumina sequencing of
V3-V4 amplicons of the 16S rRNA gene.

Results: Main epidemiological/clinical factors were similar across groups. Antibiotic-
exposed patients were treated during a median of 4 days (IQR: 3-6) with at least one beta-
lactam (100.0%). Higher bacterial richness and diversity were found in the group exposed
to antibiotics. Different streptococcal amplicon sequence variants (ASVs) were differentially
abundant across groups: antibiotic use was associated to lower relative abundances of
Streptococcus ASV2 and Streptococcus ASV11 (phylogenetically close to S.
pneumoniae), and higher relative abundances of Streptococcus ASV3 and
Streptococcus ASV12 (phylogenetically close to viridans group streptococci). ASVs
assigned to typical bacteria from the oral cavity, including Veillonella, Alloprevotella,
Porphyromonas, Granulicatella, or Capnocytophaga, were associated to the antibiotic-
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exposed group. Common nosocomial genera such as Staphylococcus, Acinetobacter,
and Pseudomonas were also enriched in the group exposed to antibiotics.

Conclusion: Our results point toward a reduction of S. pneumoniae abundance on the
nasopharynx of children with IPD after antibiotic treatment and a short-term repopulation
of this altered niche by oral and nosocomial bacteria. Future research studies will have to
evaluate the clinical implications of these findings and if these populations would benefit
from the probiotic/prebiotic administration or even from the improvement on oral hygiene
practices frequently neglected among hospitalized children.

Keywords: children, nasopharyngeal microbiota, invasive pneumococcal disease (IPD), antibiotics, oral bacteria,

nosocomial bacteria

INTRODUCTION

Antibiotics prescribed for treating infectious diseases save
millions of lives every year, but limited information is available
about their impact on the human microbiome and consequences
on health. The side effects of antibiotics have been described on
the gut microbiota, including transient or profound loss of
specific bacterial species, reduction of microbial diversity, and
loss of colonization resistance (Kim et al., 2017). In hospitalized
patients, antibiotic use favors colonization by nosocomial and
appearance of multidrug-resistant pathogens thus increasing the
risk for healthcare-associated infections (Kim et al., 2017). Even
long-term effects on children’s health including obesity or
diabetes have been linked to aberrant microbiomes altered by
antibiotics (Boursi et al., 2015; Tai et al., 2015).

With respect to the respiratory tract, different authors have
reported changes in throat, oropharynx, and lung microbiota of
adult patients subjected to long-term antibiotic intake for
different infections or chronic respiratory conditions (Hong
et al., 2016; Wang et al,, 2017; Choo et al., 2018). However,
there is scarce research on the effects that occurred on children’s
nasopharynx, the ecological niche of the main pathogens causing
disease in pediatric populations (Cleary and Clarke, 2017).
Moreover, young children are subjected to a high number of
short-term antibiotic prescriptions, especially for treating acute
respiratory infections (Fleming-Dutra et al., 2016; Orlando et al.,
2020) such as invasive pneumococcal disease (IPD).

IPD is a major cause of morbi-mortality worldwide with
high incidence among children under 5 years (GBD 2016
Lower Respiratory Infections Collaborators, 2018; Wahl et al.,
2018). IPD is caused by Streptococcus pneumoniae, a bacteria
that normally colonizes the nasopharynx of children
asymptomatically but can occasionally cause pneumonia, the
most frequent manifestation, or other serious clinical
syndromes including sepsis or meningitis (Wahl et al., 2018).
Differential susceptibility to IPD might be partly explained by
the nasopharyngeal microbiota, which could play a role in the
transition of S. pneumoniae from colonization to disease states
(Camelo-Castillo et al., 2019).

Management of IPD requires antibiotic treatment with
varying doses, duration, and administration routes according
to clinical and patient’s characteristics (NICE, 2019). Since

antibiotics are crucial for appropriate treatment of IPD but
also may result in perturbations of the ecological niche of
Streptococcus pneumoniae, further insight is needed into how
this disturbance is produced and what bacteria are leading the
repopulation of the nasopharynx so we can counteract antibiotic-
derived unwanted effects in our microbiota. Antibiotics side
effects may indirectly impact children’s health by causing
microbiota imbalances that have been linked to pathogenesis
of several respiratory infections (Bosch et al., 2017; Lanaspa et al.,
2017) and chronic respiratory disorders (Hahn et al., 2018), or by
rising antibiotic-resistant bacteria that have been described to
persist for long time and cause infections associated to higher
rates of treatment failure and mortality (Sj6lund et al., 2005;
Jernberg et al., 2007; Jernberg et al., 2010; Friedman et al., 2016).
The present study aims to analyze and compare the
nasopharyngeal microbiota of children hospitalized with IPD
and different degree of exposure to antibiotics.

METHODS
Study Design, Setting, and Participants

A cross-sectional study was conducted at Sant Joan de Deu
Barcelona Children’s Hospital (HSJD) with children
prospectively recruited from January 2014 to December 2018.
The criteria for inclusion in the study were as follows: 1) <18
years of age; 2) admission to HSJD with clinical suspicion of IPD;
3) microbiological confirmation of IPD by isolation of
S. pneumoniae and/or DNA detection of S. pneumoniae in any
normally sterile body fluid (Camelo-Castillo et al., 2019);
and 4) nasopharyngeal sample collected at any time during
hospital stay for diagnostic or research purposes. Exclusion
criteria were not signing informed consent or belonging to a
previously defined clinical risk group for developing IPD
(Gov.UK, 2020).

Patients not treated or treated only during 24 h before sample
collection were considered as cases not exposed to antibiotics,
while patients treated for more than 24 h prior to sample
collection were considered as cases exposed to antibiotics.
Different subjects were included in each group. This criterion
was adopted on the basis of previous literature reporting that the
sensitivity of molecular-based techniques on respiratory samples
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is not affected by a relatively low time of exposition to antibiotics
(Johansson et al., 2008).

Sample and Data Collection

Nasopharyngeal aspirates (NPAs) were collected and immediately
frozen at -80°C until processed (Camelo-Castillo et al., 2019).
Antibiotic types, administration route, and exposure time before
and during hospital stay were registered for each case. Relevant
epidemiological and other clinical data were recorded from each
participant through the parent’s interview or electronic medical
record, such as delivery mode or pneumococcal vaccination status
(categorized into nonvaccinated children or children >1 dose of 7-,
10-, or 13-valent pneumococcal conjugate vaccines (PCVs).
Microbiological data were obtained through laboratory analyses.
Pneumococcal serotypes 1, 3,4, 5, 7F, 8, 9A, 9V, 12F, 14, 18C, and
19A were considered as serotypes with high invasive disease
potential (Camelo-Castillo et al,, 2019). A detailed list and
description of the variables collected is included in the
metadata file.

Laboratory Analyses

Bacterial DNA was extracted from NPAs by the automated
system NucliSENS easyMag (BioMérieux, Marcy-I'Etoile,
France). A duplex real-time PCR targeting IytA and Rnase P
genes was used for pneumococcal DNA detection/
quantification (Camelo-Castillo et al., 2019; CDC and Ncird).
All positive S. pneumoniae samples were further serotyped
(Selva et al.,, 2012). A multiplex Real-Time PCR Anyplex TM
II RV16 (Seegene, Seoul, Korea) was used to detect DNA/RNA
from 16 human respiratory viruses. Nasopharyngeal
microbiota was characterized by 16S rRNA gene sequencing.
The V3-V4 region was amplified and sequenced with Illumina
MiSeq (Illumina, San Diego, California, USA) as previously
described (Illumina 16S Metagenomic Sequencing Library
Preparation). To control for potential contaminants, 17
negative controls were extracted, amplified, and sequenced
with the samples.

Bioinformatic and Statistical Analyses

Reads were processed using the DADA2 pipeline (Callahan et al.,
2016) obtaining exact amplicon sequence variants (ASVs). ASVs
mapping to the human genome (GRCh38) using the Burrow-
Wheeler Aligner in Deconseq v0.4.3 were filtered out (Schmieder
and Edwards, 2011). Taxonomic annotation of ASVs from
kingdom to genus was performed by DADA2 using the
Ribosomal Database Project (RDP) training set 16. ASVs were
further classified to species by an exact matching approach using
function addSpecies from DADA2. Finally, Decontam R package
compared prevalence of ASVs in real samples and negative
controls (Davis et al., 2018), identifying contaminant ASVs
that were removed from downstream analyses.

All statistical analyses were performed with R version 3.6.3.
Continuous variables were described as mean and standard
deviation (SD) or median and interquartile range (IQR) for
parametric and nonparametric variables, respectively.
Significance of continuous and normally distributed data was

assessed by t-test for group comparisons. In case of
nonparametric data, Wilcoxon tests were performed. For
categorical data, significance was established through chi-
square test or Fisher’s exact test if >25% of cells presented
expected frequencies <5.

Samples were rarefied to minimum sample depth (12,601
sequences) for alpha-diversity analyses. Microbiota richness and
diversity were estimated through the calculation of Chaol and
Shannon indices for each rarefied sample using the phyloseq R
package (McMurdie and Holmes, 2013), and comparisons by group
according to antibiotic exposure were made with linear regression
analysis and accounting for confounding factors as copredictors
(age, gender, seasonality, vaccination, and severity measured by
ICU admission and length of hospital stay). PERMANOVA test
from vegan R package (Oksanen et al,, 2018) evaluated overall
differences on microbiota structure according to antibiotic exposure
using a Bray—Curtis matrix of relative abundance data of ASVs. In
the PERMANOVA model, we also controlled for the confounding
factors described above by including them as covariates. A Random
Forest classification model was built in order to identify the most
discriminative ASVs between subjects not exposed and exposed to
antibiotics using the randomForest R package (Package
‘randomForest’) with default parameters and including all ASVs
as explanatory variables as well as confounding variables as
covariates. Random Forest is a classification algorithm evolving
from the combination of many decision trees. A cross-validation is
already built-in in Random Forest, since each tree in the forest has
its own training and testing data; each tree uses bootstrapped
samples from original data as training set and leaves one-third of
data for testing, called out-of-bag (OOB) data. OOB data are used
on each tree to predict the outcome, the votes for each predicted
outcome from all trees are averaged, and the most voted outcome is
selected as the final prediction. Therefore, the out-of-bag error
predictions of the classifier were used to calculate the ROC curve
and the corresponding area under the curve (AUC) as a measure of
the performance of the model. Each predictor variable of the model
was given an importance score (mean decrease accuracy), which
measures the contribution of each feature to the performance of the
model, with higher values indicating higher importance.
Specifically, the MDA is the mean decrease in the accuracy over
all out-of-bag cross-validated predictions when the values of the
variable are randomly permuted after training compared to the
original observations. The direction of the association of each
quantitative future was estimated post hoc with Cliff’s delta test.
Finally, most frequent bacterial genera with species implicated in
healthcare-associated infections among infants and children were
specifically selected in the study (Zingg et al., 2017), and its relative
abundances were compared by group using Wilcoxon tests in order
to find a possible association with antibiotics.

A phylogenetic tree was constructed containing all
streptococcal-type strains from RDP database v11.5 and main
streptococcal ASVs detected in our dataset. Cutadapt v1.9
trimmed V3-V4 regions for all the selected RDP streptococcal
strains (Martin, 2011), and overall multiple sequence alignment
was performed with MAFFT v7.4 (Katoh and Standley,
2013). FastTRee inferred the phylogenetic tree according to
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maximume-likelihood methods with script make_phylogeny.py
(Price et al., 2010).

RESULTS

Characteristics of Participants

A total number of 168 cases with IPD were screened for
participation in the study. Eighty-one of them met inclusion
criteria, with a median age of 32 months (IQR: 18-49) and 58%
were male. NPA was collected before receiving antibiotics or
within the first 24 h of antibiotic intake in 27 patients (median
time=0 days, IQR: 0-0.5), and were assigned to the group not
exposed to antibiotics. The 54 remaining inpatients were
assigned to the antibiotic-exposed group (median time between
the first antibiotic intake and sample collection=4 days, IQR: 3-
6). The two groups did not present significant differences either
in epidemiological variables or in DNA/RNA viral detections or
virulence of pneumococcus causing IPD. Clinical manifestations,
days of fever before sample collection, length of hospital stay, and
complications were similar among exposed and not-exposed
inpatients (Table 1).

All subjects exposed to antibiotics before sample collection
were treated with beta-lactam antibiotics (100.0%, n=54), and 13
received combined therapy with another antibiotic type (24.1%).
Most patients were intravenously administered with antibiotics
(n=50, 92.6%), except for four subjects who were exclusively
orally treated prior to NPA sample collection.

Increased Richness and Diversity in the
Nasopharynx of Children With IPD
Exposed to Antibiotics

A total number of 4,150,123 good quality sequences were
obtained from samples and negative controls. This represented
a median of 51,309 sequences per sample (IQR: 38,194-73,119)
and 468 sequences per negative control (IQR: 192-765)
(P<0.001). After contaminant removal, 47,323 sequences per
sample (IQR: 32,410-64,945) were kept, corresponding to
3,381 ASVs. A median number of 80 ASVs were detected per
sample (IQR: 42-129). Tables S1, S2 show the main ASVs with
mean relative abundances over 0.1% in each group.

For alpha diversity, higher bacterial Chaol richness (94.8
[IQR: 57.5-137.5] vs. 44.0 [IQR: 17.7-68.0]) (P<0.001, R* = 0.20)
and higher Shannon diversity (2.2 [IQR: 1.5-2.8] vs. 1.6 [IQR:
1.2-2.1]) (P=0.01, R* = 0.18) values were associated to the group
exposed to antibiotics (Figures 1A, B). For the overall
microbiota structure, PERMANOVA analyses further
confirmed that both groups presented significant differences on
their bacterial composition (P<0.001, R? = 0.03) Figure 1C).

Decreased Abundances of S. pneumoniae
and Enrichment of Other Streptococci in
the Nasopharynx of Children With IPD
Exposed to Antibiotics

A specific pneumococcal qPCR demonstrated lower colonization
rates (66.7% vs. 100%, P=0.002) and lower pneumococcal loads

(4.6 [IQR: 0-5.8] logjocopies/ml vs. 6.3 [IQR: 5.3-6.7]
log,ocopies/ml, P<0.001) in the nasopharynx of patients
exposed to antibiotics vs. not exposed, without significant
differences in the invasive disease potential of nasopharyngeal
serotypes detected (invasive serotypes; 50.0% vs. 51.8%, P=1.0) or
in their coverage by PCV13 vaccine (50.0% vs. 51.8%, P=1.0)

Analyses with 16S rRNA data not only showed lower abundance
of S. pneumoniae associated to antibiotic use but also revealed the
increase in other streptococci. Overall, a total of 373 ASVs were
assigned to Streptococcus at the genus level representing the 31.2%
of total reads in this dataset. However, 5 ASVs were the most
abundant contributing to 25.6% of total reads and 82.2% of the total
abundance of reads assigned to Streptococcus (Figure 2A). When
the relative abundances of these five ASVs were compared by group,
four of them were differently distributed: the group not exposed to
antibiotics was enriched in Streptococcus ASV2 (P=0.006) and
Streptococcus ASV11 (P=0.009), while exposed patients were
enriched in Streptococcus ASV3 (P<0.001) and Streptococcus
ASV12 (P<0.001) (Figure 2B). Interestingly, a streptococcal
phylogenetic tree confirmed that S. pneumoniae type strain was
most closely related to ASV2 and ASV11, while ASV3 and ASV12
were more phylogenetically close to Streptococcus mitis/oralis/
infantis type strains (Figure S1).

Association of Antibiotic Exposure With
Increased Abundance of Oral Bacteria in
the Nasopharynx of Children With IPD

The results from the Random Forest model demonstrated that
nasopharyngeal microbiota composition was different between
both groups. The microbiota features exhibited a good
discriminatory power for distinguishing inpatients not exposed to
antibiotics from those exposed (AUC=0.80 (95% CI:0.69-0.92)
(Figure 3A). The top 50 features with higher importance in
classifying these patients, as measured by the MDA score, were
plotted in Figure 3B. Moraxella ASV1, Moraxella ASV7,
Streptococcus ASV11, and Streptococcus ASV2 were found among
the top most important features associated to the patients not
exposed to antibiotics as determined post hoc with Cliff’s
delta test. On the contrary, Streptococcus ASV3, Streptococcus
ASV12, Staphylococcus ASV18, as well as several ASVs
assigned to Veillonella, Alloprevotella, Porphyromonas, Delftia,
Capnocytophaga, Granulicatella, Neisseria, and other genera were
among the top most important features associated to antibiotic use.
Most of these genera include gram-negative and anaerobic bacteria
frequently found in the oral cavity (Aas etal., 2005; Mira etal., 2017;
Dzidic et al., 2018). Further analyses at the genus level located
Prevotella, Capnocytophaga, and Veillonella as the most important
predictors associated to antibiotic exposure among children with
IPD (Figure S2). Moreover, differential ranking analysis with
Songbird also supported these findings (Figure S3).

Overrepresentation of Common
Nosocomial Bacteria Among Children With
IPD Exposed to Antibiotics

Staphylococcus, Acinetobacter, Pseudomonas, Escherichia/Shigella,
Stenotrophomonas, Serratia, Enterococcus, Enterobacter, and
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TABLE 1 | Epidemiological, microbiological, and clinical characteristics of the study groups.

Not exposed (n=27) Exposed (n=54) P-value®

Epidemiological characteristics

Age, months, median (IQR) 33 (19.0-49.5) 28.5 (18.5-48.5) 0.72
Gender, male (%) 12/27 (44.4) 35/54 (64.8) 0.13
Birth weight, grams, mean (sd)® 3260 (507) 3358 (444) 0.41
Gestational age, weeks, median (IQR)° 40 (38.2-40.4) 40.0 (39.0-40.0) 0.81
House surface per inhabitant, m?, median (IQR) 20 (18.1-28.3) 22 (16.7-28.8) 0.87
Seasonality, samples collected during viral season (%)* 17/27 (63.0) 31/54 (57.4) 0.81
Ethnicity, Caucasian (%) 16/24 (66.7) 34/48 (70.8) 0.92
Delivery mode, C-section (%) 6/23 (26.1) 7/42 (16.7) 0.55
Breastfeeding (%) 23/26 (88.5) 41/52 (78.8) 0.36"
Breastfeeding duration, months, median (IQR)® 6.5 (1.6-12.0) 6.0 (1.0-9.0) 0.41
Schooled (%) 21/26 (80.8) 44/51 (86.9) 0.52¢
Family members under 5 years (%) 9/25 (36.0) 12/46 (26.1) 0.55
Parental smoking (%) 8/26 (30.8) 18/49 (36.7) 0.79
Basic educational level (%) 3/19 (15.8) 9/43 (20.9) 0.74%
>1 dose of Pneumococcal Conjugate Vaccine (%) 15/27 (65.5) 36/52 (69.2) 0.34
Microbiological characteristics
Viral study
DNA/RNA viral detection by multiplex PCR (%) 22/27 (81.5) 39/54 (72.2) 0.42%
DNA/RNA viral detection >2 viruses by multiplex PCR (%) 9/27 (33.3) 15/54 (27.8) 0.79
Human rhinovirus/enterovirus (%) 16/27 (59.2) 31/53 (58.5) 1.00
Human respiratory syncitial virus (A and B) (%) 4/26 (15.4) 4/53 (7.5) 0.42¢
Human metapneumovirus (%) 1/27 (3.7) 2/53 (3.8) 1.00F
Human coronaviruses (OC43/229E/NL63) (%) 2/27 (7.4) 2/54 (3.7) 0.60%
Human parainfluenza viruses (1,2,3,4) (%) 1/27 (3.7) 6/53 (11.3) 0.41%
Human influenza viruses (A and B) (%) 3/26 (11.5) 4/53 (7.5) 0.67%
Human adenovirus (%) 3/27 (11.1) 8/53 (15.1) 0.74%
Human bocavirus (%) 4/25 (16.0) 6/53 (11.3) 0.71%
Pneumococcal study in invasive samples *
Pneumococcal serotype with high invasive disease potential (%) 14/27 (51.8) 18/36 (50.0) 1.00
Pneumococcal serotype covered by PCV13 vaccination (%) 14/27 (51.8) 18/36 (50.0) 1.00
Clinical characteristics
Time of fever before NPA collection, hours, median (IQR)' 120 (78-144) 128 (83-192) 0.82
Blood analytical parameters at admission
C -Reactive Protein, mg/L, median (IQR)? 300 (205-324) 268 (146-335) 0.83
Procalcitonin, ng/ml, median (IQR)" 11.3(6.7-17.2) 43(1.2-15.1) 0.37
Hemoglobin, g/dl, median (IQR) 10.7 (10.1-11.7) 10.8 (9.9-11.6) 0.97
Leukocytes, thousand/mm?, mean (SD)’ 16.8 (8.3) 18.0 (8.9) 0.57
Clinical syndromes
Complicated pneumonia (%) 16/27 (59.2) 29/54 (53.7) 0.81
Non-complicated pneumonia (%) 7/27 (25.9) 8/54 (14.8) 0.36
Meningitis (%) 3/27 (11.1) 5/54 (9.2) 1.00¢
Sepsis (%) 0/27 (0.0) 4/54 (7.4) 0.29%
Bacteremia (%) 1/27 (3.7) 4/54 (7.4) 0.66"
Arthritis (%) 0/27 (0.0) 4/54 (7.4) 0.29%
Hospital stay and complications
Length of Hospitalization stay, days, median (IQR) 11.0 (8.0-15.0) 10.0 (6.0-15.0) 0.69
ICU admission (%) 4/27 (14.8) 13/54 (24.1) 0.40¥
Respiratory support (noninvasive ventilation and/or mechanical ventilation) (%) 2/27 (7.4) 11/54 (20.4) 0.20%
Thoracocentesis (%) 10/27 (37.0) 22/54 (40.7) 0.94

aT-test and Wilcoxon test were used for parametric and nonparametric continuous variables, respectively. Chi-square test was used for categorical variables.

PComparisons performed on 25 not exposed cases and 53 exposed cases.
“Comparisons performed on 26 not exposed cases and 53 exposed cases.
9Comparisons performed on 23 not exposed and 47 exposed cases.

°Comparisons performed on 26 not exposed cases and 50 exposed cases.
'Comparisons performed on 26 not exposed cases and 52 exposed cases.
9Comparisons performed on 26 not exposed cases and 53 exposed cases.
"Comparisons performed on 12 not exposed cases and 25 exposed cases.
'Comparisons performed on 25 not exposed cases and 51 exposed cases.
‘Comparisons performed on 25 not exposed cases and 52 exposed cases.

KFisher exact tests were performed for categorical variables instead of chi-square tests in case of >25% of cells presented expected frequencies <5.

*Viral season was defined as the period of time corresponding to Influenza A and VRS circulation over the basal levels according to the Surveillance Plan of ARIs in Catalonia (PIDIRAC)
(https://canalsalut.gencat.cat/ca/professionals/vigilancia-epidemiologica/pla-dinformacio-de-les-infeccions-respiratories-agudes-a-catalunya-pidirac/) and reports from the Hospital
Surveillance Network for VRS in Catalonia (Vall d’Hebron Hospital) (https.//hospital.vallhebron.com/ca/actualitat/publicacions/informe-xarxa-de-vigilancia-hospitalaria-de-vrs).

#A total of three pneumococci could not be serotyped due to low bacterial load.

SD, Standard Deviation; IQR, Interquartile Range; NPA, Nasopharyngeal aspirate.
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FIGURE 1 | Alpha- and beta-diversity comparisons between patients with IPD not exposed to antibiotics before sample collection (yellow) and IPD patients with previous
antibiotic exposure (blue). Boxplots showing the Chao1 richness (A) and Shannon diversity indexes (B) according to antibiotic-exposure groups at the ASV level.
Differences by group were assessed with simple linear regression analyses including confounding variables as copredictors (age, gender, seasonality, vaccination, ICU
admission, and length of hospital stay). Three observations from the exposed group were deleted due to missing values in vaccination variable. (C) Nonmetric
multidimensional scaling (NMDS) plot based on Bray—Curtis dissimilarities of nasopharyngeal microbiota composition of samples from all patients included in the study.
Samples of each group are connected with their corresponding centroids using the function “ordispider” (Vegan R package). P-value corresponds to Adonis
PERMANOVA test on the antibiotic- exposure group variable and including confounding variables as covariates. Significance codes: ** <0.001; ** <0.01; * <0.05. MDS,

Kilebsiella were found in the nasopharynx of our patients with total
relative abundances of 6.2%, 0.6%, 0.5%, 0.04%, 0.03%, 0.03%, 0.01%,
0.009%, and 0.003%, respectively. However, only Staphylococcus
(P=0.03), Acinetobacter (P=0.02), and Pseudomonas (P=0.02)
showed significant differences with higher relative abundances in
the antibiotic-exposed group (Figure 4). Of note, the antibiotic-
exposed children also presented longer hospital stays prior to
sample collection (median=3 days [IQR: 2-5) vs. median=0 days
[IQR=0-1], P<0.001).

DISCUSSION

In the present study, we have demonstrated clear differences in
nasopharyngeal microbiota composition of hospitalized children
with IPD exposed to antibiotics compared to those not exposed.

Patients exposed to antibiotics presented richer and more
diverse microbial nasopharyngeal communities in our study
compared to those not exposed. This finding is in contrast to
previous literature describing bacterial diversity reduction in gut

microbiota as a consequence of antibiotic intake (Kim et al.,
2017) and may reflect differential effects of antibiotics across
respiratory and intestinal microbiota ecosystems. Our results are
in agreement with those reported in a longitudinal study by
Smith et al. (2014) in adults with cystic fibrosis. This study
analyzed the effects of intravenous beta-lactam antibiotics for
treating exacerbations on sputum samples collected on the first
day, at 3-4 days, and 8-10 days since antibiotic initiation. A
transient increase in diversity at 3 days was described that
normalized at days 8-10, suggesting that timing of sampling
after the start of antibiotic could be key to understanding the
dysbiotic effect of antibiotic exposure in the respiratory
microbiota. Results from other investigations on the impact of
antibiotics on respiratory microbiota are scarce and
heterogeneous, mostly referring to effects observed after at least
7 days of antibiotic initiation: some studies reported decreases in
bacterial community complexity (Lazarevic et al., 2013; Pittman
et al,, 2017; Kramna et al.,, 2018), while others showed no
significant changes on alpha-diversity measures at all (Zhou
et al., 2016; Salter et al., 2017). Other factors such as patient
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age, the specific respiratory condition analyzed, and the
respiratory tract segment analyzed may explain the
heterogeneity of antibiotic impacts on respiratory microbiota
reported so far.

Antibiotic exposure was associated to higher relative
abundance of ASVs phylogenetically close to viridans group
streptococci (VGS), specifically Streptococcus mitis/oralis/
infantis species, and anaerobic bacteria such as Prevotella,
Aloprevotella, Veillonella, Porphyromonas, and Granulicatella.
These taxa mainly corresponded to commensal bacteria more

frequently found in the oropharynx (Aas et al., 2005; Dzidic et al.,
2010; Mira et al., 2017) than the nasopharynx of children (Ho
Man et al, 2017; SM et al., 2018). Smith et al. (2014) also
described a trend for increased relative abundances of anaerobes
in sputum samples, mainly Veillonella and Prevotella, after 72 h
of beta-lactam treatment. Similar effects have been observed with
pneumococcal vaccination, which resulted in temporary shifts in
nasopharyngeal microbiota composition with increased levels of
bacterial diversity and increased relative abundances of
Prevotella, Veillonella, unclassified Bacteroidetes, and
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Leptotrichia (Biesbroek et al.,, 2014). Other nonpneumococcal
streptococci also raised after vaccination, while pneumococcal-
vaccine serotypes decreased. Despite different action
mechanisms, both antibiotics and vaccination may lead to
eliminating pneumococcus from nasopharynx, with probable
displacement of the species detected. Our study suggests that
colonizing bacteria from oropharynx may be leading the short-
term repopulation of nasopharynx after antibiotic exposure.
Although mainly speculative, the poor oral hygiene frequently
associated to hospitalized children (Blevins, 2013) is linked to
high bacterial loads and increased bacterial colonization
(Fourrier et al., 1998; Bordasa et al., 2008; Barbosa et al., 2016;
Carrol et al., 2020; Chhaliyil et al., 2020), which may favor
the migration of bacteria from oral and dental plaque to the
empty nasopharyngeal space left by pneumococcus. Other

plausible mechanisms may include the possibility that oral
bacteria were already present in the nasopharynx of children
with IPD in very low abundance, and such populations expanded
to fully occupy the niche after antibiotic use or the new
acquisition of oral bacteria via breathing, which may have the
opportunity to colonize this niche due to the reduction of
pneumococcus abundance.

The importance of these findings must be unveiled. Despite the
fact that these bacteria are generally commensal microorganisms
from the oropharynx (Aas et al., 2005), it has been demonstrated to
be a causative role in local and disseminated infections. VGS are a
common cause of bacteremia and infective endocarditis (Desai et al.,
2017). Gram-negative bacteria such as Prevotella, Porphyromonas,
and Veillonella and gram-positive cocci such as Granulicatella are
isolated from a considerable proportion of mixed anaerobic
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infections in children (Brook, 2002). In addition, some Prevotella
and Porphyromonas species have been described as important
pathogens in periodontitis and inextricably linked to systemic
chronic disorders as cardiovascular diseases, diabetes, and
rheumatoid arthritis, through cross-reactive antibodies and
increased levels of systemic inflammation (Bui et al., 2019).

A higher abundance of VGS and typical oral taxa in the
nasopharynx of antibiotic-exposed cases despite active
treatment could be explained by the considerable rates of
resistance to beta-lactam antibiotics described in these
bacteria (Nyfors et al., 2003; Desai et al., 2017; Arredondo
et al., 2020), or to the biofilm mode of life of some of these
species, which may restrict antibiotic penetration (Kouidhi
et al., 2015). In addition, VGS constitute a reservoir of
antimicrobial resistance genes that have been described to be
transferred to more pathogenic organisms like S. pneumoniae
(Jensen et al., 2015), while anaerobic gram-negative bacteria
may protect penicillin-susceptible bacteria through beta-
lactamase production, contributing to antibiotic failures
(Brook, 2009). Worrisome is also the fact that antibiotic
exposure in children with IPD and hospitalized for a median
of 3 days was associated to increased abundances of
Staphylococcus, Pseudomonas, and Acinetobacter. These
genera, specially Pseudomonas and Acinetobacter, are not
common respiratory commensals and are related to typical
multidrug-resistant species causing nosocomial infections
(Zingg et al., 2017).

Although it is probable that our findings could be transitory
and a recovery of the initial stability of the nasopharyngeal
microbiota is reached after antibiotic treatment ends, some
changes have been described to persist for long time and for
some species to become part of the commensal microbiota.
Given the implication of oral bacterial species in multiple
disorders and its overrepresentation in the nasopharynx of
inpatients with IPD after antibiotic treatment, our study
suggests that these patients could benefit from the concurrent
administration of probiotics/prebiotics alongside antibiotics that
may help to prevent dysbiosis and recover a balanced state of the

microbiota (Rosier et al., 2018; Lee et al., 2021). The role of the
oral hygiene in preventing and recovering from such
disturbances must be revealed. This practice has demonstrated
to reduce colonization and density of oral pathogenic bacteria in
the oropharynx as well as to reduce the risk of nosocomial
infections (Bordasa et al., 2008; Amaral et al., 2009; Carrol et al.,
2020; Chhaliyil et al., 2020; Vilela et al., 2015), and could be
useful if the repopulation of the nasopharynx of children with
IPD after antibiotic treatment is produced by the expansion of
oral bacteria from the oropharynx.

This study is subject to a number of limitations. First, the
small sample size may have reduced the statistical power.
Nevertheless, we would like to note the valuable cohort of
patients recruited in a low-prevalence area for IPD and the
lack of previous studies assessing the ecological impact of
antibiotics in the nasopharynx of these children. Second, its
cross-sectional design only allowed identification of associations
without establishing causality. Third, 16S rRNA gene sequencing
studies cannot differentiate between live and death bacteria.
Fourth, analyses at the species levels could not be performed
because of the poor taxonomic resolution at this rank, especially
for streptococcal species, possibly due to the use of short-length
amplicons and the absence of respiratory tract-dedicated,
thoroughly curated 16S rRNA gene databases as occurred in
gut microbiota. However, we performed analyses at the ASV
level that allowed the finest possible resolution by discriminating
unique sequences at the single-nucleotide level. Finally, although
a phylogenetic tree based on 16S rRNA gene sequences was
constructed in order to identify which streptococcal strains were
the most phylogenetically close to the streptococcal ASVs
detected in our study, other genes may be more suitable for
reliable classification of streptococcal species.

Despite these limitations, the associations described here are
strong enough to encourage future longitudinal studies that
confirm our findings and evaluate the relation of changes
observed in nasopharyngeal communities after antibiotic use
with short-term and long-term clinical outcomes. Our findings
may also encourage shotgun metagenomic studies that help to
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describe functional profiles and resistance patterns of
nasopharyngeal communities associated to antibiotic use.

In conclusion, our results suggest a reduction of S. pneumoniae
abundance on the nasopharynx of children with IPD after antibiotic
treatment, and a short-term repopulation of this altered niche by
oral and nosocomial bacteria. This emphasizes the need for
understanding the clinical implications of these antibiotic-derived
perturbations as well as the utility of probiotic/prebiotic
administration or even oral hygiene improvement in preventing
or recovering from such disturbances.
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The pathobiont Streptococcus pneumoniae causes life-threatening diseases, including
pneumonia, sepsis, meningitis, or non-invasive infections such as otitis media. Serine
proteases are enzymes that have been emerged during evolution as one of the most
abundant and functionally diverse group of proteins in eukaryotic and prokaryotic
organisms. S. pneumoniae expresses up to four extracellular serine proteases
belonging to the category of trypsin-like or subtilisin-like family proteins: HtrA, SFP,
PrtA, and CbpG. These serine proteases have recently received increasing attention
because of their immunogenicity and pivotal role in the interaction with host proteins. This
review is summarizing and focusing on the molecular and functional analysis of
pneumococcal serine proteases, thereby discussing their contribution to pathogenesis.

Keywords: Streptococcus pneumoniae, pneumococcal serine protease, respiratory infection, colonization,
virulence factor, pathogenesis, structure

INTRODUCTION

Pneumococci (S. pneumoniae, the pneumococcus) are Gram-positive, facultative anaerobic bacteria,
colonizing asymptomatically the upper human respiratory tract (URT). Adherence to a mucosal
surface of host tissues, predominantly indirectly via components of the extracellular matrix (ECM),
is a prerequisite for establishing stable colonization (Bogaert et al., 2004). However, under certain
circumstances, pneumococci disseminate from the nasopharynx to deeper tissues and the blood,
leading to pneumonia and invasive diseases such as septicemia or meningitis (Song et al., 2013;
Weiser et al., 2018; Bradshaw et al., 2020). Pneumococcal infections are a major cause of invasive
diseases (invasive pneumococcal diseases, IPD) and death globally, especially in the most susceptible
populations such as children, the elderly, and immunocompromised persons (O'Brien et al., 2009).
The highest mortality is reported for children. Therefore, pneumococci are also called “The
Forgotten Killer of Children,” as mentioned by UNICEF and WHO (UNICEF, 2006).
Pneumococci are endowed with a plethora of virulence factors contributing to adhesion,
colonization, immune evasion, and host cell damage (Ljungh et al., 1996; Kadioglu et al., 2008; Voss
etal.,, 2012; Weiser etal., 2018; Jahn et al., 2020). The initial steps of pneumococcal pathogenesis require
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an intimate, specific adherence to host structures and modulation
of innate immune clearance mechanisms (Weiser et al., 2018).
Pneumococcal adhesins recruit and bind to different human ECM
and serum glycoproteins, including fibronectin, fibrinogen,
vitronectin, thrombospondin-1, collagen, and plasmin(ogen)
(Holmes et al., 2001; Bergmann et al., 2009; Voss et al., 2012;
Fulde et al., 2013; Binsker et al., 2015). Striking examples are the
multifunctional adhesins PspC (also referred to as CbpA), PavB,
PsrP, and pilus type-1 (Rosenow et al., 1997; Pracht et al., 2005;
Anderton et al., 2007; Kanwal et al., 2017). The close interaction of
pneumococci with nasopharyngeal host cells is initially prevented
by mucus and ciliary beating of the microvilli on the apical pole of
mucosal epithelial cells (Clarke etal., 2011). However, pneumolysin
inhibits ciliary beat frequency (Peter et al., 2017; Nishimoto et al.,
2020), and enzymes like the pneumococcal neuraminidase NanA
and hyaluronidase Hyl contribute to receptor exposure on the
surface ofhost cells (Weiser et al., 2018). Importantly, pneumococci
exhibit the ability to hijack host-derived serine protease proteolytic
activities by binding plasmin(ogen), enabling ECM degradation,
which facilitates colonization and dissemination of bacteria
(Bergmann et al.,, 2005; Bergmann et al., 2013; Weiser et al.,
2018). Proteases, especially serine proteases, are found in all
living organisms. The intracellular and extracellular proteases are
considered to be the most abundant and functional proteolytic
enzymes (Page and Di Cera, 2008). These enzymes either hydrolyze
peptide bonds within proteins or cleave them at their amino- or
carboxyl-terminal ends (Patel, 2017). Bacterial proteases are
involved in cell homeostasis, protein transport, and the structural
integrity of the cell wall (Burchacka and Witkowska, 2016;
Marquart, 2021). Many bacterial species express serine proteases
that play a significant role in pathogenesis, such as Bacteroides spp.,
Clostridium spp., Pseudomonas aeruginosa, and Streptococcus spp.
(Macfarlane etal., 1988; Thibodeaux etal., 2007; de Stoppelaar et al.,
2013; Martinez-Garcia et al., 2018).

PNEUMOCOCCAL PROTEASES
AND PEPTIDASES

S. pneumoniae expresses a wide range of proteases and
peptidases, including cysteine proteases, zinc-metalloproteases,
and serine proteases (Wani et al,, 1996; Ishii et al., 2006;
Marquart, 2021). More than 34 proteases in S. pneumoniae
TIGR4 were recently reported and discussed (Kwon et al,
2011; Marquart, 2021). These proteases have different
functions like involvement in the acquisition of nutrients,
protein quality control, signal peptide cleavage for pre-protein
secretion, and cleavage of host ECM proteins (Proctor and
Manning, 1990; Marquart, 2021). It is reported that some
proteases play a significant role in virulence (Collin and Olsen,
2003; Weiser et al., 2018; Kriaa et al., 2020). For instance, the
zinc-metalloprotease ZmpA (also known as IgAl protease)
interacts with the host immune system by cleaving IgA into
inactive components, and the zinc-metalloprotease ZmpB is
important for the modification of pneumococcal surface
proteins (Kilian et al., 1980; Novak et al., 2000).

PNEUMOCOCCAL SURFACE PROTEINS
AND EXTRACELLULAR SERINE
PROTEASES

Besides in S. pneumoniae, serine proteases (or serine
endopeptidases) have been found in many bacterial species
such as Haemophilus influenzae, Pseudomonas aeruginosa, and
other streptococcal species like Streptococcus agalactiae (group B
streptococcus, GBS) (Male, 1979; Lyon and Caparon, 2004).
Generally, the pneumococcus expresses different surface
protein classes (Bergmann and Hammerschmidt, 2006; Pribyl
et al., 2014; Kohler et al., 2016). Sortase-anchored proteins are
covalently anchored to the peptidoglycan (PGN) via the sortase
A, which cleaves a C-terminally located LPXTG motif
(Bergmann and Hammerschmidt, 2006; Hammerschmidt,
2006; Nobbs et al., 2009; Lofling et al., 2011). In addition, the
pneumococcal cell wall is decorated with up to 16 choline-
binding proteins (CBPs), which are non-covalently bound to
the phosphorylcholine of teichoic acids (Gosink et al., 2000).
CBPs have been reviewed elsewhere (Maestro and Sanz, 2016). In
this context, all pneumococcal serine proteases can be secreted
and exposed on the pneumococcal cell surface, as shown in
Figure 1. This extracellular localization enables a direct or
indirect cleavage and inactivation of bound peptides, thereby
leading to the degradation of specific substrates (Mann et al,
2006; Frolet et al., 2010). In fact, pneumococcal serine proteases
are reported to play a crucial role in bacterial pathogenesis, such
as adhesion, colonization, promotion of pneumococcal diseases,
biofilm dispersal, and immune subversion of host cells (Figure 4)
(Bergmann and Hammerschmidt, 2006; Moscoso et al., 2006;
Mitchell and Mitchell, 2010; Voss et al., 2012; Pribyl et al., 2014;
Chao et al., 2020; Ali et al., 2021).

The information on how pneumococcal serine proteases
interfere with pathogenesis is crucial with respect to our
understanding of pneumococci-host interactions. This review
will focus on the four different pneumococcal serine proteases:
HtrA, SFP, PrtA, and CbpG. These enzymes, encoded by genes
of the core genome, are highly conserved and present among
different pneumococcal serotypes (Bethe et al., 2001; Desa et al.,
2008). The proteolytic activity is characterized by three amino
acid (aa) residues, Ser-His-Asp, which form a so-called catalytic
triad. The serine proteinase A (PrtA) and subtilase family
protein (SFP) are cell wall-associated serine proteases of the
S8 family of peptidases (Blum et al., 2021; Marquart, 2021).
They are secreted and anchored covalently to the cell wall via
the sortase A (Bethe et al., 2001; de Stoppelaar et al., 2013). PrtA
contributes to host lung damage in a murine systemic infection
model (de Stoppelaar et al.,, 2013; Mahdi et al., 2015), and in
accordance, the gene encoding for PrtA is upregulated in the
blood during acute pneumonia in mice (Bethe et al.,, 2001). In
contrast, SFP may facilitate pneumococcal growth even after a
lower infection dose in the lower respiratory tract (de
Stoppelaar et al., 2013). The high-temperature requirement A
(HtrA) serine protease is membrane-associated via an unknown
mechanism and lacking a specific anchoring motif (Seol et al.,
1991; Gasc et al, 1998; Fan et al., 2011), whereas CbpG is
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FIGURE 1 | Localization of pneumococcal serine proteases on the bacterial surface. The pneumococcal cell wall of S. pneumoniae contains four different classes of
surface-exposed proteins: choline-binding proteins (CBPs), sortase-anchored proteins containing a C-terminal LPXTG motif, lipoproteins, and non-classical surface
proteins (Gamez and Hammerschmidt, 2012; Pribyl et al., 2014; Kohler et al., 2016). These proteins are associated with different structures of the cell wall, consisting
of peptidoglycan (light blue), wall teichoic acids (WTA) and lipoteichoic acids (LTA) (carbohydrates repeating units in white circles for WTA and LTA). Wall teichoic acids
are directly linked to the peptidoglycan (PGN), lipoteichoic acids are anchored to the phospholipid bilayer (membrane) via a lipid anchor (Tomasz, 1967). Pneumococcal
teichoic acids are decorated with phosphorylcholine (PCho) residues (McCullers and Tuomanen, 2001). The pneumococcus displays four serine proteases on the bacterial
surface (Mann et al., 2006; de Stoppelaar et al., 2013). Choline-binding protein G (CbpG, pink); bound non-covalently via the conserved choline-binding repeats
(CBRs; green) to the phosphorylcholine residues of WTA or LTA. Subtilase family protein (SFP, blue) and cell wall-associated serine proteinase (PrtA, yellow) belong
to the subtilisin-like proteases. Both proteins contain an N-terminal signal peptide and a C-terminal LPXTG motif. The latter is necessary to bind SFP and PrtA to the
PGN, catalyzed by the transpeptidase Sortase A. High-temperature requirement A (HtrA, green) belongs to the family of trypsin-like proteases and contains no specific
cell wall anchoring motif. All of these proteins contain the catalytic active domain with the Asp-His-Ser triad, which has proteolytic activity.

non-covalently associated with the wall teichoic (WTA) and
lipoteichoic acids (LTA) (Mann et al., 2006). Previous studies
suggested that CbpG could be a multifunctional protease
playing an important role in mucosal colonization and sepsis
(Mann et al., 2006). HtrA is a heat shock protein and chaperone
involved in protein quality control, cell division, colonization,
and virulence (Sebert et al., 2002; Ibrahim et al., 2004a; Cassone
et al.,, 2012).

HtrA and PrtA are upregulated in the heat-dispersed
population among the genetic variants (Pettigrew et al., 2014).
We recently reported that the deficiency in three out of four
serine proteases of TIGR4 with only one functional gene/protein
or the deficiency of all serine proteases dramatically reduces
adherence and nasopharyngeal colonization (Ali et al., 2021).
Interestingly, the pneumococcal serine proteases are highly
conserved among all pneumococcal serotypes and immunogenic
(Bethe et al., 2001; Li et al., 2016; Hsu et al., 2018; Kazemian et al.,
2018). Hence, serine proteases-driven pathogenesis is opening
the avenue for new targets to develop specific antimicrobials. In
this regard, our review presents a comprehensive summary of
our current knowledge of pneumococcal serine proteases in
order to gain insight into their potential roles in pneumococcal
virulence and pathogenesis at a molecular level.

BIOINFORMATICS ANALYSIS OF
PNEUMOCOCCAL SERINE PROTEASES

To characterize and compare pneumococcal serine proteases
on the molecular level, different database tools including PSORT
db 3.0 (Yu et al, 2011), multiple sequence alignment Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and
pairwise sequence alignment (https://www.ebi.ac.uk/Tools/psa/
emboss_water/) were used. All analyzed serine protease gene
sequences (prtA (sp_0641), htrA (sp_2239), and cbpG (sp_0390))
of S. pneumoniae strain TIGR4 or D39 for SFP (spd_1753) were
retrieved from the KEGG database (Kanehisa et al., 2006). Signal
sequences were predicted using the software tool SignalP 4.0
(Emanuelsson et al., 2007; Petersen et al., 2011). Choline-binding
proteins are characterized by their typical choline-binding modules
(CBM) consisting of characteristic choline-binding repeats
(CBRs) (Maestro and Sanz, 2016). Moreover, for the prediction
of transmembrane helices, the TMHMM Server 2.0 algorithm
(Hidden Markov Model for transmembrane protein topology
prediction) was applied (Krogh et al., 2001). Functional domains
were predicted using Pfam (Punta et al., 2012).

The genomes of 10 clinically relevant S. pneumoniae strains
were analyzed on DNA and protein levels with BlastN and BlastP,
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respectively, for the homology analysis of pneumococcal serine
proteases. The results revealed a maximum of four different serine
proteases (NCBI, 2016). Comparisons on the protein level
revealed high identities and similarities, indicating highly
conserved sequences among the different pneumococcal
strains (Table 1).

MOLECULAR CHARACTERIZATION AND
STRUCTURE OF SERINE PROTEASE-
LIKE/CHAPERONE HtrA

HtrA belongs to the peptidase SA clan in the S1C family and is also
identical to DO subfamily protease (Pallen and Wren, 1997). More
than 180 members of these proteases, including HtrA, display
trypsin-like protease characteristics (Pallen and Wren, 1997;
NCBI, 2016). The family of these proteases combines a catalytic
domain with at least one or more C-terminal PDZ domains
(Lipinska et al., 1990), which is highly conserved in both
pathogenic and nonpathogenic bacteria (Seol et al., 1991; Spiess
etal., 1999; Backert et al., 2018). However, the first described HtrA
proteasein E. coliis known as DegP or DO protease and localized in
the periplasmic space (Lipinska et al., 1990).

Bacterial HtrA is a heat-shock-induced serine protease that
displays a multifunctional role like protein quality control and
bacterial survival under different stress conditions such as oxidative
and heat stress (Sebert et al., 2002; Singh et al., 2018). For instance,
HtrA protease in Lactococcus is considered as a housekeeping
protease (Poquet et al., 2000), while in other bacteria, HtrA
prevents the cell from the cytotoxicity of misfolded proteins by
refolding or degrading them (Clausen et al., 2002; Zarzecka et al.,
2019). In E. coli, unlike other quality control proteins such as

ClpXP, CIpAP, and HsIUV, which need ATP for their chaperone
function, HtrA is functional without ATP as an additional energy
source (Clausen et al., 2011; Malet et al., 2012). More importantly,
the function of HtrA proteins can be switched from chaperone to
protease and the activity depends on the temperature (Spiess et al.,
1999). The protease effect is in particular apparent at high
temperatures ranging from 38-42°C, whereas the chaperon
function is more pronounced at lower temperatures ranging
from 30-37°C (Spiess et al., 1999).

In S. pneumoniae, HtrA is one of the best-studied and
characterized serine proteases. High protein sequence identity
(up to 100%) of the HtrA protein was detected in six different
pneumococcal strains (Table 1) such as D39, Hungary 19A,
serotype 19F_EF3030 and R6, indicating that HtrA is highly
conserved. Therefore, it could be a desirable drug target to
prevent pneumococcal diseases (Wessler et al., 2017; Xue et al.,
2021). In pneumococci, HtrA is a surface-exposed serine protease,
easily accessible for potential inhibitory substances or anti-
infectives. HtrA is immunogenic and antibodies against HtrA are
protective against invasive pneumococcal diseases (Li et al., 2016).

The molecular analysis of different HtrA serine proteases of
other pathogenic bacteria via multiple sequence alignment (MSA)
revealed a sequence similarity, especially in the functional protease
and PDZ domains, as reviewed more extensively elsewhere
(Backert et al., 2018; Boehm et al., 2018; Singh et al., 2018). They
are widely distributed in many bacterial species such as Escherichia
coli, Legionella fallonii, Thermotoga maritima, and Mycobacterium
tuberculosis (Kim et al., 2003; Bai et al., 2011; Malet et al., 2012;
Cortes et al., 2013; Chang, 2016; Singh et al., 2018).

Furthermore, we also analyzed the amino acid sequence of
pneumococcal HtrA orthologs in other streptococci (Table 2).
High sequence homologies of HtrA are present in S. pyogenes
(group A streptococci), S. agalactiae (group B streptococci),

TABLE 1 | Protein sequence homology [%)] of serine proteases among different selected pneumococcal strains based on protein sequences from S. pneumoniae

TIGR4 (Tettelin et al., 2001), and D39 for SFP.

S. p. Strain (serotype) gene no. CbpG Gene no. HtrA Gene no. PrtA gene no. SFP

TIGR4 (4) %ID sp_0390 100.0 sp_2239 100.0 sp_0641 100.0 sp_1954 100.0
%SIM 100.0 100.0 100.0 100.0

D39 (2) %ID spd_0356 99.0 spd_2068 100.0 spd_0558 95.8 spd_1753 100.0
%SIM 99.5 100.0 97.8 100.0

EF3030 (19F) %ID EF3030_01920 99.6 EF3030_11105 99.7 EF3030_03025 97.5 - -
%SIM 99.6 100 98.7

ST556 (19F) %ID snd:MYY_0470 87.0 snd:MYY_2162 100.0 snd:MYY_0688 95.9 — -
%SIM 95.7 100.0 97.9

ST81 (23F) %ID Spn23F03640 97.8 spn23F22720 99.7 spn23F05790 97.4 spn23F9760 100.0
%SIM 98.5 100.0 98.8 100.0

JJA (14) %ID spj_0378 99.3 spj2269 99.7 spj_0592 97.4 spj_1948 100.0
%SIM 100.0 100.0 98.6 100.0

R6 (2) %ID spr0349 99.0 spr2045 100.00 spro561 95.8 spr1771 100.0
%SIM 99.5 100.00 97.8 100.0

G54 (19F) %ID spg_0356 100.0 spg_2188 98.4 spg_0584 96.1 - -
%SIM 100.0 99.0 97.8

Hungary 19A-6 (19A) %ID sph_0499 96.8 sph_2438 99.5 sph_0733 96.2 — -
%SIM 96.8 100.0 98.1

R6_CIB17 (2) %ID — - E5Q10_10910 100.0 —_ - E5Q10_09305 100.0
%SIM - 100.0 100.0

Analysis of the proteins were performed with tool databases BlastP (NCBI, 2016), and EMBOSS (Rice et al., 2000). Protein sequences derived from TIGR4 strain were used as reference
ID, Identity; SIM, Similarity. The meaning of the bold values are % ID, Identity percentage; % SIM, Similarity percentage.
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TABLE 2 | Comparison and distribution of pneumococcal serine proteases in other related bacterial species with amino acid sequence similarity and role in
pathogenicity, updated from (Ali et al., 2021).

Protein Proteinaccession Bacterial Similarity Associated Pathogenic Host-Targets References
(locus tag) no. species [%] disease function
PrtA, cell AAK74791.1 Streptococcus 100% CAP1, sepsis, killing by cleaves human (Bethe et al., 2001; Mirza et al.,
wall- pneumoniae meningitis apolactoferrin apolactoferrin, 2011; Weiser et al., 2018; Ali
associated colonization interact with et al., 2021)
serine adherence, collagen IV and
protease pneumonia plasminogen,
cleavage of
leader peptides
from lantibiotics,
possible adhesin
PrtP (LP151), M83946 Lactobacillus 35.8% dental caries, degrades secreted,  degrade (von Schillde et al., 2012;
proteinase paracasei rheumatic vascular cell-associated, and  proinflammatory  Hormannsperger et al., 2013)
disease, septicemia, tissue-distributed chemokines
and infective and other
endocarditis proinflammatory
chemokines
PrtP (SK11), J04962, M26310 Lactococcus 35.4% Lactic acid bacteria  involved to adhesion adhesive (Nikoli¢ et al., 2009; Inoue
Proteinase, PIIl- lactis subsp. (LAB), endocarditis ~ and invasion, transit  properties, et al., 2014; Radziwill-
type cremoris chronic gastritis, in the intestinal degrade alpha Bienkowska et al., 2017)
central nervous mucosa (S1)- and beta-
infection caseins
PrtB, 148487 Lactobacillus 37.2% LAB antibacterial activity, cleaves beta- (Abedi et al., 2013)
proteinase delbrueckii Non-pathogenic probiotic function, casein
precursor bulgaricus,
PrtH, cell AF133727 Lactobacillus 36.5% LAB antibacterial activity, ~degrades alpha (Kuniji et al., 1996)
envelope helveticus Nonpathogenic and beta-caseins
associated
proteinase
PrtS, cell AAGO9771 Streptococcus 35.3% LAB - essential for (Courtin et al., 2002)
envelope thermophilus intestinal diseases growth
proteinase
ScpA, Cba P15926 Streptococcus 38.1%  necrotizing fasciitis,  facilitates the local cleaves the (Chmouryguina et al., 1996)
peptidase pyogenes pharyngitis infection human serum
chemotaxis Cba
ScpB, Cha U56908 Streptococcus 37.5%  bacteremia, virulence factor, inactivates Cba  (Bohnsack et al., 2000)
peptidase agalactiae pneumonia promote Fn-
independent GAS
invasion of human
epithelial cells
CbpG, AAK74556.1 Streptococcus 100% CAP, sepsis, adherence, cell-attached (Gosink et al., 2000; Mann
choline- pneumoniae meningitis colonization form promotes et al., 2006; Weiser et al., 2018;
binding virulence factor, adherence, Ali et al., 2021)
protein G extracellular
form degrades
fibronectin,
important
formucosal and
invasive disease
GEJ60330 GEJ60330.1 Enterococcus 56% colonizing the endophthalmitis, - (Thurlow et al., 2010)
serine faecalis gastrointestinal tract  peritonitis,
proteinase and oral cavity of endocarditis, and
animals and humans  orthopaedic
serine protease WP_010922847.1  Staphylococcus 40.4%  CAP, bacteremia, involved in the cleaves the (Pietrocola et al., 2017)
aureus endocarditis, evasion of host ECM
osteomyelitis immunity components
serine protease  NP_460444.1 Salmonella 39.2%  foodborne diseases  epithelial cell cleavage of (Jajere, 2019)
enterica subsp. (Salmonellosis) invasion E-cadherin
Glu, 1P3C Bacillus 42.2% - - cleaves the (Meijers et al., 2004)
endopeptidases intermedius peptide bond on
the carboxyl end
of glutamic acid
(Continued)
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TABLE 2 | Continued

Protein Proteinaccession Bacterial Similarity Associated Pathogenic Host-Targets References
(locus tag) no. species [%] disease function
SFP, ABC75782.1 Streptococcus 100% CAP, sepsis, facilitates bacterial cleavage of (de Stoppelaar et al., 2013; Ali
subtilisin-like pneumoniae meningitis growth, adherence,  leader peptides et al., 2021; Marquart, 2021)
serine colonization from lantibiotics
protease
NisP, leader AMZD_A Lactococcus 56.6%  endocarditis antibacterial cleave leader (Xu et al., 2014; Montalban-
peptide- Lactis infection lantibiotic peptides from Lopez et al., 2018)
processing lantibiotics
serine protease
CspA, cell CNG97209.1 Streptococcus 38.5%  CAP, sepsis, virulence factor, cleaves human (Harris et al., 2003; Bryan and
surface serine agalactiae meningitis resistance to fibronectin Shelver, 2009)
endopeptidase opsonophagocytosis  inactivates
chemokines
HtrA (DegP) AAK76286.1 Streptococcus 100% CAP, sepsis, chaperone, heat- quality control of  (Sebert et al., 2002; Ibrahim
serine pneumoniae meningitis shock protein, secreted et al., 2004a; Ibrahim et al.,
protease/ protease, virulence proteins 2004b; Cassone et al., 2012; de
chaperone factor, competence Stoppelaar et al., 2013; Kochan
pathways, and Dawid, 2013; Sender et al.,
growth advantage in 2020; Ali et al., 2021)
influenza A virus co-
infection, adherence,
colonization
BAQ53883.1 Streptococcus 71.7% purulent diseases of  processing of cleavage of (Wexler et al., 1985; Lyon and
pyogenes the pharynx and skin extracellular complement Caparon, 2004)
virulence factors and factor Cba
hemolytic activity
Q8DWPA S. agalactiae 73.6%  bacteremia, - -
pneumonia
VEI61035.1 Streptococcus 72.8%  dental carries colonization biofilm formation  (Biswas and Biswas, 2005)
mutans
WP_061099826.1  Campylobacter 52.6% Campylobacteriosis,  bacterial adhesion, cleavage of (Zarzecka et al., 2020)
Jjejuni Guillain Barré transmigration, and  E-cadherin,
syndrome invasion apoptosis, and
immune
responses
AHC56659.1 Helicobacter 54.5%  gastritis, ulcers bacterial cleavage of (Hoy et al., 2010; Schmidt
pylori symptoms transmigration, occludin, et al., 2016; Tegtmeyer et al.,
activation of type IV claudin-8, 2017)
secretion E-cadherin, and
fibronectin
5ZVJ_A Mycobacterium 52.7%  tuberculosis cell wall hydrolases  degrades a (Wu et al., 2019)
tuberculosis putative cell wall
muramidase
(AmiI3)

Bold values means "Percentage identity".

S. mitis, and S. mutans. HtrA of S. pyogenes plays a significant
role in cysteine protease streptococcal pyrogenic exotoxin B
(SpeB) maturation and complement factor C5a cleavage (Lyon
and Caparon, 2004; Cole et al., 2007). The deletion of HtrA in S.
mutans enhanced the surface expression of several extracellular
proteins such as glucan-binding protein GbpB and altered the
biofilm formation (Biswas and Biswas, 2005).

Besides the impact of HtrA on pneumococcal virulence, HtrA
was shown to be a multifunctional protein involved in
pneumococcal growth at higher temperatures, tolerance to
oxidative stress, genetic transformation, regulation of bacteriocin
production, and cell division (Dawid et al., 2009; Fan et al., 2010;
Tsui et al,, 2011). The pneumococcal HtrA protein (Figure 2A)
contains an amino-terminal signal peptide (31 aa), cleaved by
signal peptidase I for secretion. The terminal signal peptide is

followed by a single transmembrane helix domain (aa 12-34).
Thus, HtrA is found on the surface and/or secreted from S.
pneumoniae as predicted by the presence of a putative amino-
terminal signal peptide (de Stoppelaar et al., 2013; Ali et al., 2021).
Additionally, HtrA contains two highly conserved unique
domains, a serine protease domain and a PSD-95/DIg/ZO-1
(PDZ) domain (de Stoppelaar et al., 2013). The trypsin-like
serine protease domain has the typical triad His''>-Asp'**-Ser***
(HDS) in the catalytic center, which was identified previously (de
Stoppelaar et al., 2013) using Interproscan IPR009003 and
IPR001940 (Zdobnov and Apweiler, 2001). Finally, the PDZ
domain (abbreviation combining letters of the first three proteins
discovered to share this domain, postsynaptic density protein,
Drosophila discs large tumor suppressor, and zonula occludens-1)
is located at the C-terminal end. HtrA in other bacterial species
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Modular organization of pneumococcal serine proteases

Serine N-terminal Catalytic Other domain ™ Length
proteases SP domain architecture helix |(@mino acids)
chymotrypsin-like serine protease
A 1-32 Y P ey P 289-375
12-34 42 kDa
HtrA_sp_2239 ""% HDS c 393aa
182 aa
B trypsin-like serine protease
14-197
CbpG_sp_0390 0 32 kDa
285a.a
c peptidase_S8 protease like 795-934
223-764 2 -214
099 0 240 kDa
PrtA_sp_0641 HDS 2112-2134| 2140aa
- 542 aa
140 aa 42 aa
D 122 peptidase serine protease 543-550 64.9 kDa
- — 552.574 [ S579aa
LPNTS - .
SFP_spd_1753 N-.— HDS ¢
37 aa

SP, signal peptide sequences.

FIGURE 2 | Schematic presentation of the modular organization in pneumococcal serine proteases. (A) HtrA (AAK76286.1), the signal peptide sequences (aa 1-32)
are illustrated in red. The serine protease catalytic domain is shown in light green, PDZ domain is labeled in yellow. (B) CopG (AAK74556.1), most likely has no signal
peptide. The trypsin-like serine protease catalytic domain is shown in pink, the repeats of the choline-binding domains (CBDs) are marked in green, connected by
short linker region aa 198-206. The C-terminal region aa 267-285 is probably also involved in binding to choline residues of teichoic acids. (C) PrtA (AAK74791.1),
the signal peptide sequence aa 1-27 is depicted in red, the serine protease catalytic domain is illustrated in yellow, the DUF 1034 domain is shown in red. The C-
terminal anchoring motif is labeled in yellow. (D) SFP (ABJ54257.1), the signal peptide sequence (1-22 aa) is shown in red, the serine protease catalytic domain is
marked in blue. The length of each serine protease is given as the number of amino acids (aa). HDS, histidine, aspartate and serine; TM, transmembrane domain;

contains one or more PDZ domain(s) (Fan et al., 2011; Backert
etal,, 2018; Singh et al., 2018). In some situations, such as protein-
protein interactions, the HtrA-PDZ domain acts as a protein
folding stress sensor and controls the pyrolytic activity
(Murwantoko et al., 2004; Wilken et al., 2004; Hasselblatt et al.,
2007). Thus, the PDZ domains are responsible for recognizing and/
or binding substrate proteins (Marquart, 2021). Fan et al. solved the
pneumococcal HtrA-PDZ structure (Fan et al., 2011), which
contains three o-helices and five B-strands (amino acid residues
262-386). Moreover, a comparison of the amino acid sequences of
HtrA-PDZ domains in different bacterial species showed that the
pneumococcal PDZ domain, which is most likely involved in the
ligand recognition, has only a moderate sequence similarity and
conserved secondary structure (Bohnsack et al., 2000).

The importance of HtrA in S. pneumoniae has been addressed
in many studies. For instance, HtrA was shown to play an
important role in pneumococcal competence, which is still
challenging to understand due to the conflicting results. One
study has shown that the HtrA protease is important for
competence because the pneumococcal transformation efficiency
was highly reduced in the htrA-mutant (Ibrahim et al., 2004b). In
another study, the proteolytic activity analysis, which was
performed with purified recombinant pneumococcal HtrA,
revealed that HtrA cleaves the pneumococcal competence-
stimulating peptide (CSP) in vitro (Cassone et al., 2012). Since

CSP has a significant effect on pneumococcal transformation
(Pestova et al., 1996), this fact suggests that HtrA has a
considerable role in pneumococcal transformation efficiency and
is needed for competence. In this study it has also been shown that
the deletion of htrA or catalytic residues did not affect natural DNA
competence (Cassone et al., 2012). However, the mutation
strategies and transformation settings used in these two studies
were different. It can be assumed that HtrA is necessary for the
transformation process after the competence machinery is turned
on by CSP. If the competence genes are expressed, CSP is not
needed anymore and can be degraded by HtrA. Functional CSP
seems to inhibit the transformation efficiency.

The specificity of HtrA toward CSP peptide degradation is
based on a phenylalanine (nonpolar) residue. The addition of
denatured bovine serum albumin (BSA) inhibits the CSP peptide
from being cleaved by HtrA (Cassone et al., 2012). S. pneumoniae
expresses several proteins contributing to competence, which are
highly decreased during competence followed by stabilization with
the exception of ComEA and ComEC. These membrane proteins
are essential for pneumococcal transformation and responsible for
DNA uptake (Liu et al., 2019). While htrA-mutants in the previous
study have shown a lower transformation efficiency (Ibrahim et al.,
2004b), ComEA or ComEC degradation was not evident. This
suggests that HtrA plausibly degrades these proteins at later stages
of competence (Liu et al.,, 2019). Last but not least, the regulation of
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HtrA seems to be dependent on bacterial culture conditions. It was
shown that HtrA inhibits competence in a complex medium but
not in a chemically defined medium (Petit et al., 2001). Overall,
these findings show that HtrA acts as a competence regulator at the
protein level and that environmental factors influence its
regulation. Aside from the involvement of HtrA in competence,
HtrA has been shown to be upregulated and controlled by the two-
component regulatory system CiaRH (Sebert et al., 2002). A recent
study showed that HtrA regulated by CiaRH is responsible for
penicillin-binding protein 2x (PBP2x) degradation (Peters et al.,
2021). In addition, HtrA is important for nasopharyngeal
colonization and pneumococcal virulence (Sebert et al., 2002; de
Stoppelaar et al., 2013; Ali et al., 2021).

MOLECULAR ANALYSIS OF THE SERINE
PROTEASE CbpG

The human pathogen S. pneumoniae expresses a special class of
surface-proteins known as choline-binding proteins (CBPs). A
common feature of this family of proteins is that they have a
modular organization and are composed of at least two domains: a
functional module (FM) and a choline-binding module (CBM).
CBPs are found in pneumococci or closely related species (Garcia
etal., 1988; Sanz et al., 1992; Albrich et al., 2004; Blasi et al., 2012).
The repetitive sequences of the CBM associate CBPs in a non-
covalent manner to the cell wall by their interaction with
phosphorylcholine residues of PGN-anchored WTA and
membrane-anchored LTA (Perez-Dorado et al., 2010; Maestro
and Sanz, 2016). The CBM consists of three to eighteen repetitive
sequences (CBRs) of about 20 amino acids (Pérez-Dorado et al.,
2012; Galan-Bartual et al., 2015; Hilleringmann et al., 2015). Apart
from LytB and LytC, the CBM is located in the C-terminal part of
the protein, whereas the FM is located in the N-terminal region
(Pérez-Dorado etal., 2010). The number of CBPs in S. pneumoniae
ranges from 13 to 16 proteins and is strain-dependent (Gosink
et al, 2000; Maestro and Sanz, 2016). Notably, CBPs play an
essential role in the integrity of the cell wall, colonization processes,
and interaction with host cells (Maestro and Sanz, 2016).
Pneumococcal CbpG is a member of the CBP family, which also
plays a significant role in pneumococcal mucosal colonization and
during sepsis (Garcia-Bustos and Tomasz, 1987; Gosink et al,
2000). CbpG belongs to the peptidase S1, PA clan superfamily of
peptidases, and is a trypsin-like serine protease (Kanz et al., 2005).
The protein sequence indicates that this protein possesses a
chymotrypsin-like fold and double B-barrel structure with a
carboxyl-terminal choline-binding domain (NCBI, 2016; Yang
et al., 2020). CbpG is considered to be a multifunctional surface-
exposed serine protease with both proteolytic and adhesive
functions (Gosink et al., 2000; Mann et al., 2006; Kazemian et al.,
2018). These various functions of CbpG are necessary for the full
virulence potential of S. pneumoniae. Such multifunctional
proteinases can be found in many pathogenic bacterial species,
and the C5a peptidase of group B streptococci (Beckmann et al,
2002; Cheng et al., 2002) and the well-characterized Pla surface
protease from Yersinia pestis (Kukkonen and Korhonen, 2004) are
striking examples.

Depending on the pneumococcal strain and serotype, there are
at least two variants of CbpG produced by pneumococci. The
truncated variant without CBM is shortened due to a premature
stop codon after the N-terminal catalytic functional module and
found in D39 (serotype 2), Hungary19A-6 (19A), R6 (2) and ST556
(19F) (Figure S1). This variant is secreted and then released into the
environment. In contrast, the full-length CbpG containing a CBM
is cell wall-associated (Mann et al., 2006). The modular
organization of CbpG (Figure 2B) shows that the catalytic
residues are present independent of expressing a full-length
protein, including a CBM or a truncated version without a
functional CBM. In both configurations, the proteins exhibit
proteolytic activity as confirmed earlier (Mann et al., 2006). Our
genome re-analysis showed a high sequence identity and similarity
of CbpG among various pneumococcal serotypes indicating CbpG
is highly conserved and abundant among the different
pneumococcal strains (Table 1). The molecular analysis of full-
length CbpG (sp_0390) in TIGR4 (Tettelin et al., 2001) comprises
285 aa with a molecular weight of 32 kDa, as shown in Figure 2B.
According to our SignalP 4.0 analysis, a leader peptide (secretion
signal peptide) is not present in all analyzed serotypes except for
serotype 19F strain ST556 (Figure S1). Therefore, it is still unknown
whether and how CbpG is translocated from the cytoplasm to the
bacterial cell surface. The functional domain is the trypsin-like
domain with 184 aa spanning from aa 14-197, containing the
catalytic triad His**-Asp®’-Ser'>” as predicted by the 3D structure
analysis (Figure 3). Previous sequence analysis demonstrated 47%
similarity of this domain to the S1 family of multifunctional surface-
associated serine proteases (Mann et al., 2006). Furthermore, this
domain is linked to the CBM by a short linker region (**Lys-Pro-
Phe-Ile*) that provides flexibility to the protein and may provide
stability to the catalytic domain. This catalytic functional module
exhibits sequence similarities to trypsin-like serine proteases
present in all CbpG variants (Gosink et al., 2000; Mann et al., 2006).

Moreover, it has been mentioned that the CBM, whichis e.g., in
strain TIGR4, exhibits only three choline-binding repeats (CBRs),
which are located at position aa 207-265. This represents the
shortest identified CBM among all choline-binding proteins. It
has been proposed that at least four repeats are needed to attach the
protein non-covalently to the teichoic acids of the cell wall (Yother
and White, 1994) Therefore, it is still unknown if CbpG can bind
to the bacterial cell surface when only three choline-binding
repeats are present. In deletion studies of the CBM from the
pneumococcal LytA amidase (Mellroth et al., 2014), it has been
hypothesized that a higher number of CBRs leads to a higher affinity
for teichoic acids of S. pneumoniae (Maestro and Sanz, 2016).

The CbpG amino acid sequence model was analyzed (Ali et al.,
2021) and suggests that a fourth CBR at position aa 267-285 might
attach CbpG to teichoic acids and allows the protein to be surface-
associated. This repeat includes the aromatic residues YW and
fulfills the number of aromatic residues involved in choline-
binding (Waterhouse et al., 2009). The protein sequence
homology of the CbpG to orthologues of other bacterial species
was analyzed as well. Significant homologies of CbpG (40-56%)
were found to serine proteinases of different bacterial species such
as Enterococcus faecalis, Staphylococcus aureus, and Salmonella
enterica (Table 2).
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(Schrodinger, 2020-4).

FIGURE 3 | Predicted homology models of the pneumococcal serine proteases. Catalytic residues aspartate (D), histidine (H), and serine (S) are shown as sticks in
detail for (A) SFP, (B) PrtA, (C) HtrA, and (D) CbpG. The calculations were performed within the Multiple Sequence Viewer/Editor application in Maestro

CELL WALL-ASSOCIATED SERINE
PROTEASE PrtA

The protease PrtA belongs to the family of subtilisin-like proteases
(also known as subtilases), which are part of S8 family peptidases
(Bethe et al., 2001; Marquart, 2021). Pneumococcal PrtA is related
to serine proteases present in lactococci, cleaving the amino-
terminal leader sequences from lantibiotics (Blum et al., 2021).
Lantibiotics are bacteriocin peptides that are bactericidal to
outcompete other bacteria (Marquart, 2021). Interestingly, both,
streptococci and lactococci exhibit a wide range of endopeptidase
activity (Siezen, 1999).

In pneumococci, PrtA is a major surface serine protease
involved in pneumococcal virulence (Zysk et al., 2000; Bethe
et al,, 2001). The role of PrtA in colonization and subsequent
host invasion seems to be strain-specific (Mahdi et al., 2015).
The first report on pneumococcal PrtA protease highlighted
the immunogenicity because of its identification using
convalescent-phase serum (Zysk et al., 2000). Interestingly, a
previous study showed that PrtA is a highly conserved
virulence factor in pneumococci and is found in almost all
strains (Bethe et al., 2001). Both in silico analysis and flow
cytometry confirmed that PrtA is surface localized (Wizemann
et al., 2001).
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The first molecular characterization of PrtA was done in 2001
(Bethe et al.,, 2001). Bethe and co-workers (Bethe et al., 2001)
showed that pneumococci produce PrtA with different molecular
weights. One variant produced by pneumococci has a molecular
weight of 240 kDa, whereas a truncated form has only a
molecular weight of 215 kDa, which cannot be explained by
signal peptide cleavage only. The same observation was also
found in the related proteases PrtP proteins of Lactobacillus
paracasei and Lactococcus lactis (Vos et al., 1989; Holck and
Naes, 1992). The full-length PrtA (strain TIGR4 sp_0641) form
hasamolecular weight of 240 kDa (2140 aa). The calculated mature
form of PrtA has a molecular weight of 234 kDa after cleavage of the
leader peptide and integration into peptidoglycan by sortase A.
Furthermore, PrtA contains a typical sortase A recognition LPKTG
motif spanning aa 2099-2140 followed by a hydrophobic region at
the carboxy-terminus. The sortase A catalyzes covalent anchoring
to the bacterial PGN (de Stoppelaar et al.,, 2013; Ali et al., 2021).
PrtA consists of two domains, the active peptidase-S8 domain,
which contains the typical catalytic triad (Asp>**-His**’- Ser®®),
spanning the region between aa 223-764 (Bethe et al., 2001; Ali
et al., 2021). The second domain is a DUF-1034 (domain of
unknown function), which consists of 140 amino acids and is
localized between aa residues 795-934. The modular organization
of PrtA is illustrated in (Figure 2C).

Of interest, the multisequence alignment of PrtA catalytic triad
residues (Asp***-His***-Ser®) were highly homologous to other
related bacterial species of subtilisin-like serine proteases. These
catalytic triads showed a high degree of similarity and identity to
the cell wall-associated proteases of Streptococci, Lactococci, and
lactobacilli (Bethe et al., 2001; Bonifait et al., 2010).

Finally, the complete protein sequence homology to
orthologues of other bacterial species was analyzed. As
indicated in Table 2, PrtA shares significant similarities with
other streptococcal subtilisin-like proteases. Interestingly, PrtA
seems to be highly immunogenic in humans and mice; two
segments of PrtA, the amino-terminal and carboxy-terminal
thirds were found to be protective (Wizemann et al., 2001).

SUBTILASE FAMILY PROTEIN SFP

The SFP serine protease (known as serine peptidase) is another
enzyme able to cleave leader peptides from lantibiotics (Marquart,
2021). Similar to the PrtA protease, SFP belongs to subtilisin-like/
or S8-family serine proteases. In S. pneumoniae D39 strain, SFP
was identified as epidermin leader peptide processing serine
protease EpiP (de Stoppelaar et al., 2013; Marquart, 2021).

The comparative analyses of sfp genes in S. pneumoniae strain
D39 spd_1753 (1740 nt, 579 aa), and TIGR4 sp_1954 (1404 nt,
467 aa) was performed using the SYBIL database (Riley et al.,
2011). The MSA analyses showed a shorter version of the sfp gene
in TIGR4 compared to sfp of D39 and other strains (Figure S2).
The truncation of sfp in strain TIGR4 is based on the deletion
of one base (A) at position 1381. Instead of 8 A bases in a row,
only seven are present in strain TIGR4, which was confirmed by
DNA sequencing of the TIGR4 sfp gene. The generated frameshift
leads to the premature stop at position 1404. Hence, this

truncated SFP of TIGR4 cannot be covalently anchored to the
peptidoglycan. Instead, TIGR4 SFP is secreted into the
extracellular environment. However, these data have to be
experimentally verified.

Based on the molecular characterization of SFP (de Stoppelaar
etal, 2013; Ali et al., 2021), its secretion and protease activity has
been predicted. The full-length SFP has a molecular weight of 64.9
kDa and exhibits an N-terminal signal peptide (aa 1-22) and a C-
terminal LPNTG anchoring motif which is thought to be
functional as a target site for the sortase A and anchoring the
protein to PGN (Marraffini et al., 2006). In addition, the peptidase
domain spanning the aa residues 167-461 contains the catalytic
triad (Asp176—H15223—Ser429) (Figure 2D and Figure 3A).

Furthermore, the genomic organization of the SFP locus in S.
pneumoniae 19F and TIGR4/D39 strain is different. The sfp gene
and six upstream and three downstream genes present in strain
TIGR4 are not present in S. pneumoniae strain 19F EF3030 (Ali
et al,, 2021). Even more, the subtilisin-like protein SFP was not
present in all the analyzed strains as observed by our in silico
analysis (Table 1). Therefore, pneumococci have at least three
serine proteases in the 19F_EF3030 strain (Ali et al., 2021), but
probably four in most strains, such as D39 (serotype 2), TIGR4
(serotype 4), ST81 (serotype 23F), JJA (serotype 14), and R6
(serotype 2). However, the role of SFP in pneumococcal
virulence is still unknown.

COMPUTER-ASSISTED 3D STRUCTURAL
MODELS OF THE CATALYTIC DOMAIN OF
SERINE PROTEASES

The HtrA of E. coli is well characterized and studied in detail for its
functional role as chaperone and protease. The crystal structures of
HtrA from E. coli, Campylobacter jejuni or Termotoga maritima
showed that the active protease at elevated temperature is
composed at least as a trimer by hydrophobic interaction of the
subunits (Kim et al., 2003; Zarzecka et al., 2020). By using
computer-assisted analysis, we compared the catalytic center of
all four serine proteases from pneumococci. The calculations were
performed within the Multiple Sequence Viewer/Editor
application in Maestro (Schrodinger, 2020-4) using an energy-
based approach. Templates were obtained by BLAST search in the
PDB database (SFP: 4MZD; PrtA: 5FAX; HtrA: 5ZV]; CbpG:
1P3C) (Figures S3-6). As mentioned, all serine proteases have in
common the typical Ser-His-Asp triad, where the histidine is
polarized through hydrogen bonding by aspartate, resulting in a
polarization of serine and increased nucleophilicity of the hydroxyl
oxygen atom. The highly conserved arrangement and distance
between these three amino acids are crucial to form the catalytic
center for the cleavage of peptide bonds.

On the one hand, the comparison revealed a quite similar
catalytic domain structure between HtrA and CbpG with the
common double I>-barrel core motif adjacent to the catalytic
triad. The Asp and Ser residues are localized on flexible loop
structures, whereas the His residue is localized on a small helical
fold (Figure 3). On the other hand, a similar subtilisin-like catalytic
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domain of SFP and PrtA was observed by this modeling. Here, the
overall fold consists of a dominant 7-stranded parallel B-sheet, with
the catalytic Asp on the first strand (S1) and five o-helices
containing Ser and His. While the core catalytic motif seems
quite similar, a protease-associated domain is found within the
amino acid sequence of the PrtA catalytic domain, which may
mediate protein-protein interactions or substrate specificity. Due
tolow sequence identity, it was omitted for the homology modeling
and should be further explored. Because this is only a simplified
view of the active proteolytic centers of these serine proteases, there
are ongoing efforts to purify the recombinant serine proteases for
X-ray crystallography.

THE IMPACT OF PNEUMOCOCCAL
SERINE PROTEASES ON
PNEUMOCOCCAL PATHOGENESIS

S. pneumoniae are versatile pathogens that modulate the immune
response and circumvent host immune defense mechanisms. The
enzymatic protease activity during pneumococcal infections can
contribute to the destruction of the epithelial barrier or degradation
of ECM components (Ljungh et al., 1996). Next, pneumococci try
to establish a more severe infection by either transmigrating or/and
disseminating to lungs, blood, middle ear, or the central
nervous system.

Pneumococcal express various proteases and peptidases,
which are involved in colonization, pneumonia, and septicemia
(Marquart, 2021). In particular, pneumococcal serine proteases
seem to play a role in invasive processes. In terms of specificity,
substrates for serine protease are mainly the ECM component
proteins, fibrin clots, cell membranes, and host immunomodulatory
factors such as chemokines and cytokines (Frolet et al., 2010;
Kim et al., 2010; Ruiz-Perez and Nataro, 2014).

Pneumococcal serine proteases might be involved in cleavage
of adherence junctions or gap junction proteins to facilitate
the pneumococcal paracellular route, which results in crossing
of the epithelial barrier dissemination in the bloodstream.
Recently, the impact of serine proteases on adherence,
colonization, and subsequent virulence has been shown in
various studies (Table 2).

The first description of various pneumococcal serine
proteases along with their susceptibilities to different inhibitors
was in 1991 (Courtney, 1991). Already at that time, their
important role in pneumococcal pathogenesis had been
reported and indicated by the degradation of host tissue
components such as fibronectin, fibrinogen, elastin, laminin,
and blood proteins. As has been mentioned before,
pneumococcal serine proteases are virulence factors either
secreted and/or bound to the bacterial cell surface. The benefit
of expressing serine proteases is likely a higher efficiency in
colonizing the nasopharyngeal cavity (Ali et al., 2021). To date,
studies on pneumococcal serine proteases have been only
marginally concentrated on their role in virulence-associated
processes such as adhesion, colonization, or host defense evasion.
Nevertheless, this section discusses the individual or combined

impact of pneumococcal serine proteases HtrA, CbpG, PrtA, and
SEP on pneumococcal colonization and how they contribute to
host-pathogen interactions.

The Extracellular HtrA Serine Protease

Is Involved in Colonization and Invasive
Disease

HtrA has been considered as one of the most important virulence
factors associated with infectious diseases of various Gram-
positive and Gram-negative bacteria. In general, HtrA protease
significantly influences various functions such as bacterial fitness,
adaptation to environmental stress, or enhance pneumococcal
virulence (Murwantoko et al., 2004; Kochan and Dawid, 2013;
Backert et al., 2018). Moreover, surface-exposed HtrA promotes
nasopharyngeal colonization, whereas secreted HtrA facilitates
the subsequent invasion of host tissue by degrading ECM
components (Backert et al., 2018).

As mentioned above, HtrA is the best studied pneumococcal
serine protease and was described for the first time 20 years ago.
Subsequently, the influence of HtrA on pneumococcal
pathogenesis has been addressed in several studies. For
example, it has been shown that HtrA is upregulated and
controlled by the two-component system (TCS) CiaRH (Sebert
et al., 2002). Likewise, HtrA is considered one of the most critical
serine proteases in pneumococcal virulence because HtrA
degrades the competence stimulating peptides (CSPs), which
impacts pneumococcal competence and late competence genes
affect virulence (Ibrahim et al., 2004a; Ibrahim et al., 2004b;
Cassone et al., 2012). Importantly, mice infection studies with S.
pneumoniae D39 demonstrated that the deficiency of HtrA
decreases bacterial load and inflammation in the lung after
intranasal infection (de Stoppelaar et al., 2013).

Pneumococcal biofilms represent well-known pathophysiologically
relevant conditions with a vital role in bacterial colonization,
persistence and chronic infections (Domenech et al., 2012). In
certain host compartments, pneumococci are protected against the
attack of the immune system by forming sessile colonies embedded
in an extracellular matrix of polysaccharides representing the
biofilm. Recently, HtrA has been shown to modulate bacterial
release (biofilm dispersal) from heat-induced biofilms, which were
mimicking fever conditions (Chao et al., 2020).

During influenza-pneumococcal co-infections, HtrA induced
the inflammation when highly expressed, thereby enhancing the
bacterial load in a mouse pneumonia model (Sender et al., 2020).
However, the underlying molecular mechanisms of how HtrA is
implicated in colonization and invasion are not clearly understood.
This raises the question of whether the HtrA protease degrades
host proteins directly or do they have more complicated post-
translational activities. The contribution of HtrA as chaperone or
serine protease in pneumococcal attachment to epithelial cells and
to deeper tissue is summarized in Figure 4A.

It is hypothesized that pneumococci can use the paracellular
route to avoid intracellular killing and invade human host tissues
(Iovino et al., 2016). To achieve this goal, pneumococci have to
cleave proteins of adherences junction (AJ) and tight junctions
(TJ) such as epithelial cadherin (E-cadherin), occludins, and
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claudins (Devaux et al., 2019). Interestingly, stimulation of Toll-
like receptors (TLRs) during pneumococcal infections down-
regulate claudins, facilitating pneumococci movement across the
epithelium (Clarke et al., 2011). Furthermore, in human lungs
that are infected with pneumococci, a reduction of alveolar
occludin, ZO-1, claudin-5, and E-cadherin, was observed
(Peter et al.,, 2017). Besides S. pneumoniae, many bacterial
species possess a serine protease HtrA ortholog and the impact
of HtrAs on bacterial pathogenesis was reviewed recently
(Backert et al., 2018). Most of the HtrAs can cleave adherence
junctions, tight junctions, and ECM proteins such as fibronectin
and proteoglycans, leading to a disruption of the epithelial
barrier and, this mode of action is, therefore, critical for the
host cell damage (Table 2).

The serine protease HtrA of Helicobacter pylori represents a
crucial secreted virulence factor (Schmidt et al., 2016). The
disruption of the gastric epithelium leads to the transmigration
of H. pylori across the epithelium and facilitates the oncogenic
CagA protein injection into host cells. Consequently, HtrA can get
into the extracellular space where it cleaves cell-to-cell junction
factors, such as E-cadherin, leading to a disruption of the epithelial
barrier, which then enables paracellular transmigration of the
bacteria (Zawilak-Pawlik et al., 2019). E-cadherin belongs to
the cell adhesion molecule superfamily (CAM) and represents
the target of several pathogenic bacteria, which invade the host
(Hulpiau and van Roy, 2009; Devaux et al,, 2019). Interestingly,
E-cadherin was described as an adherence receptor for the
pneumococcal surface adhesin A (PsaA), which is also acting as a
substrate-binding protein for manganese (Anderton et al., 2007).

Collectively, it seems that the involvement of HtrA in bacterial
pathogenesis and the enzymatic activity of HtrAs have a common
origin among (pathogenic) bacteria. Considering that bacterial
HtrAs show high similarities, particularly their catalytic domain,
two strategies are possible and may explain the functionality of
HtrA. First, the surface localization of HtrA can significantly
influence adherence and colonization as has been indicated
earlier (Sebert et al., 2002; Ali et al., 2021). Second, HtrA
undergoes the auto-cleavage process (Jomaa et al., 2009), and
due to the secretion of HtrA into the environment, HtrA can
degrade host components to facilitate invasion. These activities
may explain data showing that a deficiency of HtrA in S.
pneumoniae leads to a reduced bacterial load in the blood, liver,
and spleen (Ibrahim et al., 2004b; de Stoppelaar et al., 2013). So far,
itis not known if the pneumococcal HtrA can degrade occludins or
E-cadherin. Therefore, further analysis is needed to prove that
HtrA from pneumococci also cleaves E-cadherin and to determine
other substrates of HtrA.

The CbpG Serine Protease Cleaves ECM
Proteins and Contributes to Adherence
Pneumococci must degrade the extracellular matrix to be able to
disseminate in the host and cause invasive disease successfully. This
requires the proteolytic activity of host acquired or self- proteases
on the bacterial cell surface of the pneumococci. It is well known to
date that several of the CBPs produced by pneumococci have
multiple functions. The functions among CBPs are quite diverse,
including proteolytic activity of the CbpG protein (Gosink et al,

2000). The importance of CbpG in pneumococcal pathogenesis is
demonstrated by the fact that the gene encoding CbpG is
upregulated in all in vivo niches (Mahdi et al., 2008). As
mentioned above, in silico analysis of clinical isolates showed
that S. pneumoniae express either a variant with a functional
CBM attaching CbpG to the cell surface or a variant without a
functional CBM leading to secretion of CbpG in the host
environment (Mann et al., 2006). The truncated CbpG variant is
nevertheless able to degrade ECM deposited fibronectin and casein
via its trypsin-like serine protease similarly to the other variant
(Mann et al., 2006). However, a functional CBM in the C-terminal
part of CbpG is needed to contribute to pneumococcal adherence
and colonization.

CbpG deficient pneumococci of strain 19F_EF3030 and
TIGR4 showed a significant attenuation in in vivo rat or mice
colonization models and reduced adherence to human epithelial
cells (Mann et al., 2006; Ali et al., 2021). In addition, the
mortality was reduced in a septicemia infection model with
infant rats (Gosink et al., 2000). These studies indicated the
importance of the serine protease CbpG as a factor modulating
nasopharyngeal colonization and dissemination in the blood
(Gosink et al., 2000; Ali et al., 2021). Therefore, CbpG could
play a role in pneumococcal transition to the blood, which may
be due to its fibronectin-cleaving potential (Mann et al., 2006).

The dual functions of CbpG, cleavage of host substrates and
contributing to adherence to epithelial cells correlate with a
substantial defect in the colonization of the nasopharynx by a
cbpG-mutant (Figure 4B). On the one hand, one can also
speculate that the proteolytic activity of CbpG on the bacterial
cell surface can modify other pneumococcal surface proteins and
enable them to interact with host cell receptors or soluble host
proteins. On the other hand, CbpG probably modifies the ECM
and eukaryotic cell surface, thereby facilitating adhesin-receptor
interactions. These are still speculations and may also account
for the other proteases. However, so far, no data are yet available
supporting these ideas.

Dual Role of Pneumococcal PrtA in
Pneumococcal Pathogenesis

The cell wall-associated serine protease PrtA plays atleast dual roles
in pneumococcal infections. First, PrtA contributes to the cleavage
of the human apolactoferrin to lactoferricin-like peptide, which
serves as a cationic antimicrobial peptide and facilitates the killing
of pneumococci (Figure 4C). This function is in a way surprising
because it counteracts the virulence potential of pneumococci
(Mirza et al., 2011). Second, PrtA is one of the largest
pneumococcal surface proteins with a molecular weight of 240
kDa and is suggested to have adhesive functions similar to other
sortase-anchored pneumococcal proteins (Frolet et al., 2010; Ali
etal., 2021). A triple serine protease mutant of TIGR4 expressing
only PrtA was significantly attenuated in the acute pneumonia
model (Alietal.,2021). This mutant is deficient in HtrA, and CbpG,
which were shown be major virulence factors in pneumococcal
pathogenesis (Mann et al., 2006; de Stoppelaar et al., 2013). In a
systemic mouse infection model, mice infected with the prtA-
mutant of strain D39 have extended survival times compared to
wild-type infected mice (Bethe et al., 2001). The prtA-negative
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strain is significantly attenuated in an intranasal mouse infection
model. Thus, expression of the gene encoding PrtA is confirmed to
be upregulated in the blood (Mahdi et al., 2015). In addition, by
applying the experimental nasopharyngeal mouse colonization
model and using strain S. pneumoniae 19F it was shown that
PrtA is necessary for an optimal colonization (Ali etal.,2021). More
important, the use of a triple knockout in 19F lacking, therefore, all
serine proteases, clearly indicated that serine proteases are
indispensable for pneumococcal colonization (Ali et al., 2021).

Similar to other serine proteases PrtA degrades ECM
components such as collagen IV and plasminogen, which
suggests that this activity fosters pneumococcal transcytosis of
the mucosal barrier and spread to the bloodstream (Frolet et al.,
2010; Mahdi et al., 2015). PrtA was also shown to stimulate the
IL-17A response, which is a significant mediator of tissue
inflammation (Hsu et al., 2018). Although the impact of PrtA
on pneumococcal colonization and invasive disease as well as its
substrate specificities has to be explored in greater detail, the
reported data are a strong hint for the importance of PrtA during
colonization, inflammation, and invasive disease. Because PrtA is
highly conserved and immunogenic, it might represent a
promising candidate for a proteinaceous serotype-independent
multi-component vaccine.

The Unknown Functional Role of
Pneumococcal Serine Protease SFP

The involvement of SFP in the pathogenesis of pneumococcal
infections is still not apparent because of the minor effect of the
sfp-mutant on virulence in experimental mouse infection models
(de Stoppelaar et al., 2013).

SEP is not present in all pneumococcal strains and serotypes,
as indicated in Table 1. However, the SFP protein shows high
homology to the cell surface serine endopeptidase CspA (Bryan
and Shelver, 2009), which is one of the important virulence
factors for the human pathogen Streptococcus agalactiae (de
Stoppelaar et al., 2013). Opsonophagocytosis of bacteria by
host immune cells is one of the critical outcomes of classical
complement activation (Harris et al., 2003). The complement
component C3b deposited on the S. agalactiae cell surface can be
cleaved by CspA, indicating the importance of CspA for immune
evasion (Bryan and Shelver, 2009). So far, the impact of
complement inactivation by its pneumococcal orthologue SFP
is not known. In conclusion, the role of SFP for pneumococcal
fitness, virulence, or immunomodulation needs further
investigation and it will be interesting to identify SFP substrates.

CONCLUSION AND FUTURE
PERSPECTIVES

Serine proteases in pathogenic bacteria are, in general, key
virulence determinants. In pneumococci, serine proteases have a
function during colonization and pneumonia. This review article
covers the molecular biology of pneumococcal serine proteases and
their pivotal role in pathogenesis, starting from adherence,
colonization, and immune evasion. Our in silico analysis in

combination with hypothetical structural models revealed that
the functional domains of pneumococcal serine proteases CbpG,
HtrA, and PrtA, are highly conserved. The exception is SFP, which
is produced only by a subset of strains. All serine proteases are
secreted to the cell surface and depending on the variant, even
released in the host environment. The 3D models show that the
HtrA catalytic domain displays homologies to the CbpG catalytic
domain, while SFP is quite similar to the catalytic domain of PrtA
(Figure 3). Although all serine proteases have a typical catalytic
triad, they might have different but also overlapping substrate
specificities. The redundancy of serine proteases and probably their
compensatory effect in the absence of one or more serine proteases
makes it difficult to assess their individual contribution to
pneumococcal fitness and virulence. Thus, all studies are in parts
limited in their conclusions because of the redundancy of these
serine proteases. This, in turn, leaves gaps of knowledge such ase.g.,
substrate specificities and host compartment specificities that have
to be deciphered in experimental in vivo and advanced in vitro
models. The immunogenicity of functional domains of
pneumococcal serine proteases in combination with their highly
conserved protein sequences fulfills one of the requirements for a
protein-based serotype-independent (multi-) component vaccine.
The individual potential as a vaccine candidate has, however, to be
validated experimentally.
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Bacteriophages (phages) are viruses that infect bacteria. They are the most abundant
biological entity on Earth (current estimates suggest there to be perhaps 10°" particles)
and are found nearly everywhere. Temperate phages can integrate into the chromosome
of their host, and prophages have been found in abundance in sequenced bacterial
genomes. Prophages may modulate the virulence of their host in different ways, e.g., by
the secretion of phage-encoded toxins or by mediating bacterial infectivity. Some 70% of
Streptococcus pneumoniae (the pneumococcus)—a frequent cause of otitis media,
pneumonia, bacteremia and meningitis—isolates harbor one or more prophages. In the
present study, over 4000 S. pneumoniae genomes were examined for the presence of
prophages, and nearly 90% were found to contain at least one prophage, either defective
(47%) or present in full (43%). More than 7000 complete putative integrases, either of the
tyrosine (6243) or serine (957) families, and 1210 full-sized endolysins (among them 1180
enzymes corresponding to 318 amino acid-long N-acetylmuramoyl-L-alanine amidases
[LytAppr]) were found. Based on their integration site, 26 different pneumococcal
prophage groups were documented. Prophages coding for tRNAs, putative virulence
factors and different methyltransferases were also detected. The members of one group of
diverse prophages (PPHO90) were found to integrate into the 3’ end of the host lytAsy,
gene encoding the major S. pneumoniae autolysin without disrupting it. The great similarity
of the lytAspn and IytApp genes (85-92% identity) allowed them to recombine, via an
apparent integrase-independent mechanism, to produce different DNA rearrangements
within the pneumococcal chromosome. This study provides a complete dataset that can
be used to further analyze pneumococcal prophages, their evolutionary relationships, and
their role in the pathogenesis of pneumococcal disease.

Keywords: Streptococcus pneumoniae, prophage, integrase, endolysin, lytic enzymes, tRNAs, virulence factors,
genomic rearrangements
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Pneumococcal Prophages and Chromosomal Reorganization

INTRODUCTION

Bacteriophages (phages) are viruses that infect bacteria. They are
the most abundant biological entities on Earth — current
estimates suggest there to be close to 10°" phage particles
(Mushegian, 2020) — and can be found nearly everywhere.
Temperate bacteriophages infect and kill bacteria to release
phage progeny, but on occasion they may integrate into the
host genome via site-specific recombination events, and replicate
vertically. Integrated phages are stably maintained in the
chromosome (i.e., as a prophage) in a state known as lysogeny
(Lwoff, 1953). Campbell (1962) was the first to propose a model
for the integration of A prophage into the bacterial chromosome.
This model consists of two phases: (1) the circularization of the
linear phage DNA molecule injected into the cell, and (2) the
linear insertion of the phage DNA into the bacterial chromosome
via the activity of a specific integrase (Int) that catalyzes the site-
specific recombination of the phage attachment site (attP) and
bacterial attachment site (attB). These two sequences generally
share a short stretch of identical bases (the core sequence) where
this site-specific recombination occurs. After recombination, the
phage genome is left integrated into the bacterial chromosome,
flanked by two duplicated hybrid att sites: attL and attR. Under
certain circumstances (prophage induction), the prophage
becomes excised from the bacterial chromosome and viral
replication begins via the lytic cycle.

Endolysins are phage-encoded enzymes capable of
hydrolyzing the bacterial cell wall; they are synthesized at the
end of the lytic cycle to allow the release of phage progeny. In this
era of global increase in antibacterial resistance, endolysins are
being tested as an alternative (or complement) to the use of
antibiotics (for recent reviews see Vazquez et al., 2018; Fernandez
etal., 2021; Murray et al., 2021). It is well documented that, while
integrated into the host genome, genes encoding Ints and
endolysins are located at either end of Streptococcus prophages
(Canchaya et al., 2003).

Prophages are often found in sequenced bacterial genomes.
Indeed, nearly half of bacterial genomes appear to contain at least
one prophage. The minimum doubling time is the trait most
strongly correlated with lysogeny, followed by genome size and,
interestingly, pathogenicity (Touchon et al.,, 2016).

Streptococcus pneumoniae (the pneumococcus) is a major
human pathogen and a frequent cause of non-invasive diseases
such as otitis, conjunctivitis and pneumonia, but also life-
threatening invasive sepsis, bacteremic pneumonia, and
meningitis. Pneumococcal pneumonia ranks first in terms of
associated mortality among all lower respiratory tract diseases,

Abbreviations: aa, amino acid(s); CHAP, a cysteine, histidine-dependent
amidohydrolase/peptidase domain; csRNA, cia-dependent small RNA; GPSCs,
Global Pneumococcal Sequence Clusters; Int, integrase; IS, insertion sequence;
IytAsp,, gene coding for the major pneumococcal autolysin; lytAppy, phage gene
encoding a NAM-amidase of the Amidase_2 family; NAM-amidase, N-
acetylmuramoyl-L-alanine amidase; NCBI, National Center for Biotechnology
Information; Mtase, DNA methyltransferase; NT, non-typeable; PMEN,
Pneumococcal Molecular Epidemiology Network; PPH, pneumococcal
prophage; RefSeq, NCBI Reference Sequence Dabatase; R-M, restriction-
modification; ST, sequence type.

and is responsible for more than one million deaths every year
(GBD 2016 Lower Respiratory Infections Collaborators, 2018).
That prophages may contribute to bacterial virulence is well
established, particularly in Pseudomonas aeruginosa, Salmonella
enterica, Escherichia coli, Vibrio cholerae, Staphylococcus spp.,
and Clostridium spp. (Schroven et al., 2021). Prophages can alter
the phenotype of their hosts at different levels, e.g., by causing
them to secrete toxins, by modifying the bacterial envelope, and/
or impacting bacterial infectivity and bacterial cell regulation.

High-throughput next generation sequencing techniques
have now provided numerous de novo sequenced and
assembled bacterial genomes, and over 8000 pneumococcal
genomes are currently included in the NCBI Reference
Sequence Database (RefSeq) database. However, while first
reported in 1977 and suggested to be widespread (Bernheimer,
1977; Ramirez et al., 1999), pneumococcal prophages (PPHs)
have remained relatively unexamined — that is until recently
(Garcia et al., 2005). Based on comparisons of complete
prophages and their predicted encoded proteins, PPHs have
been grouped into three major groups with only a small
number of prophages falling outside these classes (Romero
et al,, 2009a; Romero et al, 2009b). More recently, pairwise
comparisons of prophage sequences showed four major
prophage clusters and one single prophage (Brueggemann
et al., 2017). Phages belonging to the same phylogenetic group
share high sequence similarity in their packaging, morphology,
and lysis modules, and are typically associated with one or two
main integrase types. Besides, incomplete pneumococcal
prophages can be highly conserved over long periods of time
and clustered into five major groups that differed from those of
intact PPHs (Rezaei Javan et al., 2019).

In 2017, a pan-genome-wide association study identified
PPHs as being associated with reduced pneumococcal carriage
duration, although this was attributed more to the disruption
caused by the integration of the phage genome and the genetic
transformation competence system than to any property of the
prophage itself (Lees et al., 2017). Other data have shown that a
role for prophages in pneumococcal virulence and patient
mortality is linked to PblA and/or PblB, two prophage-
encoded proteins known to be involved in enhanced platelet
activation together with higher formation of platelet-monocyte
complexes (Tunjungputri et al., 2017). Prophages may naturally
enter the lytic cycle, or be induced to do so via exposure to
fluoroquinolones (Lopez et al., 2014) (with a concomitant
increase in PbIA/PbIB expression). A recent study involving
patients with invasive pneumococcal disease determined that
the 30-day mortality of pneumococcal meningitis was 11% in
pbiB-positive patients compared to <1% in pblB-negative
patients, although the authors recognize that this finding does
not prove causality (Cremers et al., 2019). It has also recently
been suggested that incomplete PPHs and certain prophage
genes may be involved in pneumococcal pathogenesis (Rezaei
Javan et al., 2019). In addition, transcriptomic analyses have
shown that a defective PPH may serve as a switch that controls
the expression of a bacterial gene (ychF) located immediately
downstream of the prophage int gene that is involved in
nasopharyngeal colonization (Chen et al, 2019). A review is
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available on the recent advances in the genomic and functional
characterization of pneumococcal temperate phages, and their
contribution to pneumococcal pathogenesis and genome
evolution (Garriss and Henriques-Normark, 2020).

In the present study, the genomic sequences of over 4000 S.
pneumoniae isolates from diverse lineages were examined to
obtain the broadest possible picture of PPH diversity. The precise
integration sites and the att core sequences of most of them were
elucidated and used to identify the families to which a number of
previously reported but incompletely studied PPHs belong. In
addition, recombination between prophage and host IytA genes
is shown to be an important source of chromosomal
rearrangement in S. pneumoniae.

MATERIALS AND METHODS

Compilation of the Pneumococcal
Genome Dataset

This study was performed using a dataset mined from the
National Center for Biotechnology Information (NCBI)
database (available at https://www.ncbi.nlm.nih.gov/genome/?
term=Streptococcus+pneumoniae). The latter contains whole-
genome sequences (assembled or otherwise) for more than 8500
pneumococcal genomes (last accessed January 30, 2021).
Sequence types (STs) (Enright and Spratt, 1998; Jolley et al,
2018) of the strains included in the dataset were determined on
the basis of whole genome sequencing data (Larsen et al., 2012).

Search for Pneumococcal Prophages

To detect PPHs, the dataset was searched, using the BLAST
platform (Johnson et al., 2008), for homologs of int- and
lytAppy-like genes encoding (respectively) Ints and endolysins
[with respect to the latter, only N-acetylmuramoyl-L-alanine
amidases (NAM-amidases; EC 3.5.1.28) of the Amidase_2
family (Pfam database identifier: PF01510) (Morales et al,
2010) are currently known]. The corresponding genes/proteins
of previously characterized PPHs, such as MM1 (Obregon et al.,
2003a), ¢Spn_OXC, ¢Spn_6, and ¢Spn_18 (Romero et al,
2009a), and others (Camara et al., 2018). The endolysins
encoded by various virulent pneumococcal phages (see below)
were used as query sequences. The original and newly found
genes/proteins with a coverage > 90% and > 50% identity were
used in searches in an iterative manner.

Bioinformatic Analyses

Sequence comparison and alignments were performed using the
BLAST platform and/or Clustal Omega package (Sievers and
Higgins, 2021) running at the European Bioinformatics Institute
(EMBL-EBI) website (https://www.ebi.ac.uk). Potential tRNAs
genes were identified using ARAGORN (Laslett and Canback,
2004) and tRNAscan-SE (Schattner et al., 2005) software.
Detections were recorded only when both programs coincided
in the results returned. The codon usage of S. pneumoniae D39
was obtained from the corresponding database (Nakamura et al.,
2000). Protein domains were preliminarily identified using

CDD/SPARCLE (Lu et al,, 2020). PHASTER (running at
https://phaster.ca/) was also employed to identify phage-
homologous regions in bacterial genomes (Arndt et al., 2016).
To ascertain equivalent detection of protein datasets, open
reading frames were identified and translated from prophage
sequences using Prodigal v2.6.3 (Hyatt et al.,, 2010). Prophage
proteomes were then compared all against all through the
calculation of the weighted gene repertoire relatedness (WGRR)
(Pfeifer et al., 2021). Best bi-directional hits were found from hits
detected by the ‘easy-search’ workflow of MMseqs2 (Mirdita
et al, 2019) with e-value < 107, identity > 35%, coverage > 50%
thresholds. Agglomerative hierarchical clustering from the
resulting wGRR matrix was carried out by the linkage tool of
the scipy.cluster.hierarchy python library using the ‘ward’
method on euclidean distances.

RESULTS

Temperate Bacteriophages Are Abundant
in S. pneumoniae

The dataset produced contained 4003 strains, including 126
whose genomes were sequenced to complete or near-complete
(chromosome) assembly level and deposited in the RefSeq
database (O'Leary et al., 2016) (last accessed, October 11, 2020)
(labeled in green in Table S1). The strains included in the dataset
represent 447 different STs. Moreover, up to 50% of the strains
belonged to one of 35 (out of a possible 43) Pneumococcal
Molecular Epidemiology Network (PMEN) clones [including
single and double locus variants (McGee et al,, 2001)]. PMEN
clones are resistant to one or more antibiotics in wide clinical use
and dominate the population of antibiotic-resistant
pneumococci. Globally susceptible clones known to be
important in disease are also included in the PMEN clone
dataset (https://www.pneumogen.net/pmen/, last accessed
September 15, 2020). Further, 2557 strains in the dataset were
assigned to one of the 169 Global Pneumococcal Sequence
Clusters (GPSCs) and, among these strains, 1096 could be
classified as belonging to one of the 35 dominant GPSCs
(Gladstone et al., 2019). From a total of 46 serogroups
(numbered 1-48) described to date (numbers 26 and 30 are
not in use) (Lund and Henrichsen, 1978), 3573 strains belonged
to one of 40 serogroups. In addition, the dataset included 4 non-
encapsulated laboratory mutants and 426 non-typeable (NT)
isolates (Table S1).

In agreement with data reported in previous studies (Ramirez
et al.,, 1999; Brueggemann et al., 2017), PPHs were seen to be
widely distributed across different S. pneumoniae isolates.
Indeed, only 434 strains in the dataset (10.8%) (highlighted
with a red background in Table S1) appeared to lack
temperate phages. In addition, among the 126 RefSeq strains
with complete (or near complete) genomes (see above), only 26
(20.6%) lacked any discernible prophage. On the basis of their
Ints, more than 7000 putative PPHs (including putatively full-
length and partial prophage sequences) were found in the
dataset. Visual inspection of bacterial genes flanking the
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prophages revealed up to 26 different integration sites (Table 1).
PPHs were clustered into 26 groups [named from PPHO005 to
PPH130 (in steps of 5)] according to their purported insertion
sites, and arranged in order using the genome of the non-
lysogenic S. pneumoniae D39 (Acc. No. NC_008533.2) as a
reference. It is worth noting that many more complete Ints
(7234) than endolysins (1210) could be identified. In addition,
the proportion of partial sequences was much higher for the
endolysin genes than the Ints genes. Thus, 42% of the endolysins
were found incomplete (887 incomplete out of 2097 total
proteins), whereas only 7% of the Ints were apparently
incomplete or partly deleted (548 out of a total of 7782)
(Table 1). This might be because endolysin-coding genes are
among those known to be difficult to assemble from short read
data due to the presence of choline-binding motif clusters
(Croucher et al., 2017).

In sharp contrast to the moderate number of endolysins
compared to Ints in the current dataset, the number of different
PPH endolysin alleles (362) was similar to that of the Int alleles
(293). This strongly suggests that the PPH endolysin-coding gene

shows great genetic variability. Nevertheless, 11 PPH groups,
namely 005, 020, 025, 030, 045, 055, 060, 070, 095, 110, and 115,
appeared to completely lack an endolysin gene and thus were
understood to represent incomplete (or defective) prophages.
Taking into account the number of full Ints, these incomplete
prophages correspond to nearly half (47%) of the total PPHs.

PPH Integrases

On the basis of amino acid (aa) sequence similarities and
catalytic residues, site-specific Ints (recombinases) can be
classified into two major families: the tyrosine or serine
families (Groth and Calos, 2004). These have different
structures and functional mechanisms indicating that they
have evolved separately. Thus, serine Ints are usually larger
than tyrosine Ints, and the aa residues important for catalysis
and structure, as well as their locations, can be very different. For
example, the N-terminal domain of tyrosine Ints is involved in
binding the arm-type sites of attP and the C-terminal domains
involved in catalysis, whereas in serine Ints the opposite is true
(Groth and Calos, 2004; Van Duyne and Rutherford, 2013).

TABLE 1 | Number and distribution of integrases and endolysins in the pneumococcal prophages (PPHs) analyzed.

PPH group Integrases

No.? Alleles (No.) Size (aa) Identity (%)
005 1090 (21) 34 388 >86.5
010 938 (35) 35 382 >05.8
015 486 (25) 30 380 >96.8
020 40 (4) 3 388 >58.6°
025 1(1) 1 388 -
030 1151 (25) 17 388 >05.8
035 1(1) 1 382 -
040 1(1) 1 375 -
045 674 (10) 16 406 >70.0°
050 1(1) 1 375 -
055 121 Q) 6 388 >98.9
060 5(2) 2 405 >99.5
065 20 (3) 3 380 >99.4
070 170 (11) 5 387 >08.7
075 1(1) 1 375 -
080 1376 (22) 61 375 >96.7
085 70 (3) 8 475 >099.1
090 34 (5) 18 375-481 >17.3
095 4(1) 1 388 -
100 885 (5) 56 481 >94.3
1056 6 (1) 4 381 >05.7
110 47 (1) 3 388 >99.4
115 109 (4) 7 388 >08.1
120 1(1) 1 479 -
125 1(1) 1 475 -
130 1(1) 1 382 -

(316)

Total 7234 (189) 293¢

Endolysins
Incomplete No. Alleles (No.) Size (aa) Incomplete

196

21 286 86 318 102

265 60 32 318 457
0
0

52
0 1 1 318 0
0 1 1 318 0
1
0 1 1 318 0
4
0
0 229 1 314 0
0
0 1 1 318 0
7 586 165 318 180

1° 1 288 0
0 10 9 318 13
2 6 5 318 4
0
1 220 71 318 131
0 6° 4 334 0
0
1
0 1f 1 328 0
0 7 5 318 0
0 1 1 318 0
(385)
548 1210 362" 887

AFigures in parentheses correspond to the number of integrases found in 100 complete genomes (176) and 13 contigs of different isolates (13).

bAlleles WP_001866856 and WP_033705527 are 99.7% identical.

SAmino acid identity reached >89.1% when allele WP_050271463 was excluded from alignments.
9L ysozyme (= muramidase; EC 3.2.1.17) of the Glyco_hydro_25 (PFO1183) family instead of NAM-amidase.
®Putative NAM-amidase, but with a cysteine, histidine-dependent amidohydrolase/peptidase (CHAP; PF05257) domain.

"Putative NAM-amidase but with a divergent Amidase_2 domain.

9Due to allele redundancy between different PPH groups, the actual number of Int alleles is 293 rather than 315.
"Corresponds to different prophage-encoded endolysins (357 NAM-amidases plus 5 muramidases).
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Table S2 shows the complete catalog of the Ints found in this
study. Excluding the prophages of the PPH090 group, which will be
analyzed separately, only three Ints were found in more than one PPH
group. These corresponded to the most frequent type of each group,
ie., WP_00876735 (in PPH010 and PPH130), WP_00266847 (in
PPH040, PPH075, and PPH080), and WP_000704678 (in PPHO55,
PPHO095, and PPH110). This observation agrees with the common
idea that strong (albeit not absolute) specificity exists between
prophage Ints and attB/attP sequences. For example, it has long
been recognized that Int-mediated recombination occurs between
attP of phage A and the secondary attachment sites in the host
genome, although the frequency is low (Shimada et al., 1975). In the
present work, sequence identities between Ints were usually >90%
within each PPH group. The PPHs contained either tyrosine or serine
Ints, although PPHs with tyrosine Ints were 6.5 times more common
(6243) than the latter (957) in the dataset (the Ints of PPH090 were
not taken into account) (Table 2). Serine Ints (groups PPHO85,
PPH100, PPH120, and PPH125) were much more similar to each
other than were the tyrosine Ints (Table 3). Among the tyrosine Ints,
those from groups PPH010/PPH130 and PPHO035 diverged greatly
from the rest.

PPH Endolysins

Endolysins encoded by virulent (lytic) phages infecting S.
pneumoniae have been extensively reviewed (Lopez and Garcla,

2004; Garcia et al., 2005; Galan-Bartual et al., 2015; Maestro and
Sanz, 2016; Vazquez et al., 2018). Briefly, three biochemically and
structurally different peptidoglycan hydrolases of phage origin
have been described so far. Two of them are choline-binding
proteins: the NAM-amidase Pal (YP_004306947; 296 aa), with
an Amidase_5 domain (PF05382), and the Cpl-1 lysozyme
(=muramidase) (NP_044837; 339 aa) with a Glyco_hydro_25
(PF01183) domain. Both enzymes contain a C-terminal cell wall-
binding domain composed of six choline-binding repeats
(Choline_bind_1; PF01473). Cpl-7 (YP_009623604; 342 aa) is a
choline-independent muramidase that differs from Cpl-1 in the
C-terminal domain responsible for peptidoglycan binding
(CW_7 repeats; PF08230). Pal is encoded by phage Dp-1,
whereas Cpl-1 and Cpl-7 are the endolysins of phages Cp-1
and Cp-7, respectively. The endolysin from a recently isolated
virulent podovirus very similar to Cp-1 (SOCP) (Ouennane et al.,
2015) (NP_044837; 339 aa), is a muramidase 100% identical to
Cpl-1. Similarly, the NAM-amidase (AQY55407; 295 aa) of the
MS1 pneumococcal siphovirus (Kot et al., 2017; Silva et al., 2020)
is 81% identical (89% similar) to Pal.

Taking into account that only a few virulent S. pneumoniae-
infecting phages have been currently isolated, the diversity of
their endolysins contrasts with the lytic enzymes encoded by
PPHs. The latter are 318 aa-long, belong to the Amidase_2 family
(PF01510) of NAM-amidases, and contain six Choline_bind_1

TABLE 2 | Active site residues of PPH tyrosine and serine recombinases®.

Name (amino acid residues)

Amino acid residue and position

Tyrosine integrases®

A Int (356) R212 D215 K235 H308 R311 H333 Y342
PPHO05 (388) R220 E223 K255 H315 R318 H353 Y363
PPHO10/PPH130 (382) R212 D215 K252 H327 R330 H353 Y362
PPHO15 (380) R218  E221 K255 H324 R327 H350 Y360
PPH020 (388) R223 E226 K258 H330 R333 H356 Y366
PPHO025 (388) R220 E223 K255 H327 R330 H353 Y363
PPHO30 (388) R223 E226 K258 H330 R333 H356 Y366
PPHO35 (382) R220 D223 K252 H327 R330 H353 Y362
PPHO040/PPH075/PPHO80 (375)  R211 E214 K247 H320 R323 H346 Y356
PPHO045 (406) R234 E237 K269 H349 R352 H375 Y384
PPHO050 (375) R211 E214 K247 H320 R323 H346 Y356
PPHO055/PPH095/PPH110 (388) R220 E223 K255 H327 R330 H353 Y363
PPHO60 (405) R234 E237 K269 H349 R352 H375 Y384
PPHO065 (380) R217 E219 K249 H326 R329 H352 Y362
PPHO70 (387) R222 E235 K257 H329 R332 H355 Y365
PPH105 (381) R208 E211 K246 H323 R326 H349 Y359
PPH115 (388) R220 E223 K255 H327 R330 H353 Y363
Serine integrases®
TP901-1 Int (485) Y8 R10 S12 Q26 \Z3 D47 R&57 P58 D73 V77 D8t R82 L83 R85 G119 E133
PPH085 (475) Y10 R12 S14 Q28 143 D49 R59 P60 D75 V79 D83 R84 L8 R87 G121 E135
PPH100 (481) Y10 R12 S14 Q28 V43 D49 R59 Pe0 D75 V79 D83 R84 L8 R87 G121 E135
PPH120 (479) Y7 R9 S11 Q25 140 D46 R56 P57  N72 V76 K80 R81 82 R84 G118 D132
PPH125 (475) Y10 R12 S14 Q28 143 D49 R59 P60 D75 V79 D83 R84 18 R87 G121 E135

APPHO090 integrases were not included.

PThe active site residues of the phage Aintegrase (AInt; Acc. No. PO3700) have been previously described (Gibb et al., 2010). The catalytic nucleophile, Tyr342, is boldface. The accession
numbers for the other tyrosine integrases studied here are: PPH005, WP_000704676; PPHO10/PPH130, WP_000876735; PPHO15, WP_000266841, PPH020, WP_033705527;
PPHO025, WP_000704686; PPH030, WP_000704664, PPH035, WP_000876736; PPH040/PPHO075/PPH080, WP_000266847, PPH045, WP_000219075;, PPH050, WP_061816163;
PPHO055/PPH095/PPH110, WP_000704678; PPH060, WP_001863308; PPH065, WP_000266851, PPH070, WP_001021836; PPH105, WP_054368747; and PPH115,
WP_001866671.

“The active site residues of the Lactococcus lactis phage TP901-1 integrase (TP901-1 Int; Acc. No. CAA59475) have been previously described (Yuan et al., 2008). The catalytic
nucleophile, Ser12, is boldface. The accession numbers for the other serine integrases studied are: PPH085, WP_050199652; PPH100, WP_024478469; PPH120, WP_130892475; and
PPH125, WP_023396450.
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TABLE 3 | Sequence similarities among tyrosine and serine integrases of PPHs &,

Integrases 2 3 4 5 6

PPH group Tyrosine integrases
005 (1) WP_000704676 -7 -26 -145 <-180 -143
010/130 (2) WP_000876735 -6 -5 -4 -3
015 (3) WP_000266841 -30 -25 =27
020 (4) WP_033705527 -146  <-180
025 (5) WP_000704686 -144
030 (6) WP_000704664
035 (7) WP_000876736
040/075/080  (8) WP_000266847
045 (9) WP_000219075
050 (10) WP_061816163
055/095/110  (11) WP_000704678
060 (12) WP_001863308
065 (13) WP_000266851
070 (14) WP_001021836
105 (15) WP_054368747
115 (16) WP_001866671

Serine integrases
085 (1) WP_050199652 <-170 -146 <-180
100 (2) WP_024478469 -179 171
120 (3) WP_130892475 -148
125 (4) WP_023396450

7 8 9 10 1 12 13 14 15 16
7 21 11 21 <180 -7 14 122 -85 <180
<180 -3 -6 -3 -4 -10 -4 2 12 -5
5 112 -9 -110 -25 -8 -85 -17 -26 -25
-4 21 16 20 -146 -13  -18 -154 -56 -148
-4 21 11 -21 <180 -6 14 -123 -57 <-180
3 25 13 24 144 12 18 -151 -54 146
2 8 -2 -4 -10 4 NS -12 -5
12 <180 21 42 -3 -60 -31 22
11 11 <180 -9 20 -24 10
21 12 61 -19 31 22
-6 14 123 -57 <-180

-9 -16 -24 6
18 -17  -21

-50 -120

-56

@Figures correspond to LogsoE values calculated by pairwise alignments. NS, not significant.

repeats in the C-terminal domain (Morales et al., 2010; Morales
et al,, 2015). Remarkably, in addition to having the same length
(957 bp), the known phage genes coding for these endolysins
(lytAppy) are closely related (85-92% identity) to lytAg,,, which
encodes the major pneumococcal autolysin —also a NAM-
amidase of the Amidase_2 family (Morales et al.,, 2010).
LytAg,, is a well-known virulence factor that plays a role(s)
during different steps of infection (Canvin et al., 1995; Ramos-
Sevillano et al., 2015; Ramos-Sevillano et al., 2016; Corsini et al.,
2021). Taking into account the strong similarities between
bacterial and phage NAM-amidases, the latter may also be
important in pneumococcal pathogenesis.

The current notion of an exclusive presence for IytA-like
genes among PPHs could not be fully confirmed in the present
study. As already mentioned, 1210 full-length endolysins were
identified in the dataset (Table 1 and Table $3). Among those, 29
proteins (=2.5%) did not correspond to NAM-amidases of the
Amidase_2 family. There were 28 proteins homologous to the
Cpl-1 lysozyme, with one containing a cysteine, histidine-
dependent amidohydrolase/peptidase (CHAP) domain
(PF05257) instead of an Amidase_2 domain at the N-terminal
moiety. The lysozymes were endolysins of PPH065 (22 identical
proteins; WP_000739159) and PPH105 (6 proteins; 4 alleles:
WP_054365577, WP_054368721, WP_054380492, and
WP_054392100), which are 314 aa- and 334 aa-long
respectively. Notably, all strains harboring PPH065 are
members of GPSC19 and have serotype 22F (the only
exception is strain 2245STDY6178828 which belongs to
serotype 42) (see below).

The main differences between Cpl-1 and the PPH lysozymes
detected in the present study are located in the linker region
connecting the N- and the C-terminal domains. Thus, in Cpl-1,
the linker (189-DDEEDDKPKTA-199) (Hermoso et al., 2003) is

longer than (and different to) that of the newly discovered
endolysins (188-DDEEAKAK-195). Moreover, WP_000739159
lacks the fourth Choline_bind_I repeat that forms part of the C-
terminal domain of the enzyme, and which is responsible for
binding the enzyme to the cell wall. A detailed analysis of other
PPHs (156 additional genomes, either complete or not) revealed
four additional examples of 334 aa-long Cpl-1 homologs,
specifically those encoded by prophages IPP16, IPP25, IPP27,
and by a nameless prophage harbored by S. pneumoniae strain
R34-3131 (Table S4). The latter prophage (which belongs to the
PPH105 family) was already present in the dataset (Table SI).

The CHAP domain-containing endolysin (WP_057595562;
288 aa) found in the genome of S. pneumoniae strain SMRU392
(serotype 35F) is encoded by one of the PPH080 group of phages,
and is identical to that of prophage 33888. The sequence of the
latter was recently reported in an independent study (van Tonder
et al,, 2019) (Table $4). Since the host strain of prophage 33888
was the same as in the present study (SMRU392), and the Ints
were also identical (WP_ 050256063), both prophages are
probably the same. The WP_057595562 PPH endolysin is 63%
identical (77% similar) to Skl, a proven NAM-amidase
(WP_033686260; 288 aa) of an unnamed temperate phage of
Streptococcus mitis SK137 (Llull et al., 2006). The complete
genomic sequence of, presumably, the same S. mitis prophage
(now designated as Javan331; MK448732) has recently been
reported (Rezaei Javan et al., 2019). Remarkably, the existence
of putative CHAP-endolysins encoded by those prophages was
not mentioned in any study from other laboratories.

Among the 1181 endolysins with a predicted Amidase_2
domain, the presence of one atypical protein was noted. This
protein (WP_130892444; PPH120) is a 328 aa-long, putative
NAM-amidase with a divergent Amidase_2 domain. It is an
endolysin encoded by the 36.7 kb-long prophage inserted into
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PPHO010_4, giving rise to PPH120 (see below). Searches for
proteins very similar (=87% identity) to WP_13089244
revealed several endolysins of the same length encoded by
prophages of three members of the Mitis group streptococci,
i.e., Streptococcus pseudopneumoniae, S. mitis, and Streptococcus
oralis. Specifically, these prophages are 277_SPSE, 289_SPSE,
and 380_SPSE (WP_049511163) from S. pseudopneumoniae
(Roach et al., 2015), S. mitis strains SK564 (WP_000238871)
(Kilian et al., 2014) and DD22 (WP_061864892) (Denapaite
etal., 2016), S. oralis U-011 (Javan367; QBX17588) (Rezaei Javan
et al,, 2019), and S. oralis subsp. tigurinus 859 (WP_084868230)
(Diene et al, 2016). Sequence alignments also revealed the
variant domain of WP_130892444 to be remarkably similar to
that of the Amidase_2 domain of LysGH15, the endolysin
encoded by a myovirus phage (GH15) that infects
Staphylococcus aureus (Gu et al., 2011). This lysin possesses a
modular structure containing an N-terminal CHAP domain, a
central Amidase_2 domain, and a C-terminal SH3_5 (PF08460)
bacterial-binding domain. Elucidation of the crystal structure of
the Amidase_2 domain of LysGH15 (Gu et al., 2014) revealed the
aa residues involved in Zn** binding (H214, H324, and C332),
catalysis (E282, and T330), as well as other important residues
(W263, and N75), to be conserved in WP_130892444 at
comparable positions (Figure S1). In sharp contrast, some of
the equivalent residues in the NAM-amidase of S. pneumoniae
TIGR4 (Mellroth et al., 2014; Li et al., 2015)—namely H26 and
D149, as zinc ligands, and the catalytic residue H147—differed
from those of WP_130892444 (and LysGH15) but were fully
conserved among the widespread 318 aa-long NAM-amidases
(Figure S1).

Insights Into the PPH Genomes and
Identification of Their Attachment Sites
Only four att core sequences for PPHs were reported in studies
published up until 2009 (Gindreau et al., 2000; Obregon et al.,
2003b; Romero et al., 2009a), and additional core sequences have
only been seldom reported in more recent papers (Camara et al.,
2018; Garriss and Henriques-Normark, 2020). To the best of our
knowledge, only seven different attB core sequences have been
previously described (Table S5). Remarkably, genome
examination of many PPHs currently deposited in public
databases (131 out of 158; last accessed, January 30, 2021)
allow for no precise identification of the attP core site because
most of the reported phage genomes only include the DNA
region running from the first nucleotide of the int gene to the last
one of the endolysin-coding gene (even though the definition
was that of ‘complete genome’). Further, they lack the
corresponding intermediate sequence where attP ought to be
located (Table S4).

To gain insight into the sequences and locations of the
integration sites of the PPHs described in the present study, a
detailed analysis of all the PPHs harbored by 126 strains with
near complete (chromosome assembly level) genomes was
performed. The strains included in this subset represent 88
different STs, 27 PMEN clones, 66 GPSCs, and 27 different
serotypes. In addition, the dataset included one non-

encapsulated laboratory mutant and four NT isolates (Table
$6). As mentioned above, 100 out of 126 strains (79.4%) were
lysogenic and fulfilled the above assembly requirements in the
original dataset. Fifty one isolates harbored only one PPH per
genome whereas 49 were polylysogenic, and one of them (strain
GPSC72) contained up to five different prophages (Table S6).
Taking advantage of previously determined locations of int
genes, the genomes of these strains were examined in detail
and the sequences corresponding to the attL and attR sites of 176
prophages belonging to 20 different PPH groups recorded. The
sequences and locations for the remaining six groups (PPH035,
PPHO065, PPH090, PPH095, PPH105, and PPH110) were
estimated using the partial genomes (either at the contig or
scaffold assembly level) of nine additional strains included in the
dataset. Prophage genomes were defined as the DNA sequence
running from the first nucleotide of attL to the last one preceding
attR. The attL sequences (obviously identical or near identical to
their corresponding attR within each PPH group) were used as
queries to map the corresponding attB sites on the S.
pneumoniae D39 genome (Table 4). With the exception of
PPH130, the core sequence of 24 different attB could be
determined. As mentioned above, seven of them had been
already reported, namely, PPH005, PPH010, PPH015, PPHO035,
PPHO080, PPH085, and PPH100 (compare the data of Table 4
with those of Table S5). With the exception of PPH075, PPH125
and PPH130, in which attB sites appear to be located inside
insertion sequences (ISs), the precise chromosomal location of
the different attB sites could be established. Although many PPH
insertion sites are located in intergenic spaces (something typical
among prophages), six core attachment sites mapped within the
3’ region of genes annotated for the D39 genome, and included
the termination codon (TAA) of the gene where the prophage
was integrated (Table 4). In addition, attBppyg3s was found to
partially overlap (but apparently not interrupt) the 3’ part of ccnB
encoding csRNA2, one of the five small non-coding csRNAs (cia-
dependent small RNAs) that form part of the two-component
regulatory system CiaRH (Sinha et al,, 2019). It should be
underlined that ccnB is not annotated for the S. pneumoniae
D39 genome. On the contrary, seven prophage groups
potentially interrupt gene translation: 1) the core integration
site of PPHO10 viruses (attBppro10), previously reported to lie
between SPD_RS00115 and SPD_RS00120 (Romero et al.,
2009a) but actually located in ccnC coding for csRNA3 (Furi
et al,, 2019); 2) PPHO15, which integrates into SPD_RS00125
encoding the signal recognition particle sSRNA involved in
membrane protein targeting (Steinberg et al., 2018); 3)
PPHO040, which integrates into SPD_RS01460, potentially
encoding an intramembrane metalloprotease of the CAAX
proteases and bacteriocin-processing enzymes (CPBP) family
(Pei et al,, 2011); 4) PPHO050, inserted into SPD_RS01935
encoding a frameshifted choline-binding protein (CbpG) in
D39 (Frolet et al., 2010); 5) a gene (SPD_RS09795) encoding
UlaR [a transcriptional activator of the ula operon in the
presence of ascorbic acid (Afzal et al, 2015)], which may be
inactivated by the insertion of bacteriophages of the PPH095
group; 6) PPH100, which integrates into SPD_RS09885 encoding
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TABLE 4 | Localization of attB sites for S. pneumoniae temperate prophage integration.

Prophage attB (5'—3’)? Flanking locus tags (SPD_RS) (Product)

PPHO05 2935 TTAGCACTTTATCCCTTTTTGTGTTA 2960 00015
PPHO10 24016 CTTTTTCATAATAATCTCCCT 24036° 00115
PPHO15 24694 TTGTGTGCTCTTTTTTTCGTGC 24715 00125
PPHO20 86374 TACAACAAAATGTTGTAATATTT 86396 00445

DUF951 family protein)/00020 (redox-regulated ATPase YchF)
adenylosuccinate synthase/00120 (nucleoside deaminase)
signal recognition particle SRNA small type)

30S ribosomal protein S4)

PPHO025 163831 ATTCCTTTACAA 163842 00880 (response regulator transcription factor)/00885 (hypothetical protein)
PPHO30 179128 ATTATACTACAAAATCGGCCTTTT 179151 00970 (magnesium transporter CorA family protein)/00975 (excinuclease ABC
subunit UvrA)
PPHO035 231378 CTTTTTCATAATAATCTCCCT 01305 (GNAT family N-acetyltransferase)/01310 (type | toxin-antitoxin system
TAACTCCACCCAATCAGGTGGAGTTTTTT Fst family toxin)
AGCTCTATTTCAGGCTTTTGGGGACTATTCTAAAAATA
ATTTTTCGATATTTTTCGGTATTTTTCGGATTTTGGT
CGGGGAATTGGCGGGGACTTTTT 231525°
PPHO040 267293 GGTCTTTTTACTTGCCG 267309 01460 (CPBP family intramembrane metalloprotease)
PPHO45 273279 GTAAAGCATCACAATTTAGTAAACGTTAAT 273308 01495 (30S ribosomal protein S9)
PPHO50 358211 AGTCAAGAACTATTT 358225 01935 (choline-binding protein CbpG; frameshifted)
PPHO055 619559 CATATTATTTTGAAAT 619574 03210 (DUF3165 family protein)/03215 (lactococcin 972 family bacteriocin)
PPHO060 693388 AACCAGATCTTAAGAAAGCTCGTAAAG 693414 03620 (hypothetical protein)/03630 (hypothetical protein)
PPH065 1006452 CTCTTAAAGACGCTGTTAAATAAT 1006475 05350 (HU family DNA-binding protein)
PPHO70 1027141 TACAACCTTAAAAAATAA 1027158 05425 (phosphopyruvate hydratase)
PPHO75 ATGCCGATGAATTATAA Prophage located 3’ of SPD_RS06250 (cyclically-permuted mutarotase family
protein)
PPHO80 1415148 TTATAATTCATCCGC 1415162 07415 (DNA-binding protein WhiA)
PPH085 1712415 TTCCTCCTACTTATCTATTCGTAG 1712438 09110 (single-stranded DNA-binding protein)/09115 (SDR family NAD(P)-
dependent oxidoreductase)
PPHO090 1729602 09250 (N-acetylmuramoyl-L-alanine amidase family protein)
TTATTTTACTGTAATCAAGCCATCTGGCTCTACTGTGAATTCTGGC
1729647
PPHO095 1826920 CATTACGAAATATATT 1826935 09795 (transcription anti-terminator)
PPH100 1841058 ACCAACATCTCCACCAA 1841074 09885 (comG operon protein ComGQC)
PPH105 1849319 TATGGTATAA 1849328 09920 (tRNA guanosine(34) transglycosylase Tgt)/09925 (DUF975 family
protein)
PPH110 1901612 ATAA 1901615° 10215 (methyltransferase domain-containing protein)/10225 (membrane
protein)
PPH115 1911323 ACTTGAAATAAAGCGCATTTCTCTATA 1911349 10255 (sugar ABC transporter permease)/10265 (DUF1189 domain-
containing protein)
PPH120 1933870 10405 (Choline-binding protein PcpA)
ATTCGTTTAAGTAATACCATAAACCTTTGTCTTTAACCCAACCAGTAGCCA
1933920'
PPH125  ATGTTATTTCTCTCGTTACAAATTACAACCTTAAAAAATAA Prophage located 3" of SPD_RS10665 (tRNA dihydrouridine synthase DusB).
The predicted attB forms part of ISSpn5 (IS1380 family).
PPH130 Not known Prophage located 5’ of SPD_RS10885 encoding a transposase.

aThe coordinates correspond to those in the S. pneumoniae D39 genome (NC_008533.2). This strain was recently renamed ‘D39W’ (Sinha et al., 2019) and showed some dlifferences to
another cultivar of the same strain (D39V) (Slager et al., 2018). Termination codons (TAA) are bold and underlined.

PThis attB is located inside the ccnC gene (23,967-24,065) encoding a small non-coding csRNA (cia-dependent small RNA) named csRNA3 (Sinha et al., 2019). This gene is not
annotated for the pneumococcal D39 genome. Two additional potential attB sequences are present in the S. pneumoniae D39 genome, i.e., between SPD_RS01305 and SPD_RS01310
(231,378-231,398) (see shadowed sequence in PPHO035), and between SPD_RS01320 and SPD_RS01325 (233,750-233,770).

“The shadowed sequence is identical to that of attBppro10. The part of the sequence overlapping the 3’ end of the ccnB gene (231,331-231,427) coding for csRNAT (Sinha et al., 2019), is
underlined. This gene is not annotated for the pneumococcal D39 genome.

9Another potential attB sequence (273,258-AACCAGGTCTTAAGAAAGCTCGTAAAG-273,284) is present in the S. pneumoniae D39 genome, i.e., inside the SPD_RS01495 gene,
encoding the 30S ribosomal protein S9.

®Identical sequences are present at many other positions.

'Seven additional potential attB sequences are present in this gene.

ComGC, the major subunit of the competence pilus (Laurenceau  concept of ‘equivalent PPH genomes’ was followed, i.e., genomes
et al,, 2015); 7) and bacteriophages of the PPH120 group, which  that overlapped for 290% of their total length and showed >90%
disrupt SPD_RS10405, ie., the gene encoding for the PcpA  sequence identity were considered ‘equivalent’, and only one of
choline-binding protein (Sanchez-Beato et al., 1998) (now an  them was used in further comparisons. Figure S2 shows a
important component of several new protein-based,  comparison of the different PPH genomes. PPH095 and
pneumococcal vaccines currently under evaluation) (Masomian ~ PPH110 are not depicted since, although they inserted into
et al., 2020). two different attBs, these PPHs were equivalent to PPHO055

Table S6 attempts to organize the different PPHs in a manner ~ (see below). Due to the evident sequence variability of
that takes into account their wide genetic diversity. For this, a ~ prophage genomes, pairwise nucleotide alignments were
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initially performed only among PPHs of the same group. Several
main conclusions were then drawn: 1) int genes were present in
every prophage found, but this was not the case for endolysin-
coding genes; 2) two major PPH groups were recognized, one
with genome lengths ranging from =10-20 kb on one side (e.g.,
PPHO005 and PPHO030 groups), and the other from =35-45 kb on
the other side (e.g., PPH010 and PPHO080 groups); 3) major
differences can still be seen among the members of a PPH group
(e.g., PPHO15, PPH020, PPH045 and PPH090 show large
differences); 5) several PPHs with genomes of 51-92 kb appear
to result from recombination events between two different
prophages, e.g., i) PPHO75 is the result of the insertion of an
unknown defective prophage (12,227 bp) into a PPHO085_5
equivalent. This defective prophage is flanked by a 33 bp-long
sequence (5-CCCTAGACTTGAAATAAAGCGCATTTCT
CTATA-3’) located at positions 32,873-32,905 and 45,100-
45,132 of the PPHO075 genome; a near-identical sequence
(1,911,317-TCCTAGACTTGAAATAAAGCGCATTTCT
CTATA-1,911,349) may contain part of the promoter region of
SPD_RS10265 (malA) in the D39 genome (Nieto et al., 1997); i)
PPHO080_11 appears to result from the integration of a PPH010-
like prophage into a PPH080_3 equivalent; as expected, the
insertion of the PPH010-like phage occurs in the sequence 5’-
CTTTTTCATAATAATCTCCCT-3 at positions 2069-2089 and
32,251-32,271 of the PPH080_11 genome; iii) the insertion and
rearrangement of a PPH010_4-equivalent into a previously
unknown prophage gives rise to PPH120, possibly with the
assistance of two ISs (ISSpn5 and IS1167) and the addition of a
gene cluster encoding several tRNAs. Sequence comparison
revealed this prophage to be very similar (82-85% query
coverage and >95% nucleotide sequence identity) to two
Streptococcus anginosus prophages, namely Javan83 (Rezaei
Javan et al, 2019) and SAO01 (van der Kamp et al., 2020);
interestingly, the latter two prophages appear to harbor no
tRNA genes. In addition, both encode an endolysin 76%
identical (88% similar) to Cpl-7 (see above), whereas, as
already discussed, the new component of PPH120 codes for a
peculiar 328 aa-long NAM-amidase of the Amidase_2 family of
proteins; iv) a tandem insertion of two near identical PPHs
(PPH080_1A and PPHO080_1B) gives rise to the 92 kb-long
hybrid prophage PPH080_1AB.

Among the various prophage identification tools, we used the
PHASTER program to analyze the 109 genomes included in
Table S6 (186 PPH). Up to 263 putative PPHs were predicted; 40
of them were designated as ‘intact’ by the program and actually
corresponded to real prophages (Table $6). The predicted limits
of the PPHs did match the real coordinates in only few cases (e.g.,
PPHO030 from strain SP64 was almost correctly located (real:
177,043-189,925; predicted: 177,043-189,926). Unfortunately, in
most instances, this was not the case. For example, in strain
GPSC47 (NZ_LR216060), PPH010_9 is located between
coordinates 3152 and 36,649 whereas PHASTER predicted the
range 1771-42,683). Of note, the existence of PPHs of the groups
010, 015, 080, and 110 was well predicted, whereas that of those
belonging to groups 020, 045 and 115 were not (Table S7). In our
hands, the sensitivity of PHASTER (0.74) was similar to that

previously reported (Lopes de Sousa et al., 2018; Reis-Cunha
et al., 2019).

Pairwise nucleotide alignments were then performed among
genomes belonging to different PPH groups. In addition to
equivalent PPHs (see above), a second level of similarity was
allowed, i.e., those prophages with an overlap of between 80 and
89% of their genomes and showing nucleotide identities of 290%.
Figure 1A shows ‘equivalent’ and ‘very similar’ genomes on
white or gray backgrounds respectively. It should be underlined
that equivalent prophages were distributed between different
PPH groups. Thus, in addition to the equivalency between the
defective prophages PPHO055, PPH095, PPH110 and PPH115_2
partly mentioned above, other equivalent, putatively complete
prophages of different groups were seen: 1) PPH010_2, PPH035
and PPH130; 2) PPHO15_1, PPH080_8 and PPH090_3; and 3)
PPH040 and PPHO080_3. As expected, most of the ‘very similar’
category of prophages corresponded to different members of the
same group, as exemplified by members of the PPH010 group
such as PPH010_7-PPH010_10 and PPHO010_12-PPH010_14
(Figure 1A). Pairwise comparison of 80 PPH sequences and a
dendrogram depicted seven major prophage clusters, and three
singletons (Figure 1B). Four of the clusters matched those
described by Brueggemann et al. (2017) and one more to the
defective prophages mentioned by Rezaei Javan et al. (2019) that
were recognized as separate entities from full-length PPHs. The
remaining PPHs (either clustered or not) correspond to
previously undescribed prophages.

Other Features of Pneumococcal
Prophages

Many prophages from both Gram-negative and Gram-positive
bacteria integrate into tRNA genes (Williams, 2002) although
this is not the case for PPHs (see above). Nevertheless, sequence
analysis revealed the presence of potential tRNA genes in some
PPH genomes (Table $8). Of note, PPH120 has nine tRNA genes
located at the right end of the prophage, whereas other PPHs
have these genes located closer to the middle. A search of PPH
genomes reported elsewhere revealed that five previously
sequenced phages (namely, IP8, IP16, IP25, 1P26, and IP27)
also harbor a tRNA-Ser gene, a feature not mentioned in
previous reports (Table S8).

PblB may be an important virulence determinant in some
PPHs. PbIB has been described as a phage minor tail protein (a
putative anti-receptor) that behaves as an adhesin mediating the
galactose-specific adhesion activity of pneumococci to platelets
and human lung epithelial cells in vitro. It is also required for
nasopharyngeal and lung colonization in a mouse model of
infection (Hsieh et al., 2015). The sequence diversity of PblB is
notable (Brueggemann et al., 2017). Amino acid sequence
alignments in the PPH dataset fully confirmed this (as shown
diagramatically in Figure S3), even among PPHs of the same
group (e.g., in PPH010_7, in which the length of PbIB was 2134
aa in strain GPSC97 but 3256 aa in GPSC25). It is also reported
that the PbIB encoded by the temperate phage SM1 infecting S.
mitis (1062 aa) (Bensing et al, 2001) is very different to the
protein (P15; 1987 aa) previously analyzed in the S. pneumoniae
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FIGURE 1 | Sequence similarities between PPHs genomes. (A) Venn diagrams showing equivalent or very similar pneumococcal prophages. Two PPH genomes
were considered ‘equivalent’ when they overlapped for >90% of their length and showed >90% sequence identity (shown on a white background). When two
genomes overlapped between 80 and 89% of their length, and nucleotide identities were >90%, the corresponding PPHs were considered as ‘very similar’. They are
shown on a gray background. (B). wGRR similarity heatmap depicting the amino acid identity shared between pairs of prophage sequences (either full-length or
defective prophages). Different colors were applied to clusters showing distance thresholds > 4. For agglomerative hierarchical clustering, distances are shown in the
X axis. The dendrogram and heatmap python tools of the scipy.cluster.hierarchy library were used to depict final agglomerative hierarchical clustering and heatmap
plots, respectively. Green and pink arrows point to new clusters or singletons respectively. The correspondence between PPHs and the cluster organization of
pneumococcal prophages previously reported (Brueggemann et al., 2017; Rezaei Javan et al., 2019) is indicated at the upper part of this panel. See Table S4 for a
proposed correlation between previously described pneumococcal prophages and PPH groups.

NTUH-P15 strain (Hsieh et al, 2015). Moreover, these two
proteins differ notably from most of the PbIB proteins found
in the present study, particularly in their middle regions where
different combinations of five different (albeit related) sequence
repeats were found (Figure S3). PblB-like proteins were encoded
by some of the phages belonging to the PPH010, PPHO035,
PPH040, PPH080, PPH085, and PPH100 groups. Willner et al.
showed that the S. mitis prophage SM1 can be induced by
commonly ingested substances and that the oral cavity is
indeed a reservoir of pblA and pbIB genes (Willner et al., 2011).

First described in the Gram-negative bacterium Dichelobacter
nodosus (an ovine footrot pathogen), virus-associated protein E
(VapEp,,) has been proposed involved in virulence (Billington
et al, 1996). Proteins similar to VapE have also been reported
encoded by prophages of other microorganisms such as S. aureus
(Lindsay et al., 1998), Pseudomonas putida (Canchaya et al., 2003),
Vibrio parahaemolyticus (Seguritan et al., 2003), Staphylococcus
epidermidis (Chen et al, 2013) and Elizabethkingia anophelis
(Peng et al., 2020), although direct evidence of the involvement
of VapE in virulence was provided in neither of these studies. In S.
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pneumoniae, Romero et al. (2009a) first noted that several
prophages encoded proteins similar (about 30% identity; E
value = 107 to VapEp,,, (also designated as virE). More
recently, several gene products from defective prophages have
been shown similar to a Streptococcus suis protein named VapEg,
(Rezaei Javan et al, 2019), a protein apparently unrelated in
primary structure to VapEp,, but which has been shown
involved in virulence in a mouse model (Ji et al, 2016). The
translated nucleotide dataset of PPHs was compared to both
VapEp,,, and VapEs,, and using an E value cutoff of 1072, two
sets of putative virulence-associated proteins were found
(Table S9).

It is well known that bacteria have developed defense
mechanisms to help them survive phage attacks. These
mechanisms may interfere with the adsorption of the phage
onto the cell surface, with phage genome injection, or target the
foreign nucleic acid after its injection, etc. (for recent reviews see
Labrie et al., 2010; Koonin et al., 2017; Rostel and Marraffini,
2019). Phages, in turn, have evolved mechanisms to overcome
restriction-modification (R-M) systems. One of these is based on
the presence in phage genomes (both virulent and temperate) of
orphan methyltransferase (Mtase) genes (i.e., without
concomitant endonuclease-coding genes) (Murphy et al,
2013). There are three functional classes of type II DNA
Mtases that function by transferring a methyl group from S-
adenosyl-L-methionine to a target nucleotide base, forming
either N-6-methyladenine (class I), N-4-methylcytosine (class
II), or C-5-methylcytosine (class III). Our laboratory previously
reported the existence of putative Mtases-encoding genes in two
S. pneumoniae temperate phages, namely MM1 (Obregon et al.,
2003a) and VO1 (Obregon et al., 2003b). Taking the Mtases of
these two phages as query sequences, the complete set of PPH
genomes was screened. Interestingly, more than 30 putative
orphan Mtases of either the MM1 or VOI1 class were detected.
None of them was encoded by defective PPHs (Table $10).

PPHO090, a Group of Prophages That
Integrate Into the lytAg,, Gene via an
Int-Independent Mechanism

The proposed core sequence of attBpprigoo (46 bp-long) mapped to
the 3’ end of the IytAg,, gene overlapping its termination codon
(Table 4). Consequently, phage integration should not disturb
IytA translation. In sharp contrast with other PPHs, the most
striking feature of prophages of the PPH090 group is that there is
no preference for a particular Int (or group of Ints) (Table S2).
Specifically, different PPHs of the PPH090 group encode Ints of
the tyrosine (12 entries) or serine (6 entries) families, some of
which are identical to those of other prophage groups: 1) tyrosine
Ints [PPHO10 (WP_000876726, WP_000876733, WP_000876735,
and WP_050199954), PPH015 (WP_023396066, WP_044813689,
WP_050127433, W_050203801, and WP_050221901), PPHO080
(WP_000266839, WP_000266847, and WP_000266854)]; and 2)
serine Ints [PPH100 (WP_024478469, WP_044812715,
WP_050203932, WP_050226267, WP_050230313, and
WP_050974546)]. These data strongly suggest that PPH
integration into lytAg,, does not require a specific interaction

between attB, attP, and the Int, and that some other factors may be
involved—possibly recombination events between IytAg,, and
lytAppy (see below).

The four PPH090 genomes shown in Figure S2 encode,
respectively, one of three different Ints of the tyrosine family
(PPH090_1-PPH090_3) and one Int of the serine family
(PPH090_4). Among them, the genome of the NT strain
SMRU257 (master record NZ_CKNY01000000) appears to be
unique since, in addition to the PPH090_2 genome (39,182 bp;
contig NZ_CKNY01000002), it contains a 39,182 bp-long
sequence (contig NZ_CKNY01000010) inserted into the ffs
gene (corresponding to SPD_RS00125 in S. pneumoniae D39)
(Table 4). Moreover, this prophage harbors all the characteristics
of a full member of the PPHO15 group, including the near
identical flanking attL and attR core sequences (5°-
TTGTGTGCTCTTTTTTCGTGC-3’). Remarkably, PPH090_2
and the ‘new’ PPHO15 only differ at two nucleotide positions,
i.e., 918 (G) and 951 (T) of the 957 bp-long lytAppy and lytAppy*
genes (the asterisk indicates that the phage and bacterial [ytA
genes were probably chimeric [a hybrid] because they contain
sequences of both phage and bacterial origin) (Figure S$4).

The hypothesis that lytAppy recombines with the lytAg,, gene
and integrates into the pneumococcal genome was tested by
making a detailed analysis of both the IyfA genes and the DNA
regions located between int and IytAg,,*, as well as downstream
of lytAppyr*, in the integrated state (Figure 2A). Figure 2B shows
the appropriateness of the hypothesis since, immediately after
the termination codon of lytAppy*, the sequence was syntenic,
i.e. shares the same genetic order, with the DNA region located 3’
of lytAs,, in a non-lysogenic strain. In fact, previous studies had
already provided different kinds of evidence on the existence of
recombination between these genes (Romero et al.,, 1990;
Whatmore and Dowson, 1999; Morales et al., 2010). It has also
been reported that lytAs,, and plyA (the gene encoding the main
pneumolysin, a cholesterol-dependent cytolysin) form part of a
pathogenicity island in S. pneumoniae, characterized by the
presence of direct repeats (ISs), phage-related genes, and/or
genes potentially encoding virulence factors and mobility
proteins (Ints, transposases). These findings also suggest that
the plyA-IytA island is a recombination hotspot. At least eight
genomic arrangements of this island have been recognized
(Morales et al., 2015). During the present study, an additional
arrangement that appears to be exclusive to some NT
pneumococci was found (Figure 2B). It is worth mentioning
that a larger protein (3628 aa residues; WP_142367134) of
unknown function is encoded within the plyA-IytA island in
the pneumococcal strain SMRU257.

The DNA region located immediately 3’ of the corresponding
IytAppr* gene of each of the four PPH090 was aligned with a 2
kb-long region located immediately downstream of the lytAg,,
gene of the non-lysogenic S. pneumoniae D39 strain
(NC_008533.2; complement [1,727,602-1,729,601; the position
of the last nucleotide of lytAg,, is 1,729,602]). In agreement with
the hypothesis formulated above, the four PPH090 genomes
showed >96.5% nucleotide identity with the D39 genome in that
region (data not shown). The PPH090 regions that run from the
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FIGURE 2 | A proposal for phage integration into the S. pneumoniae genome after the recombination of lytAs,, and ytAppy. (A) The circular phage genome (red)
and the pneumococcal chromosome (dotted line) are shown. Genes are drawn as arrows indicating the direction of transcription. An ‘X indicates the recombination
event. The pneumococcal genes plyA and dinf that flank the lytAs,, gene are shown for reference (Morales et al., 2015). The asterisk () indicates that the phage and
bacterial lytA genes were probably chimeric because they contain sequences of both phage and bacterial origin. (B) Novel genomic arrangement of this plyA—IytA
island in the pneumococcal strain SMRU257. The location of a gene (AD529_RS01375) encoding a large protein (3628 aa residues; WP_142367134) is shown. For
comparison, the corresponding DNA region of the control D39 strain is shown at the bottom.

3’ end of int to the 3’ of IytAg,,* after integration, were also
aligned (Figure 3). This region was 548 bp-long in PPH090_4
(serine Int family), and shorter (305-306 bp) in prophages with
tyrosine Int-coding genes. The DNA regions corresponding to
the two putative PPHO015 prophages (PPH090_2 and PPH090_3)
were very similar (97.7%; 298 identical nucleotides in a 305 nt
overlap). The presence of a 51 bp-long sequence (5’-
ATAGAAAGGAAACTTTCTAAATTGTTCTTTCACCGCA
GGCTTAGGCTTGCG-3’) located immediately after the
termination codon of the lytAg,,* gene and found to be
conserved in all the PPHs studied (indicated by orange
rectangles in Figure 3) should be noted. Among the 126
pneumococcal strains with either complete or near complete
genomes, this 51 bp-long signature was absent from the 26 non-
lysogenic strains (as expected), but it was found immediately
downstream of the 3’ end of the lytAg,, gene among two
lysogenic strains: 4041STDY6836166 (Acc. No. NZ_LS483451;
positions 1,865,445-1,865,394) and GPSC72 (Acc. No.
NZ_LR216049; positions 1,745,355-1,745,304). In these strains,
the 51 bp-long sequence is part of a =700 bp-long fragment that
is 295% identical to another fragment located 3’ of several

IytAppy genes, particularly those within the PPH010 group
(unpublished observations). This finding indicates that those
strains were once lysogenic, but that at some point, most of the
prophage was lost. Interestingly, a putative transcriptional
terminator is located close to the 3’ end of the lytAppy (and
IytAsp,) genes and may function in a manner similar to that of
the transcriptional terminator of the lytAg,, gene previously
determined (Diaz and Garcla, 1990) (Figure S5).

Recombination Between Prophage and
Bacterial lytA Genes Is a Source of
Chromosomal Rearrangements in

S. pneumoniae

PPH090-like prophages appear to be made via recombination of
the lytAppy and lytAs,, genes after the prophage is spontaneously
excised from the host genome. However, recombination may also
take place during the lysogenic (integrated) state of the prophage.
In this instance, however, lytA recombination may result not in the
emergence of a new PPH090 prophage but in chromosomal
rearrangements. To gain insight into the recombination events
that appear to occur between IytAg,, and IytAppy, the
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corresponding genes from the four PPH090 reported here were
aligned and the position of nucleotides conserved in lytAg,,* and
lytAppr* —but not in both groups— were annotated (Figure 4A).
A search for polymorphisms at those positions was then
performed in all the lytAg,, (325) and lytAppy (356) alleles of
the dataset (Figure 4B). Few polymorphic positions appeared
between positions 1 and 100 (approximately), but beyond there
the average polymorphism reached 7 and 14% in the tested
positions of lytAg,,* and IlytAppy™* respectively. This suggests
that recombination events (if any) are more frequent in the 3’
than the 5 moiety of the gene. The possible significance of the
notable polymorphism observed at three nucleotide positions (14
and 17 in lytAppy, and 282 in IytAg,,) was not further analyzed,
but the importance of the polymorphism at position 951 (very
close to the 3’ end of IytA which is located at position 957)
mentioned above was studied in detail. As shown in Figure 4B,
searching among the 325 lytAg,, alleles in the resulting data
showed 84 of them (154 strains) to have a ‘T” instead of an ‘A’
nucleotide at position 951. Table S11 summarizes a systematic
analysis of this region among a subset of 51 of those 84 lytAg,,
alleles (111 strains). The results indicate the existence of
recombination events that produced the translocation of several
DNA fragments from their original position (taking the non-
lysogenic S. pneumoniae D39 genome as a reference) to a region
located immediately downstream of the lytAg,,* gene (Figure 5).
Five major rearrangement events were recorded and, in agreement
with the genes found, the direct participation of PPHO010
(SPD_RS00120), PPHO15 (SPD_RS00130), PPHO080
(SPD_RS07410), PPHO085 (SPD_RS09110), or PPH100

(SPD_RS09880) was deduced. By comparing these arrangements
with those of the different PPHs described in this study, the
bacterial and phage IytA genes were seen to represent inverted
repeats in arrangements A and B, and individual direct repeats in
arrangements C, D, and E. A recombination event in cases A or B
would likely produce a chromosomal inversion (Table S11). In
addition, since the region between the lytA genes (the spacer) is
asymmetrical around the origin of replication, a chromosomal
inversion may induce changes in the relative positions of the origin
and terminus of replication, as previously noted (Achaz et al,
2003). In arrangements C, D and E, a recombination event
produced between repeat sequences in the same orientation on
the same chromosome could result in a translocation (Hughes,
2000). A close examination of the region located immediately
downstream of lytAg,,* (SPD_RS09250; depicted as gray squares
in Figure 5) in 14 different strains revealed complex organizations
of different length that contained prophage fragments or even
putative full length prophages. For example, strain SMRU51
harbored a prophage equivalent to PPH035 (Figure 6). Of note,
an additional recombination event in strain SMRU1319
(arrangement D2) produced an inversion of the genes located
upstream of SPD_RS09115 and downstream of SPD_RS09110
(Table S12).

DISCUSSION

According to the data presented in this and previous studies,
prophages are very common in S. pneumoniae: up to 90% of
pneumococcal isolates may harbor temperate phages, although
nearly half of them (in the present work 47%) appear to be
defective and lack the genes involved in morphogenesis and lysis.
These can be considered ‘defective’ (incomplete or remnant)
PPHs that may be in a state of mutational decay (Casjens, 2003).
It should be remembered that genome decay does not take place
homogeneously. Previous reports have shown that, in incomplete
prophages, there is an enrichment in int genes, whereas genes
involved in phage lytic functions are preferentially lost (Bobay
etal,, 2014; Khan et al., 2020). Of note, some defective prophages
are capable of excision from the bacterial chromosome (Chen
et al,, 2019). Sometimes, defective prophages are also designated
as ‘cryptic prophages’ (Wang and Wood, 2016), although in
theory this term should include only fully functional prophages
that have never been induced to follow a lytic cycle (Casjens,
2003). Recently, incomplete streptococcal prophages were
termed ‘satellite’ prophages (Rezaei Javan et al., 2019),
although the characteristic dependence of true satellite
prophages upon proteins produced by a helper prophage for
packaging and progeny phage release was not demonstrated. A
defective prophage (possibly a PPHO005_1 relative) has been
reported as capable of excising from the chromosome, but, as
expected, it does not seem to enter the lytic cycle (Chen
et al., 2019).

The present work fully confirms that the vast majority of full
length PPHs harbor lytAppy, a gene homologous to lytAs,,,
encoding a 318-aa long NAM-amidase (Amidase_2 family)
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endolysin. This clearly indicates the enhancement of phage and
host fitness. A small (but significant) number of PPH endolysins
(28), however, corresponded to Cpl-1-like lysozymes, and only
one to a CHAP-containing enzyme. The lysozymes were the
hallmark endolysins of the PPHO065 and PPHI105 groups.
Notably, all strains harboring PPH065 were members of
GPSC19 with serotype 22F (the only exception being strain
2245STDY6178828, which belongs to serotype 42). Serotype
22F is an emerging serotype (Tin Tin Htar et al., 2019) that is
not included in the current 13-valent pneumococcal conjugate
vaccine, although it has been incorporated into the next
generation of 15- and 20-valent pneumococcal conjugate
vaccines currently under evaluation (Masomian et al, 2020).
All these isolates belong to clonal complex 433, which is
predominant in Spain (Sempere et al, 2020). In addition,
strains harboring PPH105 are of serotype 35B (sequence type
558): a single-locus variant of the PMEN Utah®*2-24 clone, also
an emerging, multidrug-resistant serotype associated with non-
vaccine serotypes (Andam et al., 2017). It has been shown that
pediatric isolates of serotypes 22F form better biofilms than adult
isolates (Sempere et al., 2020) and that serotype 35B
pneumococci are good biofilm formers (Domenech et al.,
2015). Whether this phenotype is directly related to the
presence of prophages, as has been proposed (Loeffler and
Fischetti, 2006; Carrolo et al., 2010; Harvey et al., 2016),
remains to be determined. Previous experiments have shown
that the Cpl-1 endolysin is very effective in destroying in vitro
formed biofilms either of S. pneumoniae, or of the type strains of
S. pseudopneumoniae and S. oralis (Domenech et al., 2011). In

addition, a recent study has shown that ClyJ-3 (an engineered
chimera with a very short linker) shows improved thermal
stability and has greater bactericidal activity against
pneumococci, as well as reduced cytotoxicity, than does its
parental enzyme (Yang et al., 2020). Since the Cpl-1-like
lysozymes found in the present work also have linkers shorter
than that of Cpl-1, detailed in vitro and in vivo studies of the
newly discovered PPH lysozymes are warranted.

Using a subset of the database formed by complete or near
complete pneumococcal genomes, up to 24 different attB sites
were detected. Taking into account the capacity of some
prophages to insert at different sites, the existence of 20
different PPH groups was disclosed. Various prophages
integrate into genes encoding csRNAs. In S. pneumoniae, these
non-coding sRNAs show a high degree of similarity to each
other, and have been shown to affect pneumococcal physiology
pleiotropically, e.g., they are involved in B-lactam resistance, and
regulate natural competence development. The mechanism of
action of csRNAs appears to be additive (Brantl and Briickner,
2014). Previous studies have also reported that prophage
insertion into SPD_RS09885 interrupted competence
development (Croucher et al., 2011; Croucher et al., 2014;
Croucher et al, 2016) and it was found that having an intact
comGC (also named comYC) gene was significantly associated
with increased carriage duration (Lees et al., 2017).

A tandem prophage insertion (PPH080_1AB) was also found.
This is usually interpreted as the integration of two phages that use
the same att (in this case, 5-TTATAATTCATCCGC-3’). The
differences between the parental prophages in PPH080_1B involve
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a tandem duplication of a cluster of nine genes in PPH080_1A
(marked with different colors in Figure S2). Further, some rare
events related to PPH insertion were also noted. PPHO075,
PPH080_3, and PPHI120 contained a#B sequences, which would
allow another phage to be integrated into their genomes, forming a

prophage-in-prophage configuration and allowing the duplication
of prophages possibly encoding medically or biologically important
genes. To the best of our knowledge, this phenomenon has only
previously been described in Shiga toxin-encoding prophages in E.
coli (Nakamura et al., 2021).

Although first described in phage T4 in 1968 (Weiss et al., 1968),
the role of tRNA genes in phages has been subject to debate (Bailly-
Bechet et al,, 2007). Viruses, which depend on the host protein
expression machinery, have evolved various strategies to optimize
translation, either by adapting their host codon usage to that of the
host or encoding their own tRNAs. It has been noted that most
phages contain only one or two tRNA genes, while a few may
contain >20 (Bailly-Bechet et al., 2007). In general, temperate
phages harbor fewer tRNA genes than do virulent phages. It has
been suggested that tRNA acquisition may contribute to greater
virulence (Bailly-Bechet et al, 2007). A more recent study of
different mycobacteriophage clusters suggests that the benefits of
having tRNA genes may be associated with either a better growth in
their hosts (larger burst size and shorter latency) or the ability to
infect more hosts (Delesalle et al., 2016). Although an increasing
number of prophages are described that carry tRNA genes
(Canchaya et al, 2004), their presence among Streptococcus
prophages appears to be uncommon. In a recent analysis of
13,200 viral sequences (Morgado and Vicente, 2019), only four
streptococcal phages were found to harbor tRNA genes; three were
virulent [SMP from S. suis (Acc. No. EF116926), SP-QS1 from S.
pneumoniae (Acc. No. HE962497), and P5652 from Streptococcus
thermophilus (Acc. No. KY705261)], and only one was temperate
[®ARIO746 from S. pneumoniae (Acc. No. KT337365)].

All the VapEg,,-like proteins were encoded by defective
prophages (with the exception of PPHO08_12), as previously
reported (Rezaei Javan et al., 2019). Both defective and
complete prophages coded for VapEp,, homologs.
Experimental evidence exists that the VapEg,, homolog of the
defective prophage Javan757 (Acc. No. WP_000434359) is
involved in virulence. Using a sepsis model, it was reported
that mice infected with the wild-type pneumococcal strain had
significantly greater blood and spleen bacterial counts than the
isogenic AvapE mutant (Rezaei Javan et al,, 2019). In addition, it
was observed that the reduced virulence of the mutant could be
explained by a significant growth delay when cultivated in serum.
Further, vapE was upregulated only when the pneumococcal
strain grew under planktonic conditions, analogous to
bacteremic growth. Whether the other VapEp,, homologs
described here also play a significant role in pneumococcal
pathogenicity warrants further investigation.

S. pneumoniae does not contain an endogenous CRISPR/Cas
system; this is consistent with interference with natural
transformation and thereby lateral gene transfer crucial for
pneumococcal host adaptation (Bikard et al., 2012) (https://crispr.
i2bc.paris-saclay.fr/). Among the defense mechanisms developed by
bacteria to combat phage attack, R-M systems are pervasive. Their
general role is to spot foreign DNA via base modifications and to
defend the host DNA from restriction enzymes via Mtase activity.
Recently, however, more functions for R-M systems have been
described (Vasu and Nagaraja, 2013). Their activities are due to
several heterogeneous proteins classified into at least four groups.
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Most S. pneumoniae isolates express either the Dpnl or Dpnll R-M
system, although a DpnlII system has also been reported (Eutsey
et al,, 2015). Interestingly, the virulent pneumophage Cp-1 cannot
be restricted in S. pneumoniae because it does not contain the
corresponding target sequence (5-GATC-3’) in its genome (Martin
et al, 1996). The virulent pneumophage Dp-1 probably defends
against host-induced DNA restriction by incorporating modified
bases into it (Garcia et al., 2005). This is consistent with a more
recent report showing that resistance to Dp-1 in S. pneumoniae
results from mutations in a single gene (SPD_RS05930) coding for a
type IV restriction endonuclease (Leprohon et al, 2015). It is
noteworthy that type IV restriction systems differ from other
types in that the Mtase and endonuclease activities are combined
in a single enzyme that requires base modification to act (Loenen
and Raleigh, 2014). A phase-variable type I R-M system has also
been identified in various strains of S. pneumoniae. This system
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FIGURE 6 | Diagram of the region located immediately downstream of the termination codon of lytAs,,* in 14 pneumococcal strains with differently rearranged
genomes. The region corresponds to that indicated with a gray square in Figure 4. DNA regions sharing >95% nucleotide identity are shown with the same color
and shadowing. The type of arrangement (A to E) is indicated in parentheses to the right of the name of each strain. The different core attachment sites are shown as
diamonds. The deep blue rectangles represent the conserved 51 bp-long sequence mentioned in the text. The red rectangles correspond to the reverse
complement of positions 24037-24121 of the S. pneumoniae D39 genome (between SPD_RS00120 encoding a nucleoside deaminase and SPD_RS00115 coding
for an adenylosuccinate synthase). The purple rectangle corresponds to positions 1,712,485-1,712,386 (between SPD_RS09110 and SPD_RS09115 in the D39
chromosome). For additional information see Tables S6 and S8. At the bottom, the nucleotide sequence surrounding the initiation codon of SPD_RS09110 in
strains D39 and SMRU1319 (arrangement D2) is shown. The correct initiation codon is shown in red, bold font, and underlined. Another in-frame initiation codon is
not underlined and apparently lacks a potential ribosome-binding site (RBS) (Acc. No. CRIC01000015). The predicted RBS of SPD_RS09110 is shown in pink
lettering. The 14 bp-long repeat potentially responsible for a chromosomal inversion in strain SMRU1319 is inserted in a gray box. The att core sequence of PPH085

operates as an epigenetic switch that regulates gene expression,
virulence, and phase variation (opaque versus transparent
phenotype) in pneumococci (Li and Zhang, 2019). Moreover, the
importance that phase-variable type I R-M systems have in the
multifunctional defense against prophage SpSL1 infection in S.
pneumoniae has been demonstrated (Furi et al.,, 2019).

The present study provides clear evidence of recombination
events between pneumococcal and phage IyfA homologs.
Recombination is apparently independent of the phage Int and is
facilitated by the noticeable sequence similarity between the phage
and host genes (=85% identity). Although uncommon, a similar
process has been reported to occur between the thyP3 and the thyA
genes encoding the thymidylate synthase of the temperate
bacteriophage @3T and that of the Bacillus subtilis host (Tucker,
1969; Stroynowski, 1981; Stout et al., 1998; Fox et al., 1999). In this
case, the nucleotide sequence identity reaches 96% (Kenny etal., 1985;
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Tam and Borriss, 1995). Unfortunately, whether recombination
between the B. subtilis and the phage @3T genes also causes
genome rearrangements, as is the case of the PPH090 group,
is unknown.

The present results provide a comprehensive view of the lysogenic
state of phagesin S. pneumoniae. As in most phage genomes currently
under study, the majority of the PPH genes play uncharacterized
roles. There is increasing evidence that although bacteriophages do
not infect eukaryotic cells, they do interact with innate immune cells
via Toll-like receptors (which appears to be particularly true for
temperate bacteriophages) (Cieslik et al., 2021; Podlacha et al., 2021;
Popescu et al., 2021), but the phage components involved in this are
virtually unknown.

Finally, the consequences of genome rearrangements involving
IytA genes in bacteria and phage physiology deserve to be
further studied.
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The remarkable genomic plasticity of Streptococcus pneumoniae largely depends on
its ability to undergo natural genetic transformation. To take up extracellular DNA,
S. pneumoniae assembles competence pili composed of the major pilin ComGC. In
addition to ComGC, four minor pilins ComGD, E, F, and G are expressed during bacterial
competence, but their role in pilus biogenesis and transformation is unknown. Here, using
a combination of protein-protein interaction assays we show that all four proteins can
directly interact with each other. Pneumococcal ComGG stabilizes the minor pilin ComGD
and ComGF and can interact with and stabilize the major pilin ComGC, thus, deletion of
ComGG abolishes competence pilus assembly. We further demonstrate that minor pilins
are present in sheared pili fractions and find ComGF to be incorporated along the
competence pilus by immunofluorescence and electron microscopy. Finally, mutants of
the invariant Glu5 residue (E5), ComGDgsa or ComGEgsa, but not ComGFgsa, were
severely impaired in pilus formation and function. Together, our results suggest that
ComGG, lacking E5, is essential for competence pilus assembly and function, and plays a
central role in connecting the pneumococcal minor pilins to ComGC.

Keywords: competence pilus, minor pilins, natural transformation, Streptococcus pneumoniae, type IV pili (T4P),
DNA uptake

INTRODUCTION

The transfer of genetic information among bacteria contributes to the natural diversity of
prokaryotes and is a major evolutionary driving force. This phenomenon, referred to as
horizontal gene transfer (HGT), can occur at high frequency between bacteria that are closely
related or that coexist in the same habitat or community (Koonin et al., 2001; Beiko et al., 2005). It
allows bacteria to acquire new functional traits that are important in the adaptation and survival of
species and plays a role in the spread of antibiotic resistance (Vos et al., 2015; von Wintersdorff et al.,
2016; Calero-Caceres et al., 2019). Transformation, one of the main mechanisms of HGT, is a widely
conserved process in many bacterial species. The uptake of exogenous DNA from the surrounding
environment is entirely controlled by the recipient bacteria and relies on sophisticated DNA uptake
machineries often composed of bacterial surface appendages, such as type IV pili (T4P). T4P are
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widespread among Gram-negative and Gram-positive bacteria
and can display a wide range of functions including DNA uptake,
adhesion to host cells, biofilm formation and twitching motility
(Melville and Craig, 2013; Craig et al., 2019; Pelicic, 2019).

The Gram-positive respiratory pathogen Streptococcus
pneumoniae (the pneumococcus) is naturally transformable and
type IV competence pili promote initial DNA binding during the
first step of transformation (Muschiol et al., 2019). These pm-long
filaments are exclusively formed during bacterial competence and
are essential for DNA uptake. Upon binding of extracellular
DNA, the pneumococcal DNA translocation apparatus
(transformasome), composed of ComEA, EndA, ComEC and
ComFA, facilitates the uptake of DNA across the cellular
membrane (Johnston et al., 2014). All the proteins required for
competence pilus biogenesis are encoded by the comG operon
(ComGA, B, C, D, E, F and G) and pilD encoded elsewhere in the
genome. ComGA is an ATPase, believed to power pilus assembly,
and mutants deficient in ComGA are non-transformable
(Laurenceau et al., 2013). ComGB is a polytopic integral
membrane protein and presumably acts as a platform for pilus
assembly based on its homology with known orthologous platform
proteins (Takhar et al., 2013). The remaining proteins ComGC, D,
E, F and G belong to the family of pilin proteins, a conserved set of
proteins found in bacteria expressing T4P and type II secretion
systems (T2SSs). Pilins or pseudopilins, as they are referred to in
T2SSs, are synthesized as prepilins with a characteristic N-terminal
class I1I signal peptide, which is cleaved off by the prepilin peptidase
PilD (Strom et al., 1993; Piepenbrink, 2019). Mature major and
minor pilins share a similar domain structure with a conserved N-
terminal and a more variable C-terminal domain and are assembled
into polymeric filaments by dedicated assembly systems (Giltner
etal.,2012; Berry and Pelicic, 2015). The pneumococcal pilins share
the typical pilin domain structure but differ in size (86-137 aa).
Their signal peptides end with a conserved Ala residue, which is
recognized by the prepilin peptidase. All pneumococcal pilins,
except ComGG, also contain a conserved Glu residue in position
5 after the cleavage site (E5), which was suggested to be important
for fiber assembly/stabilization in other T4P and T2SSs (Strom and
Lory, 1991; Aas et al., 2007; Li et al., 2012; Nivaskumar et al., 2016).
The pneumococcal competence pilus is composed of the major pilin
ComGC. Bacteria deficient in ComGC or expressing mutant
ComGCgsy lack pili and are defective in transformation
(Laurenceau et al., 2013; Muschiol et al., 2017). The role of the
minor pilins in competence pilus biogenesis and transformation
remains poorly understood.

Minor pilins are present at lower abundance relative to the major
pilin. They can be incorporated into pili at different locations and can
have profound effects on pilus assembly and function. Strikingly,
many Gram-negative bacteria expressing T4P or T2SSs possess a set
of core minor pilins that are central components of the assembly
machinery (Giltner et al.,, 2012; Escobar et al., 2021). In some systems
additional accessory minor pilins that can be dispensable for pilus
biogenesis can be involved in specific pilus associated functions such
as adhesion to host cells, bacterial aggregation, and DNA uptake
(Helaine et al., 2005; Helaine et al., 2007; Brissac et al., 2012; Cehovin
et al,, 2013; Imhaus and Dumenil, 2014; Ng et al., 2016).

Here, we investigate the role of the pneumococcal minor
pilins in competence pilus biogenesis and transformation by
combining genetic, biochemical, and imaging studies. Our
results provide evidence that ComGD, ComGF and ComGG
are found in sheared pili fractions, and we demonstrate by
immunofluorescence microscopy and electron microscopy that
ComGeF is incorporated along the pilus filament. We also show
that all minor pilins can directly interact with each other and
identify ComGG as a link between the minor pilins and the
major pilin ComGC.

MATERIAL AND METHODS

Bacterial Strains, Growth Conditions

and Transformation

All strains used in this study are listed in Table 1. S. pneumoniae
strains were grown on blood agar plates overnight at 37°C and
5% CO,. For competence induction, plate-grown bacteria were
used to inoculate Todd-Hewitt broth supplemented with 0.5%
yeast extract (THY), at ODgjo = 0.05 and grown at 37°C until
ODy¢5o = 0.15. Bacteria were then incubated at 30°C for 15 min
before competence was induced by addition of competence
stimulating peptide (CSP-1) at a final concentration of 100 ng/
ml for 15 min. For transformation experiments, DNA (1 pg/ml)
was added and transformants were selected on blood agar plates
containing appropriate antibiotics, as specified. Transformability
assays were performed as previously described (Muschiol
et al., 2017).

Escherichia coli strains were grown at 37°C in lysogeny broth
(LB) or on LB agar plates containing antibiotics (50 pg/ml
kanamycin, 100 pug/ml ampicillin and/or 50 pg/ml
chloramphenicol), when required. E. coli Top 10 (Life
Technologies) was used for cloning with standard techniques
as described (Sambrook et al., 1989). For protein expression, E.
coli T7 Express (NEB) was grown in Terrific Broth (TB) and LB
(ratio 1:1) with appropriate antibiotics. Cultures were grown at
37°C to ODggp = 0.5, induced with 1 mM isopropyl B-D-1
thiogalactopyranoside (IPTG) purchased from Sigma and
continued to grow at room-temperature (RT), overnight (~12 h).

Generation of Mutants and
Complementation Constructs

Construction of S. pneumoniae R6 Deletion Mutants
Pneumococcal strains were created in which comGC, comGG,
comGFG, comGEFG and comGDEFG were deleted and replaced
with a spectinomycin cassette. For this, PCR fragments flanking
the upstream and downstream regions of the target genes were
amplified from the S. pneumoniae R6 genomic DNA using
Fusion Flash polymerase (Thermo Fisher Scientific). The PCR
primers contained overhang sequences with BamHI and Notl
restriction sites (Table 2). Each PCR product was digested with
the respective restriction enzyme, purified and ligated to a
spectinomycin cassette containing BamHI and Notl sites. The
resulting fragment was PCR amplified and used to transform
S. pneumoniae R6. Transformants were selected on blood agar
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TABLE 1 | S. pneumoniae strains used in this study.

Strain

R6

R6AcomGC

R6AcomGG

R6AcomGFG

R6AcomGEFG

R6AcomGDEFG

T4AcomG

RéAcomG

R6 bgaA::comGD

R6 bgaA::comGE

R6 bgaA::comGF

R6 bgaA::comGG

R6 bgaA::comGDEF

R6 bgaA::comGDEFG

R6AcomGDEFG, bgaA::comGD
R6AcomGDEFG, bgaA::comGE
R6AcomGDEFG, bgaA::comGF
R6AcomGDEFG, bgaA::comGG
R6AcomGDEFG, bgaA::comGDEF

R6 bgaA::comGDgag

R6 bgaA::comGEg.g

R6 bgaA::comGFpag

R6 bgaA::comGGrag

R6AcomGG, bgaA::comGG

R6 bgaA::comGCDEF

R6 bgaA::comGCDEFG

R6AcomG, bgaA::comGCDEF
R6AcomG, bgaA::comGCDEFG

R6 bgaA::comG

R6 bgaA::comG with comGCesa

R6 bgaA::comG with comGDgsa

R6 bgaA::comG with comGEgsa

R6 bgaA::comG with comGFgsa
R6AcomG, bgaA::comG

R6AcomG, bgaA::comG with comGCesa
R6AcomG, bgaA::comG with comGDgsa
R6AcomG, bgaA::comG with comGEgsa
R6AcomG, bgaA::comG with comGFgsa

Description Source/Reference

R6 strain R. Hakenbeck
comGC::spec (Spech) This study
comGG::spec (Spec”) This study
comGFG::spec (Spech) This study
comGEFG::spec (Spech) This study
comGDEFG::spec (Spech) This study
comG::erm (ErmF) (Balaban et al., 2014)
comG::erm (Erm™) This study
bgaA::Peoma comGD (TetR) This study
bgaA::PsomecomGE (Tet™) This study
bgaA::PsomaComGF (Tet™) This study
bgaA:PeomccomGG (Teth) This study
bgaA::PsomcComGDEF (Tet™) This study
bgaA::PsomcCoOmGDEFG (T etR) This study
comGDEFG::spec (Spec™), bgaA::Psoma comGD (Tet") This study
comGDEFG::spec (Spec”), bgaA::PsomccomGE (Tet™) This study
comGDEFG::spec (Spec™), bgaA::PoomccomGF (Tet") This study
comGDEFG::spec (Spec™), bgaA::PeomacomGG (Tet") This study
comGDEFG::spec (Spec™), bgaA::PsomcCOMGDEF (Tet™) This study
bgaA::PeomacomGDrag (Tet) This study
bgaA::PeomcComGEryg (Tet) This study
bgaA::PoomccomGFaag (Tet") This study
bgaA::PeomccomGGrag (Tet?) This study
comGG:spec (Spec™), bgaA::PeomccomGG (Tet™) This study
bgaA::PomccomGCDEF (Tet™) This study
bgaA::PeomeCOmGCDEFG (Tet™) This study
comG::erm (ErmF), bgaA::comGCDEF (Tet") This study
comG::erm (Erm"), bgaA::comGCDEFG (Tet™) This study
bgaA::comG (Tet™) This study
bgaA::comG with ComGCesa (Tet") This study
bgaA::comG with ComGDgs, (Tet™) This study
bgaA::comG with ComGEgs, (Tet™) This study
bgaA::comG with ComGFgsa (Tet ) This study
comG::erm (ErmF), bgaA::comG (Tet") This study
comG::erm (ErmF), bgaA::comG with comGCesa (Tet™) This study
comG::erm (ErmF), bgaA::comG with comGDgs, (Tet™) This study
comG::erm (ErmF), bgaA::comG with comGEgs, (Tet™) This study
comG:erm (ErmR) bgaA::comG with comGFgs, (Tet ) This study

Speci-spectinomycin resistance, Tet"-tetracycline resistance, Erm"-erythromycin resistance.

plates containing spectinomycin (200 pg/ml) and confirmed by
PCR and sequencing of the insertion region.

Mutant strains lacking the entire comG operon were
produced by transformation with a PCR product containing
comG up and downstream flanking regions fused to an
erythromycin cassette amplified from T4AcomG (Balaban et al.,
2014) genomic DNA with primers 292-F/330-R. Clones were
selected on blood agar plates containing erythromycin (1 pg/ml)
and confirmed by sequencing.

Construction of AcomGDEFG Mutant Strains
Ectopically Expressing Minor Pilin(s) in

the bgaA Locus

PCR and in vivo recombination in E. coli were used to generate
integration vectors carrying pneumococcal minor pilin(s) for
subsequent transformation into the S. pneumoniae strain R6.
Based on the integration vector pfJVW25 [kindly provided by A.
Eberhardt (Eberhardt et al., 2009)], we first created a modified
plasmid containing the flanking regions for integration into the
bgaA locus but replacing the Zn>" inducible promoter and gfp with

the sequence encoding the comG promoter, comGA, comGB and
comGCpiaq. The respective fragment of the pJVW25 plasmid was
amplified with Fusion Flash polymerase (Thermo Fisher Scientific)
and primers 792-F/793-R that contained overhang sequences
homologous to the comG promoter and the Flag tag, respectively.
The insert was amplified from the S. pneumoniae R6 genomic DNA
with primers 790-F/791-F carrying overhang sequences
homologous to the pfJVW25 plasmid and the Flag-tag. Insert and
PCR amplified plasmid were then mixed in a 1:1 molar ratio and
treated with Dpnl for 1 h at 37°C. 1pl of the reaction was used to
transform XL10-gold competent cells (Stratagene) that combine
vector and insert by homologous recombination. Clones were
selected on LB plates containing ampicillin (100 pg/ml) and the
plasmid was isolated using the QIAprep Spin Miniprep Kit
(Qiagen) according to the manufacturer’s instructions. The
resulting plasmid was designated pSM828 and used as template
to produce integration vectors carrying minor pilin(s) as follows:
comGD, comGE, comGF, comGG, comGDEF and comGDEFG,
which were PCR amplified from R6 genomic DNA using the
following primers: 880-F/886-R, 906-F/907-R, 908-R/883-R,
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TABLE 2 | Primers used in this study.

Name

604-F
605-R
606-F
607-R
372-F
MSAB2-
R
MSA37-
F

374-R
361-R
358-F

336-R

368-R
369-R
370-R
292-F
330-R
164-F
139-R
167-F
790-F
791-R
792-F
793-R
879-F
885-R
905-R
882-R
880-F

886-R

906-F

907-R

908-F

883-R

910-F

911-R

887-F

912-R

913-R

914-R

Sequence

TTGACTTGCAAGCAGAGATTATCAAG
GCATAGGATCCTTAAAAATTTACCTCCATATTTTGATACATGGGC
CGATTGCGGCCGCGCCTAAGAAAGTTACAAGCAGATGG
GAGGGCAAGCAGGGATTCTAAC

GCATAGGATCCCTAATCAAAATAGTGAGGAGGAGGATATATTTGAATACATAC
CGATTGCGGCCGCTTATAA AATCTGTTATTTAAATAGTTTATAGTTAAATTTACA CATTAG

GCACGCCTTCCCTTTATTGGAATC

GCATAGGATCCCCTGCCTTAAC C CCACACGATAG
CGATTGCGGCCGCACTAAACGAAATAAACGCTAAAACGTCTC
CGATTGCGGCCGCCTATAATGCGTTGAATCCAGAATAGTCC

CCAAATCACTTTGGATGACTTGGAC

GCATAGGATCCGCCTTAATCATTGACTTTACGATTTGC
GCATAGGATCCCCTAATTTTTTGTTTCCTTAATGCGTTAATTTTTC
GCATAGGATCCCCTTATGGCTCTTTGATTGCCAAC
CCAGCTAAATTGATTATGGTAGACCTAG
CCACTTCCATTCCCAAGTAATC
CGCCTGCAGGGGTTCTCCTCTACGCAGTCACCATA
CGCGGATCCCTATGAATTCTCTTTCTTTTCAGG
CGCCTGCAGGGTTCTCCTCTACGCAGTCACCATA
catcggtacctgcgaattctagAGAAAAGTAACTTTTTTGGAGTTGC
cttatcgtcgtcatccttgtaatcATCATTGACTTTACGATTTGCTCC
gcaactccaaaaaagttacttttct CTAGAATTCGCAGGTACCGATG
gattacaaggatgacgacgataagCTACCATTACCAGTTGGTCTGG
gcctgttetteegtgatgegtccatACTTACCTCCTCACCTATACTATTC
taaacgcattaaggaaac ttagCTACCATTACCAGTTGGTCTGG
CTACCATTACCAGTTGGTCTGGTG
ctatcgtgtggaaaaagaaaaaagttaaCTACCATTACCAGTTGGTCTGG
gaatagtataggtgaggaggtaagtATGGACGCATCACGGAAGAAC

aactggtaatggtagCTAA GTTTCCTTAATGCGTTTAA C

tagtataggtgaggaggtaagtATGGAAAAATTAAACGCATTAAGGAAAC

cagaccaactggtaatggtagTTATGGCTCTTTGATTGCCAACAAC

tataggtgaggaggtaagtTTGAGATTCAGGTA CTAGTGAAAAAGG

gaccaactggtaatggtagTTAAC C CCACACGATAGATG

agtataggtgaggaggtaagtGTGTGGAAAAAGAAAAAAGTTAAGGCAGG

cagaccaactggtaatggtagCTATGAATTCTCTTTC CAGGCTTC

ttattacttatcgtcgtcatecttgtaatcA CCTTAATGCGTTTAA C
ttattacttatcgtcgtcatecttgtaatc TGGCTCTTTGATTGCCAACAAC
ttattacttatcgtcgtcatccttgtaatcAC C CCACACGATAGATGAAC

ttattacttatcgtcgtcatecttgtaatc TGAATTCTCTTTC CAGGCTTCTCTTC

Description

To construct R6BAcomGC
To construct R6AcomGC
To construct R6BAcomGC
To construct R6AcomGC
To amplify spectinomycin cassette
To amplify spectinomycin cassette

To construct R6BAcomGG, R6AcomGFG,
R6AcomGEFG and R6AcomGDEFG
To construct R6BAcomGG

To amplify spectinomycin cassette
To construct R6AcomGG, R6AcomGFG,
R6AcomGEFG and R6AcomGDEFG
To construct R6AcomGG, R6AcomGFG,
R6AcomGEFG and R6AcomGDEFG
To construct R6AcomGDEFG

To construct R6AcomGEFG

To construct R6BAcomGFG

To construct R6AcomG

To construct R6AcomG

To construct pSM159

To construct pSM159, pSM200

To construct pSM200

To construct pSM828, pSM850

To construct pSM828

To construct pSM828, pSM850

To construct pSM828

To construct pSM990, pSM992, pSM998
To construct pSM998

To construct pSM974, pSM975, pSM994
To construct pSM992

To construct

R6 bgaA::comGD

R6 bgaA::comGDfag

R6 bgaA::comGDE

R6 bgaA::comGDEFG

To construct

R6 bgaA::comGD

To construct

R6 bgaA::comGE,

R6 bgaA::.comGEg.g

To construct

R6 bgaA::comGE

To construct

R6 bgaA::comGF,

R6 bgaA::comGFeg

To construct

R6 bgaA::comGF

To construct

R6 bgaA::comGG,

R6 bgaA::comGGag

To construct

R6 bgaA::comGG,

R6 bgaA::comGDEFG

To construct

R6 bgaA::comGDfg

To construct

R6 bgaA::comGEg,g

To construct

R6 bgaA::comGFeg

To construct

R6 bgaA::comGGrag

(Continued)
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TABLE 2 | Continued

Name Sequence Description
904-F  ACTTACCTCCTCACCTATACTATTCGC To construct pSM974, pSM975, pSM994, R6
bgaA::comGDpiag, Efiag, Friag OF Griag
831-R  gattacaaggatgacgacgataagtaataaCTACCATTACCAGTTGGTC To construct
R6 bgaA::comGDfag, Efiag, Friag OF Griag
546-F  GTTAAAGCTTTTACATTGGTGGCGATGTTGGTGGTCTTGCTGATTATC To construct pSM536
547-R  GATAATCAGCAAGACCACCAACATCGCCACCAATGTAAAAGCTTTAAC To construct pSM536
548-F  GGCCTTTACCATGCTGGCAAGTCTCTTGGTTTTGGG To construct pSM545
549-R  CCCAAAACCAAGAGACTTGCCAGCATGGTAAAGGCC To construct pSM545
600-F  GGGCAGTGATTTTACTGGCAGCAGTAGTCGCTCTAGCTATC To construct pSM552
601-R  GATAGCTAGAGCGACTACTGCTGCCAGTAAAATCACTGCCC To construct pSM552
608-F  GTCAAGGCTTTTACCTTGTTAGCATCCCTGCTTGCCCTCATTGTCATCAG To construct pSM808
609-R  CTGATGACAATGAGGGCAAGCAGGGATGCTAACAAGGTAAAAGCCTTGAC To construct pSM808
808-R  cagaccaactggtaatggtagCTATGAATTCTCTTTCTTTTCAGGCTTC To construct pSM850, pSM990,
807-R  gcctgaaaagaaagagaattcatagCTACCATTACCAGTTGGTCTGG To construct pSM850, pSM990
858-F  GATGACATTCTTGAAAAAAGCTAAGGTTAAAGC To construct pPSM915, pSM913
859-R  CTACTGCTTCCAGTAAAATCACTGCC To construct pSM915, pSM913
856-F GGCAGTGATTTTACTGGAAGCAGTAG To construct pSM915, pSM913
857-R  GCTTTAACCTTAGCTTTTTTCAAGAATGTCATC To construct pPSM915, pSM913
845-F  ATGGACGCATCACGGAAGAAC To construct pSM872
846-R  CGTAGAGGAGAACACCTGCC To construct pSM872, pSM903
843-F GGCAGGTGTTCTCCTCTACG To construct pSM872, pSM903
844-R  GTTCTTCCGTGATGCGTCCAT To construct pSM872
341-F  GAAAAAGGATTGGAGGTCTACCATGG To construct pSM903
860-R  CCATGGTAGACCTCCAATCCTTTTTC To construct pSM903
413-F  CGCGGATCCGAGTCAGCTCCTCATTTCAGAAGTTC To construct pSM507
414-R CGCAAGCTTTTAACTTTTTTCTTTTTCCACACGATAGATGAAC To construct pSM507
415-F CGCGGATCCGTTGAACCGACAAGTCGCCC To construct pSM429
416-R  CGCAAGCTTCTATGAATTCTCTTTCTTTTCAGGCTTCTCTTC To construct pSM429
417-F  CGCCATATGGTAGAGGAACAGATTTTCTTTATGGAGTTTGAAG To construct pSM507
418-R  CGCCTCGAGCTAATTTTTTGTTTCCTTAATGCGTTTAATTTTTCCATTTC To construct pSM507
419-F  CGCCATATGCAAAAAAATAGGCAAGAGGAAGCAAAAATC To construct pSM429
420-R  CGCCTCGAGTTATGGCTCTTTGATTGCCAACAACTG To construct pSM429
49-F CGCGGATCCACCAAGCAAAAAGAAGCAGTCA To construct pSM29
2-R CGCCTCGAGTTAATCATTGACTTTACGATTTGC To construct pSM29
50-F CGCGGATCCGGCTCTGTCCAGTCCACTTTTT To construct pSM34
4-R CGCCTCGAGCTAATTTTTTGTTTCCTTAATGCG To construct pSM34, pMB13
51-F CGCGGATCCCAAATTCAAAAAAATAGGCAAG To construct pSM51
6-R CGCCTCGAGTTATGGCTCTTTGATTGCCAACAA To construct pSM51, pMB17
52-F CGCGGATCCCAAGCTATGAGTCAGCTCCTCA To construct pSM40
8-R CGCCTCGAGTTAACTTTTTTCTTTTTCCACACG To construct pSM40, pMB21
53-F CGCGGATCCTTGAACCGACAAGTCGCCCACT To construct pSM46
10-R CGCCTCGAGCTATGAATTCTCTTTCTTTTCAGG To construct pSM46, pMB22
14-F CGCCATATGGGCTCTGTCCAGTCCACTTTTT To construct pMB13
15-F CGCCATATGCAAATTCAAAAAAATAGGCAAG To construct pMB17
16-F CGCCATATGCAAGCTATGAGTCAGCTCCTCA To construct pMB21
17-F CGCCATATGTTGAACCGACAAGTCGCCCACT To construct pMB22
258-F  ATTAGACCGTTCGCAGTTC To assess ComGF expression
259-R  CGAACCAGTTGATTGTCCT To assess ComGF expression
gryA-F GTTCGCTTGGTTCAGGAAAA To assess gyrA expression
gryA-R TTGCATTTGGGTCATTTTGA To assess gyrA expression

Overhangs are shown in lower case. Mismatched bases generating mutations are in bold.

910-F/911-R, 880-F/883-R and 880-F/911-R. The respective
plasmid fragments were amplified from pSM828 using primers
879-F/885-R (bgaA::comGD), 904-F/905-R (bgaA::comGE, bgaA::
comGF and bgaA::comGG), 879-F/882-R (bgaA:comGDEF) and
879-F/807-R (bgaA::comGDEFG) (Table 2). PCR amplified inserts
and vectors were combined as described above. The resulting
integration vectors, pSM998, pSM994, pSM975, pSM974,
PSM992 and pSM990 (Table 3) were used for transformation of
S. pneumoniae R6. Transformants were selected on blood agar
plates containing tetracycline (2 pg/ml). Finally, endogenous

comGDEFG was deleted in the obtained strains (Table 1) as
described earlier for the R6AcomGDEFG mutant. The resulting
strains lacking endogenous comGDEFG and expressing minor
pilin(s) in the bgaA locus are listed in Table 1. All plasmids and
strains were confirmed by PCR and DNA sequencing.

Construction of Strains Ectopically Expressing
Flag-Tagged Minor Pilin(s) in the bgaA Locus

Using the same cloning strategy as described above, we generated
strains that expressed Flag-tagged minor pilins in the bgaA locus.
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TABLE 3 | Plasmids used in this study.

Name Description Source
pJVW25 Integration vector (Eberhardt et al., 2009)
pSM828 Integration vector encoding comG promoter (Peomea), COmGA, comGB and comGCrg This study

pSM998 Integration vector encoding Pgomg comGD This study

pSM994 Integration vector encoding Peomg COMGE This study

pSM975 Integration vector encoding Pgomg cOmMGF This study

pSM974 Integration vector encoding Peomg comGG This study

pSM992 Integration vector encoding Peomg COmGDEF This study

pPSM990 Integration vector encoding Peomg COMGDEFG This study

pSM1021 Integration vector encoding Peoma COMGDgag This study

pSM1027 Integration vector encoding Peoma COMGEgag This study

pSM976 Integration vector encoding Peoma cOMGFriag This study

pSM971 Integration vector encoding Peoma COMGGryag This study

pSM850 Integration vector encoding comG operon This study

pSM526 pCR-Blunt-1I-Topo encoding comGCDEFG This study

pSM536 PCR-Blunt-Il-Topo encoding comGCgsaDEFG This study

pSM545 pCR-Blunt-1I-Topo encoding comGCDgsEFG This study

pSM552 pCR-Blunt-1I-Topo encoding comGCDEgsaFG This study

pSMB808 pPCR-Blunt-Il-Topo encoding comGCDEFg5,G This study

pSM915 Integration vector encoding comG operon with comGCegsa This study

pSM913 Integration vector encoding comG operon with comGDgsa This study

pSM872 Integration vector encoding comG operon with comGEgsa This study

pPSM903 Integration vector encoding comG operon with comGFesa This study

pSM429 PACYCDuet-1 expressing ComGEss.gs and 6x-His ComGGz1-128 This study

pSM507 pPETDuet expressing comGDz4-130 and 6x-His comGFa4-137 This study

pSM29 PGEX4T1 expressing GST-ComGCos._93 This study

pSM34 PGEX4T1 expressing GST-ComGDas._130 This study

pSM51 PGEX4T1 expressing GST-ComGEs3.gs This study

pSM40 PGEX4T1 expressing GST-ComGFy1.137 This study

pSM46 PGEX4T1 expressing GST-ComGGo1-128 This study

pMB13 pET21a expressing ComGDas._130 This study

pMB17 pET21a expressing ComGEog_gs This study

pMB21 pET21a expressing ComGFo1.137 This study

pMB22 pET21a expressing ComGGa1-128 This study

pKT25 BACTH vector designed to express a protein fused to the C-terminal end of T25 (Karimova et al., 1998)
pUT18C BACTH vector designed to express a protein fused to the C-terminal end of T18 (Karimova et al., 1998)
pKT25-zip Vector expressing the leucine zipper of GCN4 fused to T25 (control plasmid) (Karimova et al., 1998)
pUT18C-zip Vector expressing the leucine zipper of GCN4 fused to T18 (control plasmid) (Karimova et al., 1998)
pKT25-comGC Vector expressing T25-ComGC (Muschiol et al., 2017)
pUT18C-comGC Vector expressing T18-ComGC (Muschiol et al., 2017)
pSM159 PKT25 expressing T25-ComGGa._12g This study

pSM200 pUT18C expressing T18-ComGGo_12g This study

In brief, comGD, comGE, comGF and comGG were amplified
from R6 genomic DNA with Fusion Flash polymerase (Thermo
Fisher Scientific) and the following primers: 880-F/887-R, 906-F/
912-R, 908-F/913-R and 910-F/914-R (Table 2). The sequence
encoding the Flag tag was added to the reverse primers. The
vector was amplified from pSM828 using primers: 904-F/831-R
(Table 2). The PCR amplicons for the inserts were combined
with their respective PCR amplified vector and resulting
plasmids pSM1021, pSM1027, pSM976 and pSM971 (Table 3)
were used for transformation of S. pneumoniae R6.
Transformants were selected on blood agar plates containing
tetracycline (2 pug/ml) and confirmed by PCR and sequencing.

Construction of the R6AcomGG Complemented
Strain Expressing comGG in the bgaA Locus

The complemented R6AcomGG, bgaA::comGG strain was
produced in the R6 bgaA::comGG strain background by
deletion mutagenesis as described for the construction

of S. pneumoniae deletion mutants. Transformants were
confirmed by PCR and sequencing.

Construction of AcomG Strains Ectopically
Expressing the comG Operon and E5A

Minor Pilin Variants in the bgaA Locus

First, an integration vector was constructed that would allow
integration of the entire comG operon into the bgaA locus of the
S. pneumoniae strain R6. For that, the comG operon was PCR
amplified with primers 790-F/808-R from genomic R6 DNA and
the vector was amplified from pJVW25 with primers 792-F/807-R.
Both fragments were combined as described earlier. The resulting
plasmid (pSM850) was transformed into S. pneumoniae R6 to
create R6 bgaA::comG and then the endogenous comG operon was
deleted essentially as described above. R6AcomG, bgaA::comG
variants carrying a E5A point mutation in either comGC,
comGD, comGE or comGF were constructed following the same
approach. To introduce the point mutations, a plasmid encoding
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comGC to comGG (pSM526) was used as template for site-directed
mutagenesis with primers: 546-F/547-R (comGCgs,), 548-F/549-R
(comGDgs,), 600-F/601-R (comGEgs,) and 608-F/609-R
(comGFgsy). The resulting plasmids (pSM536, pSM545, pSM552
and pSM808) were then used to create integration vectors
encoding comG with comGCgsa, comGDgss, comGEgss or
comGFygs,, respectively. Insert and vector backbone were PCR-
amplified as follows: for comGCps, (insert: primers 858-F/859-R
on pSM536, vector: primers 856-F/857-R on pSM850), comGDgs,
(insert: primers 858-F/859-R on pSM545, vector: primers 856-F/
857-R on pSMB850), comGEgs, (insert: primers 845-F/846-R on
pSM552, vector: primers 843-F/844-R on pSM850) and comGFps4
(insert: primers 341-F/846-R on pSM808, vector: primers 843-F/
860-R on pSM850) and combined as described above. The
resulting integration vectors pSM915, pSM913, pSM872 and
pSM903 (Table 3) were then used for transformation of S.
pneumoniae R6 to create R6 bgaA:comG with comGCgss, R6
bgaA::comG with comGDgss, R6 bgaA::comG with comGEgs,, and
R6 bgaA:comG with comGFgs, (Table 1). In the last step, the
endogenous comG operon was removed in these strains as
described above, producing R6AcomG, bgaA::comG with
comGCgss, R6AcomG, bgaA:comG with comGDgss, R6AcomG,
bgaA:comG with comGEgss and R6AcomG, bgaA:comG with
comGFgs, (Table 1).

Construction of Co-Expression Plasmids

for Co-Immunoprecipitation

For co-expression of the soluble domains of ComGD, ComGE,
ComGF and ComGG in E. coli, the pACYCDuet-1 (Novagen)
and the pETDuet-1 vector (Novagen) were used and plasmids
were constructed as follows. The respective minor pilins were
amplified by PCR from T4 genomic DNA with Fusion Flash
polymerase (Thermo Fisher Scientific) and primers 417-F/418-R
(comGD), 419-F/420-R (comGE), 413-F/414-R (comGF) and
415-F/416-R (comGG) (Table 2). The cloning is based on the
T4 genome, because comGE is not annotated in the S.
pneumoniae R6 strain. All PCR primer pairs contained
overhang sequences with Ndel/Xhol or BamHI/HindIII
restriction sites (Table 2). PCR products and plasmids were
then digested with respective restriction enzymes and the target
genes were sequentially inserted into pACYCDuet-1 and
pETDuet-1 by ligation. The resulting plasmids, pSM429
encoding the soluble domain of ComGE and 6x-His tagged
ComGG and pSM507 encoding the soluble domain of ComGD
and 6x-His tagged ComGF (Table 3) were co-transformed into
competent E. coli T7 Express for subsequent protein expression
and co-immunoprecipitation.

Construction of Plasmids for Pull-Down

Studies in E. coli

To express the soluble domain of each pilin as GST-tagged fusion
or untagged protein in E. coli., the corresponding sequence of each
pilin gene was amplified by PCR from TIGR4 (T4) genomic DNA
with Fusion Flash polymerase (Thermo Fisher Scientific) and
primers listed in Table 2. All PCR primer pairs contain
overhang sequences with BamHI/Xhol or Ndel/Xhol restriction

sites. PCR products were digested with Ndel/Xhol for cloning into
pGEXA4T1 or BamHI/Xhol for cloning into pet2la. Vectors were
cut with respective enzymes. The resulting recombinant plasmids
(Table 3) were confirmed by sequencing and transformed into
competent E. coli T7 Express for protein expression.

Plasmid Construction for Bacterial Two

Hybrid (BACTH) Assays

Vectors expressing T25-ComGC, T18-ComGC were previously
described (Muschiol et al, 2017). The gene encoding mature
ComGG was PCR-amplified from S. pneumoniae genomic DNA
using primers 154-F/139-R and 157-F/139-R (Table 2). PCR
products were digested with PstI/BamHI and cloned into the
same sites of pKT25 and pUTI18C vector. All strains used for
BACTH are listed in Table 3.

Preparation of Cell Extracts and

Sheared Pili

Bacteria were grown until ODg,y = 0.15 and competence was
induced as described above. Whole cell lysates were prepared
from 10 ml cultures if not stated otherwise. Competent bacteria
were harvested by centrifugation for 10 min at 2,700 g and 4°C.
Bacterial pellets were resuspended in 100 pl of Lysis buffer
containing 50 mM Tris pH 8.0 and 3% sodium dodecyl
sulphate (SDS). Protein concentration was determined using a
NanoDrop ND 1000 (Thermo Fisher Scientific). Samples
containin(‘% 10 pg/pl total protein were resuspended in 4x
NuPAGE™ LDS Sample Buffer (Life Technologies) and used
for SDS-PAGE and immunoblotting. Sheared pili were prepared
from a 250 ml culture of competent bacteria. Pellet and
supernatant were separated by centrifugation for 30 min at
4,000 g at 4°C. The supernatant was removed. The pellet was
resuspended in 1 ml PBS containing cOmplete' " protease
inhibitor cocktail (Roche) and sheared by pipetting (1 min) to
release pili into the medium. This suspension was centrifuged
once at 16,000 g for 10 min and the pellet was discarded. The
sheared pili fraction was further centrifuged twice at 16,000 g for
5 min to remove residual bacteria.

Antibodies

Antisera against pneumococcal ComGC and ComGG has
previously been described (Balaban et al., 2014). Anti-GAPDH
rabbit polyclonal antibody was generously provided by P.
Mellroth, MTC, Karolinska Institutet. The monoclonal anti-
Flag M2 antibody was purchased from Sigma. Polyclonal anti-
ComGD and anti-ComGF antiserum was produced by
immunizing rabbits with a synthetic peptide, CGNGKIK
RIKETKN (anti-ComGD) and CGKSSDDFRKTNAR-NH2
(anti-ComGF) (Innovagen AB). Polyclonal anti-ComGE
peptide antiserum was produced against the synthetic peptide
KNRQEEAKILQKEEC and affinity purified (Genscript).

SDS-PAGE and Immunoblotting

Proteins were separated in NuPAGE™ 4-12% Bis-Tris Protein
Gels (Thermo Fisher Scientific) and transferred onto PVDF
membranes (Trans-Blot® Turbo'™ Midi PVDF Transfer Packs,
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Bio-Rad) using semi-dry electrotransfer (Bio-Rad). Membranes
were blocked with 5% milk in PBS containing 0.1% Tween-20
(PBST) and incubated with specific antiserum (anti-Flag 1/2000,
anti-ComGC 1/2000, anti-ComGD 1/1000, anti-ComGE 1/1000,
anti-ComGF 1/1000, anti-ComGG 1/1000 and anti-GAPDH 1/
2000) followed by incubation with respective secondary
antibodies diluted in PBST. The HRP-conjugated secondary
anti-rabbit and anti-mouse antibody (GE Healthcare) and the
HRP-conjugated secondary anti-goat antibody (Sigma) were
used at a 1/10 000 dilution. Membranes were developed with
ECL Plus'™ Western Blotting Reagent (GE Healthcare) and
chemiluminescence was recorded using a ChemiDoc' ~ XRS+
Gel Documentation System (Bio-Rad).

BACTH Assay
Plasmids encoding fusions to T25 and T18 (Table 3) were co-

transformed into competent E. coli BTH101 (Euromedex) and
selected on LB plates containing 50 pg/ml kanamycin and 100
pg/ml ampicillin. Transformants were used for BACTH assays
and the functional complementation between the recombinant
plasmids was determined by measuring [3-galactosidase activity
in liquid cultures as described previously (Muschiol et al., 2017).

RNA Extraction and Real-Time
Quantitative PCR (qPCR) Analysis

S. pneumoniae strains were grown in 10 ml THY cultures, and
competence was induced as described. RNA extraction was
performed using the FastRNA Pro'™ Blue Kit (MPBio)
according to the manufacturer’s instructions. After extraction,
the concentration and purity of isolated RNA was determined,
and 10 ug of RNA from each sample was DNAse treated using
the Turbo DNA-free'™ Kit (Thermo Scientific). cDNA was
synthesized using 1 ug of RNA and the High-Capacity cDNA
Reverse Transcription Kit according to the manufacturer’s
protocol (Applied BiosystemsTM). qPCR was performed using
the iTaqTM Universal SYBR® Green Supermix (Bio-Rad).
Expression levels of comGF were assessed with primers 258-F/
259-R. The specificity of each primer pair was validated by melt
curve analysis of the PCR product to guarantee the absence of
primer dimers and unspecific products. The mRNA expression
levels were normalized to the levels of gyrA and the relative
expression determined with the AACT method. A total of three
biological replicates were included for each strain tested.

Pull-Down of GST-Tagged Proteins

AlL E. coli strains and plasmids used in this experiment are listed
in Table 1 and Table 3, respectively. Protein expression was
performed as described above (see, Bacterial strains, growth
conditions and transformation). Bacteria were harvested by
centrifugation and pellets were stored at -20°C. Pellets
corresponding to similar amounts of protein, depending on the
efficiency of protein expression, were mixed. In this way,
approximately equal amounts of expressed protein were
combined. Pellets were resuspended in 15 ml GST-buffer
containing PBS and cOmplete’" protease inhibitor cocktail
(Roche) and the pellet from a culture expressing an untagged
pilin was mixed with the pellet expressing a GST-tagged pilin.

Combined pellets were lysed using a Stansted cell disrupter
(Homogenising Systems Limited) and spun at 20,000 g for 30
min at 4°C. Empty gravity flow columns (Bio-Rad) were filled
with 0.5 ml Glutathione Sepharose " 4 Fast Flow resin (GE
Healthcare) and equilibrated with GST-buffer. Bacterial
supernatant was passed over the column, followed by a
washing step with 15 ml GST-buffer. Elution was performed
with 0.7 ml of GST-buffer containing 10 mM L-glutathione
(Sigma). Samples were analyzed by SDS-PAGE and Coomassie
brilliant blue staining and immunoblotting for ComGD, ComGE
and ComGG.

Immunoprecipitations

Co-Immunoprecipitation of Pneumococcal

Sheared Pili

Protein A Sepharose® 4 Fast Flow (GE Healthcare) was washed
three times with PBS buffer and blocked with PBS containing 5%
bovine serum albumin (BSA) for 1 h at 4°C. Anti-ComGC
antibodies were then bound to Protein A Sepharose, rotating
for 1 h at 4°C. ComGC-coupled protein A resin was washed three
times with PBS and incubated with sheared pili (200 pl, see
Preparation of cell extracts and sheared pili) from S. pneumoniae
R6 or S. pneumoniae R6AcomGC (negative control) on a rotating
wheel overnight at 4°C. After five washing steps with PBS
containing cOmpleteTM protease inhibitor cocktail (Roche), the
resin was directly resuspended in 1x NuPAGE® LDS Sample
Buffer (Life Technologies) and boiled for 10 min. Samples were
analyzed by SDS-PAGE and immunoblotting for ComGC,
ComGD, ComGF and ComGG.

Co-Immunoprecipitation of Minor Pilins
Recombinantly Expressed in E. coli

E. coli T7 Express competent cells were co-transformed with
pSM429 and pSM507 and clones were selected on LB plates
containing 100 pg/ml ampicillin and 50 pg/ml chloramphenicol.
Positive clones were used for protein expression as described
above. A pellet from a 250 ml culture was resuspended in 30 ml
PBS containing cOmpleteTM protease inhibitor cocktail (Roche)
and lysed using a Stansted cell disrupter (Homogenising Systems
Limited). Pellet (insoluble fraction) and supernatant (soluble
fraction) were separated by centrifugation at 20,000 g for 30 min
at 4°C. The supernatant was filtered and incubated with
Dynabeads'"" Protein G (Thermo Fisher Scientific) coupled
with ComGG antibodies for 1h at 4°C. Supernatant incubated
with uncoupled Dynabeads' " Protein G was used as a negative
control. After three washing steps with PBS containing
cOmpleteTM protease inhibitor cocktail (Roche), the resin was
directly resuspended in 1x NuPAGE® LDS Sample Buffer (Life
Technologies) and boiled for 10 min. Samples were analyzed by
SDS-PAGE and Coomassie brilliant blue staining and
immunoblotting for ComGD, ComGE, ComGF and ComGG.

Immunofluorescence Microscopy

Bacteria were grown until ODg,o = 0.15 and competence was
induced as described above. 10 ml of culture were harvested by
centrifugation for 5 min at 2,700 g, 4°C. The pellet was
resuspended in 5 ml PBS containing 0.5% BSA. 10 pl of this
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suspension was placed on a coverslip (VWR) and air-dried.
Bacteria were fixed in PBS containing 4% paraformaldehyde
for 30 min and coverslips were washed three times with PBS
containing 0.5% BSA. Samples were labeled with primary
antibodies to ComGC, ComGD, ComGF or ComGG, diluted
at 1:300, and secondary goat anti-rabbit antibody conjugated
with Alexa Fluor 488 or Alexa Fluor 594 (Life technologies) or
secondary rabbit anti-goat antibody conjugated with Alexa Fluor
488 (Abcam) for 1 h. Flag-tagged proteins were labeled with anti-
Flag M2 monoclonal antibody (Sigma) diluted 1:300 and
secondary goat anti-mouse antibody conjugated with Alexa
Fluor 594 for 1h. Coverslips were mounted onto microscope
slides with Vectashield (Vector Laboratories). Samples were
examined using a DV Elite microscope (Applied Precision)
equipped with a scientific complementary metal-oxide-
semiconductor (sCMOS) camera. Images were acquired using
Softworx (Applied Precision) and analyzed in Image] (Schneider
et al., 2012).

Transmission Electron Microscopy and
Immunogold Labeling

Negative-stain electron microscopy and immunogold labeling
was performed as previously described (Muschiol et al., 2017).
For immunogold labelling anti-ComGF antibodies, diluted 1:100
and secondary goat anti-rabbit antibodies conjugated to 6-nm
gold particles were used. Images were acquired using a Tecnai 12
Spirit Bio TWIN transmission electron microscope (FEI
Company, Eindhoven, Netherlands) operated at 100 kV and a
Veleta 2k x 2k camera (Olympus Soft Imaging Solutions, GmbH,
Miinster, Germany).

Statistical Analysis

Results are expressed, as mean = SD. Data were statistically
analyzed using GraphPad Prism 5.04 software. Statistical analysis
was done by one-way ANOVA with subsequent Dunnett’s post
hoc test (BACTH assays) or two-tailed Student’s t-test
(transformability assays) as indicated in the figure legends.
Asterisks in the figures indicate groups of statistically different
means (* p < 0.05, ** p < 0.01, *** p < 0.001).

RESULTS

Lack of ComGG Blocks Pilus Formation
and Transformation

The S. pneumoniae minor pilins are encoded in the CSP
(competence stimulating peptide)-inducible polycistronic comG
operon. It consists of seven genes, encoding the ATPase ComGA,
and the membrane protein ComGB, the major pilin ComGC and
the four minor pilins, ComGD, ComGE, ComGF and ComGG
(Figure 1A). Since all pilin genes are overlapping, we constructed
a series of minor pilin deletion strains by truncating the 3" end of
the comG operon and tested their effect on pilus formation and
transformability. As shown in Figure 1B, deletion of comGG led
to overall reduced levels of ComGC present in bacterial whole-
cell lysates, while ComGC processing was not visibly affected.

The upper band corresponds to unprocessed and the lower band
to processed ComGC. No ComGC was found in the sheared pili
fraction of the minor pilin mutants and the control strain
deficient in ComGC (R6AcomGC), suggesting that competence
pili are not produced in these strains. Consistent with this
observation, all strains were non-transformable compared to
the WT R6 strain (Figure 1C). To test whether pilus assembly
and transformation can be restored in a non-transformable
AcomGDEFG strain, either single minor pilins, ComGDEF or
ComGDEFG, were expressed from their native CSP-inducible
promoter at the ectopic bgaA locus. The relative abundance of
ComGC was assessed in whole-cell lysates and sheared pili
fractions by immunoblotting. As shown in Figure 1D, ComGC
was detected in lower amounts in bacterial lysates of strains
expressing single comGD, comGE or comGF, and in the
strain expressing comGDEF compared to the WT R6 strain,
suggesting that ComGC is not stable in these strains. In the
complementation strain ectopically expressing comGG alone or
comGDEFG, similar levels of ComGC were detected in the lysate
compared to the WT strain, which indicates a stabilizing
effect of ComGG on ComGC. We then assessed the presence
of ComGC in the sheared pili fraction of these strains and
detected ComGC only in the complemented comGDEFG
strain (Figure 1D), suggesting that all four minor pilins are
required to restore piliation. Consistent with this result, the
comGDEFG complemented strain was transformable to WT
levels (Figure 1C), and competence pili were detectable by
immunofluorescence microscopy (Figure 1E).

ComGG Can Interact With ComGC and

Is Required for Stabilization of ComGD
and ComGF

Because ComGG alone was able to stabilize the major pilin
ComGC in a strain lacking the endogenous minor pilins
(R6AcomGDEFG, bgaA:comGG), we reasoned that ComGG
and ComGC likely interact directly. To test this hypothesis, we
used a bacterial adenylate cyclase two-hybrid assay (Karimova
et al., 1998) in which the T18 and T25 fragments of Bordetella
pertussis adenylate cyclase (CyaA) were fused to the N-terminal
end of mature ComGC and ComGG. Compared to the negative
control (T25/T18), T25-ComGC/T18-ComGG and T18-
ComGC/T25-ComGG showed a statistically significant increase
in CyaA activity (Figure 2A), suggesting a direct interaction
between these two pilins. We also tested T18 and T25 fusions for
the remaining minor pilins, but these constructs were not
expressed in BTH101 E. coli cells.

Despite its importance, ComGG alone was not sufficient to
restore pilus assembly in a AcomGDEFG mutant and only
complementation with all four minor pilins could rescue the
defect. We therefore reasoned that if ComGG and the other
minor pilins interact directly, then their stability might be
mutually dependent. To test this idea, we studied the stability of
the other minor pilins in the AcomGG deletion mutant using
antisera against ComGD, ComGE, ComGF and ComGG. To
verify the specificity of the antisera a strain lacking all four
minor pilins was included. As can be seen in Figure 2B, the
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FIGURE 1 | Competence pilus assembly and transformability depends on the pneumococcal minor pilins. (A) Schematic representation of the comG operon in S.
pneumoniae R6 strain encoding comGA and comGB (white), the major pilin gene comGC (black) and the minor pilin genes comGD, comGE, comGF and comGG
(grey). The invariant Glub residue, present in all pneumococcal pilins except ComGG, is highlighted (E5). (B) ComGC was detected by immunoblotting in bacterial
whole cell lysates and sheared pili of mutants lacking AcomGC, AcomGG, AcomGFG, AcomGEFG. The WT strain was included as a positive control and GAPDH as
loading control. (C) Transformation frequency of WT, comG mutants and R6AcomGDEFG complemented strains. The detection limit (dl) of the assay was 2.39¢®
and the error bars represent the standard deviation of a minimum of three independent experiments (n=3). (D) Western blotting analysis of ComGC in bacterial whole
cell lysates and sheared pili of AcomGDEFG strains expressing individual minor pilins, comGDEF or comGDEFG at the ectopic bgaA locus. The WT strain was
included as a positive control and GAPDH as loading control. (E) Immunofluorescence microscopy (IF) of competence-induced pili in WT R6 and R6AcomGDEFG
complemented with comGG, comGDEF or comGDEFG. Bacteria were visualized by bright field (BF) microscopy and competence pili were labelled with antisera
specific for ComGC (red). Scale bars represent 2 pm.

respective antisera detected ComGD, ComGF and ComGG in the ~ impact on the stability of ComGD and ComGF, supporting
WT strain, but not in the AcomGDEFG mutant. ComGE antisera  evidence that the minor pilins directly interact.

failed to detect specific protein in pneumococcal lysates but

recognized recombinant ComGE. Surprisingly, in the AcomGG Pneumococcal Minor Pilins

deletion mutant the levels of ComGD were strongly reduced and  Interact Directly

ComGF was entirely absent. Since we were able to detect the = Others showed previously that minor pilins/pseudopilins can
comGF transcript by qPCR in this strain (Figure 2C), the observed interact via their globular C-terminal domains (Yanez et al.,
effect suggests that ComGG is required for the stability of the other 2008; Douzi et al., 2009; Cisneros et al., 2012; Mann et al., 2013).
minor pilins. In the complemented mutant with ComGG  To investigate possible interactions between the pneumococcal
ectopically expressed under the transcriptional control of the  minor pilins, we used an in vitro co-purification assay with
native CSP-inducible promoter, expression of ComGD and  affinity-tagged minor pilins in E. coli. The C-terminal domains of
ComGF was restored, albeit not at WT levels (Figure 2B). ComGC, ComGD, ComGE, ComGF and ComGG were cloned
These results show that deletion of ComGG has a negative  into pGEX4T1 to express them as N-terminal GST-tagged fusion
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proteins or cloned into pET21a to express untagged recombinant
pilins. GST-tagged and untagged proteins were expressed
individually. E. coli pellets expressing each untagged pilin were
then mixed with E. coli pellets expressing each GST-tagged pilin.
Cells were lysed and the pilins were purified from the lysate. As
control, pellets expressing each untagged pilin were mixed with
pellets expressing GST alone. All purified GST-tagged pilins were
detected by Coomassie Brilliant Blue staining (Figure 3A, upper
gels). The GST-tagged minor pilins were slightly unstable and
multiple bands that could correspond to degradation products or
other contaminants were observed. We then probed the eluate
fractions for ComGD, ComGE or ComGG by immunoblotting
and found that all three minor pilins were pulled-down by GST-
D, GST-E, GST-F and GST-G, suggesting that they could interact
with each other and themselves (Figure 3A, lower gels). Untagged
soluble ComGF could not be stably produced in E. coli and was
therefore not tested in this assay. None of the minor pilin globular
domains interacted detectably with GST-ComGC.

Based on these results, we hypothesized that all four minor
pilins likely interact and that ComGF requires the presence of
other minor pilins for its stability. To address this question, we co-
expressed the C-terminal domains of ComGD, ComGE, ComGF,
and ComGG in E. coli and performed co-immunoprecipitation
with ComGG antiserum. When expressed together in E. coli,
distinct bands in the range of 5-15 kDa corresponding to the
sizes of the soluble domains of the individual minor pilins were
visible in the eluate after Coomassie staining (Figure 3B), and all
four minor pilins were detected by immunoblotting (Figure 3C).
These data suggest that 1) ComGF is stable in the presence
of ComGD, ComGE and ComGG, and 2) ComGF can either
directly interact with ComGG, consistent with the pull-down
results, or 3) through another minor pilin.
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FIGURE 2 | ComGG interacts with ComGC and is required for the stability of ComGD and ComGF. (A) Quantification of the interaction between ComGG and
ComGC by BACTH. The graph shows mean values of 3-galactosidase activity expressed in Miller units for the hybrid proteins T18-ComGC/T25-ComGG and T18-
ComGG/T25-ComGC. A strain expressing Zip-T18 and Zip-T25 (zip/zip), in which the hybrid proteins interact through a leucine zipper motif, was included as a
positive control. E. coli BTH101 co-transformed with pUT18C and pKT25 empty plasmids was used as a negative control. The error bars represent the standard
deviation of three independent experiments (n=3) with three different clones. A one-way analysis of variance test followed by Dunnett’s post-test to compare each
interaction pair to the negative control (T18/T25) was used for statistical analysis: **p < 0.001. (B) ComGC, ComGD, ComGF and ComGG were detected by
immunoblotting in bacterial whole cell lysates in the WT R6 strain, a mutant lacking all minor pilins (AcomGDEFG) or comGG, and a complemented AcomGG mutant
strain that ectopically expressed comGG from the bgaA locus (R6AcomGG, bgaA::comGG). GAPDH was used as loading control. (C) Relative expression of comGF
in competent R64comG and R6AcomGG. The R6AcomG operon mutant strain was included as negative control. Data was normalized to gyrA using the 27447
method and presented as the mean fold change of comGF relative to the WT R6 strain. Error bars represent the standard deviation of three independent

ComGD, ComGF and ComGG Are

Present in Sheared Pili

Next, we investigated the abundance of ComGD, ComGF and
ComGG in pneumococcal lysates and sheared pili fractions of
the WT R6 strain by immunoblotting (Figure 4A). All three
minor pilins were detected in R6 lysates but were absent in a
mutant lacking comGDEFG. ComGD, ComGF and ComGG
were also detected in sheared pili fractions with ComGG being
the most abundant. As expected, the proportion of ComGD,
ComGF or ComGG was much lower than the proportion of the
major pilin ComGC (Figure 4A). To further examine whether
ComGD, ComGF and ComGG are associated with competence
pili, we performed co-immunoprecipitation on sheared pili
fractions using ComGC antisera. All three minor pilins tested
were found in sheared pili of CSP-induced cultures, suggesting
that they are part of the pilus, and were absent in non-induced
cultures, and in a strain lacking ComGC (Figure 4B). Minor
amounts of ComGC were detectable in the CSP induced no
antibody condition, probably due to unspecific binding to
Protein A sepharose.

ComGeF Is Incorporated Throughout the
Competence Pilus

Because ComGD, ComGF and ComGG were detected in sheared
pili fractions, we also performed immunofluorescence
microscopy to examine the localization of these minor pilins.
While we failed to detect any signal in competent WT bacteria
stained with ComGD or ComGG antisera, specific ComGF signal
was detected in competent bacteria stained with ComGF antisera
(Figure 5A). To confirm that the ComGF signal is associated
with the competence pilus, we performed immunogold electron
microscopy with ComGF antisera and observed labeling of
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FIGURE 3 | Soluble domains of pneumococcal minor pilins interact directly. (A) Untagged (ComGDgpjupies COMGEgoiupie OF COMGGsounie) OF GST-tagged C-terminal,
soluble domains of the pneumococcal pilins (GST-C, GST-D, GST-E, GST-F or GST-G) were expressed individually in E. coli. Pellets expressing untagged protein
were mixed with pellets expressing GST-tagged pilins, lysed in a high-pressure cell disrupter and the supernatants were applied to GSH Sepharose Fast Flow affinity
resin. E. coli expressing only GST was included as a negative control. Elution fractions were separated by SDS-PAGE and the upper gel part was stained with
Coomassie brilliant blue and the lower gel part was immunoblotted with antisera specific for ComGD, ComGE or ComGG. (B, C) Co-immunoprecipitation (IP) of
minor pilins co-expressed in E. coli. The bacterial pellet from cells co-expressing the soluble domains of ComGD, ComGE, ComGF and ComGG was lysed,
centrifuged and the supernatant was immunoprecipitated using anti-ComGG antibodies coupled to Protein G Dynabeadsw' (+). Uncoupled beads (-) were included
as a negative control. IP samples were separated by SDS-PAGE followed by (B) Coomassie brilliant blue staining and (C) immunoblotting with antibodies against
ComGD, ComGE, ComGF and ComGG.

ComGF sporadically throughout the competence pilus,
indicating that the minor pilin ComGF may be incorporated
into the pilus filament (Figure 5B).

To further investigate the possible localization of ComGD,
ComGE and ComGG, strains expressing a Flag-tagged minor
pilin were generated. Direct insertion of the sequence encoding
the Flag tag in the comG operon was not possible because all
minor pilins are overlapping. For that reason, an additional copy

of comGD, comGE, comGF or comGG encoding a C-terminal
Flag-tag was integrated ectopically at the bgaA locus under the
control of the native CSP-inducible promoter. Expression of the
Flag-tagged minor pilins was confirmed by immunoblotting
using anti-Flag antibodies (Figure 5C), and the transformation
frequency of these strains was similar to WT levels (Figure 5D).
Consistent with the electron microscopy results, ComGF,
detected with mouse anti-Flag antibodies, co-localized with the

A Cell lysate Sheared pili B
R6 R6 R6 R6 R6AcomGC
AcomGDEFG ComGC ab -+ + +
Dilution 1:100  1:100 1 1:2 1:4 CSP + - + +
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FIGURE 4 | Localization of ComGD, ComGF and ComGG. (A) Whole-cell lysate (diluted 1:100) and the sheared fraction (2-fold serial dilutions as indicated) from WT
R6 were analysed by immunoblotting with antisera specific for ComGC, ComGD, ComGF and ComGG. The lysate from a strain lacking all four minor pilins
(R6AcomGDEFG) was included as a negative control and indicates the specificity of detection. (B) Co-immunoprecipitation of sheared pili from WT R6 strain using
anti-ComGC antibodies (ComGC ab). As negative controls a non-induced culture (-CSP), a no antibody control (-ComGC ab) and a strain lacking the major pilin
(R6AcomGC) were included. IP samples were probed for the presence of ComGC, ComGD, ComGF and ComGG by immunoblotting.
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competence pilus stained with rabbit anti-ComGC serum
(Figure 5E). In contrast, ComGD-Flag, ComGE-Flag or
ComGG-Flag could not be detected despite repeated attempts.

ComGDgs, and ComGEgsa Affect

Competence Pilus Formation and Function
A conserved feature among type IV pilins is the invariant E5
residue in position 5 after the prepilin cleavage site, and
substitution of E5 in the major pilin ComGC by valine
abolishes competence pilus assembly and function (Laurenceau
et al., 2013). To gain insight into the role of the E5 residue
present in ComGD, ComGE and ComGF, we generated E5
variants in these minor pilins and tested their ability to
assemble pili and to take up DNA. Given the difficulties of
directly manipulating the native comG operon, we reintroduced
the comG operon including its promoter ectopically at the bgaA
locus using a modified version of the integration vector pJVW25,
and subsequently deleted the native operon. Before we

FIGURE 5 | Visualization of the minor pilin ComGF. (A) BF and IF microscopy of competent WT R6 bacteria stained with anti-ComGF antibodies (red). Scale bars
represent 2 pm. (B) Immunogold electron microscopy of competent WT R6 bacteria. Electron micrographs were stained with anti-ComGF antibodies and secondary
antibodies conjugated to 6-nm gold particles. Black arrows indicate gold particles incorporated throughout the pilus filament. The inset (black box) shows an
enlargement of the immunogold-labelled pilus. Scale bar represents 100 nm. (C) Bacterial whole cell lysates of R6 strains encoding an extra copy of C-terminal Flag-
tagged comGD, comGE, comGF or comGG in the bgaA locus were analysed by immunoblotting using Flag-antiserum. GAPDH was used as loading control. (D)
Transformation frequency of WT R6 and R6 strains encoding an extra copy of C-terminal Flag-tagged minor pilins. The error bars represent the standard deviation of
a minimum of three independent experiments (n=3). (E) Co-localization of ComGFg .y and ComGC visualized by IF microscopy. Competent bacteria ectopically
expressing Flag-tagged ComGF (R6 bgaA::.comGFg,,) were labelled with primary antibodies specific for ComGC (red) and anti-Flag antibodies (green). Bacteria were

constructed similar integration vectors with minor pilin E5
mutations, we verified that our control strain expressing comG
ectopically in bgaA, and deficient in its native comG operon
(R6AcomG, bgaA::comG), was functional. Indeed, using
immunofluorescence microscopy, we were able to detect pili
on the surface of competent R6AcomG, bgaA:comG bacteria
(Figure 6A) and more importantly, this strain was transformable
(Figure 6C). Encouraged by these results, E5A substitutions were
constructed in comGD, comGE and comGF and the strains were
tested for their ability to produce pili. ComGC was detected in
similar amounts in whole-cell lysates of all mutant strains
carrying E5A, the comG control strain and the WT R6 strain
(Figure 6B). Consistent with previous findings for ComGCpsy
(Laurenceau et al., 2013), ComGC was absent in sheared pili in a
ComGCg;s, strain (Figure 6B). The levels of ComGC in the
sheared pili fractions of the strains with E5A substitution in the
minor pilins showed varying amounts of ComGC compared to
the control strain and were overall reduced in the ComGDgs,
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FIGURE 6 | E5A mutations affect minor pilin function of ComGD and ComGE. (A) Visualization of competence-induced pili in WT R6 and R6AcomG, bgaA::comG
complemented strain by IF microscopy. Bacteria were visualized by bright field microscopy and competence pili were labelled with antibodies specific for ComGC
(red). Scale bars represent 2 um. (B) ComGC was detected by immunobilotting in bacterial whole cell lysates and sheared pili of ESA mutant strains (comGCesa,
comGDgsa, cOmMGEgsa or comGFesa). The WT R6 strain and the complemented mutant strain in which the native comG operon was expressed ectopically
(R6AcomG, bgaA::comG) were included as positive controls. GAPDH was used as a loading control. (C) Transformation frequency of WT R6 strain, R6AcomG,
bgaA::comG complemented mutant and ESA mutant strains. The error bar represents the standard deviation of a minimum of three independent experiments. A t-
test was used for statistical analysis: *p < 0.05 and *p < 0.01, ns, no significant difference (Cgsa p = 0.0043; Dgsa p = 0.0237 and Egsa p = 0.0047).

and ComGEg;, strain (Figure 6B). Surprisingly, pilus formation
in the presence of the ComGEgs, variant was nearly abolished,
suggesting a dominant negative effect of this amino acid
substitution. The transformation frequency of those strains
correlated well with the amount of ComGC present in sheared
pili, and the ComGDg5, and ComGEgs, strain had significantly
reduced transformation rates. These results reveal that E5 is
necessary for two of the three minor pilins in which it is
conserved, and suggests that ComGD, and especially ComGE,
rely more heavily on their N-terminal o-helix interactions.

DISCUSSION

The pneumococcal competence pilus belongs to the T4P family
and is essential for DNA uptake of this pathogen. The major pilin
ComGC forms the backbone of the competence pilus, however,
the contribution of the minor pilins, ComGD, ComGE, ComGF
and ComGG in pilus biogenesis and function remained unclear.

In the present study, we show that mutant strains deficient in
ComGDEFG, ComGEFG, ComGFG and ComGG are non-
piliated and non-transformable. This suggests that ComGG is
essential for pilus assembly, and that the minor pilin(s) ComGD,
ComGDE and ComGDEF are not sufficient for piliation.
Moreover, neither individual minor pilins, nor ComGDEF

were able to restore piliation in a AcomGDEFG background,
and functional competence pili were only assembled in presence
of all minor pilins. Bacillus subtilis expresses a homologous comG
operon and consistent with our findings, all minor pilins in B.
subtilis are required for pilus assembly and transformation
(Chung and Dubnau, 1998; Chen et al., 2006). Strikingly, also
T2SSs contain five pilins (one major and four minor
pseudopilins), and all minor pseudopilins are required for
efficient PulA secretion by the Klebsiella oxytoca T2SS (Possot
et al,, 2000). The finding that all minor pilins are required for
competence pilus assembly suggests that they are interdependent
and that their translation must be tightly orchestrated to form a
stable and functional complex. Studies in E. coli that demonstrate
a link between the operon gene order and efficient co-
translational assembly of protein complexes, would support
this assumption (Shieh et al, 2015; Wells et al., 2016). Thus,
deletion of any of the minor pilin genes would hamper the
formation of a stable minor pilin complex and thereby abolish
competence pilus formation. Interestingly, in P. aeruginosa it was
shown that a specific stoichiometric ratio among the minor pilins
was important for pilus function, and loss or overexpression of
minor pilins impaired the twitching motility (Giltner
et al., 2010).

A main finding in this study is that all four minor pilins can
directly interact with each other and likely form a minor pilin
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complex. It is important to note that we used the soluble domains
of the pneumococcal minor pilins to test putative interactions
and therefore might have missed other interactions involving the
hydrophobic domains. The observation that the soluble domain
of ComGC did not interact with soluble ComGG, whereas
fullength ComGC and ComGG interacted in the BACTH
assay, confirmed this assessment. In line with our results,
others reported that the soluble domain of the major pilin in
B. subtilis (ComGC) and in Pseudomonas aeruginosa (XcpT) did
not interact with minor pilins lacking the hydrophobic domain
(Douzi et al., 2009; Mann et al., 2013).

Another important finding is the intriguing role of ComGG. Our
results showed that fullength ComGG and ComGC directly
interact, further supported by two observations: (I) all deletion
mutants lacking ComGG showed reduced levels of the major pilin
ComGC and (IT) ComGG alone is able to stabilize ComGC when
ectopically expressed in a strain lacking all four minor pilins. Several
examples of minor subunits that provide a link to the major subunit
have been identified both in T4P and T2SS biogenesis. In P.
aeruginosa it was proposed that the minor pilin complex
PilVWXE together with the large, non-pilin PilY1, form an
assembly initiation complex, while FimU couples this complex to
the major pilin subunit PilA (Nguyen et al,, 2015). In contrast to
ComGG, FimU is incorporated into pili in the absence of the other
minor pilins (Nguyen et al., 2015). The structure of FimU strongly
resembles the minor pseudopilin GspH in E. coli, and the GspH
pseudopilin homolog in P. aeruginosa, XcpU, was proposed to link
the pseudopilin XcpVWX complex to the major pseudopilin XcpT
(Douzi et al., 2009; Nguyen et al., 2015). In the Klebsiella T2SS, the
minor pilin PulH, a XcpU homologue, links the priming complex
composed of Pull, Pul] and PulK to the major pseudopilin PulG
(Cisneros et al., 2012).

ComGG is also important for the stabilization of the other
minor pilins, and in a ComGG deficient strain, no ComGF and
less ComGD was detected. Similar observations on mutually
dependent minor pilins have been reported in other bacteria
(Winther-Larsen et al., 2005; Mann et al., 2013). Intriguingly,
ComGG is the last minor pilin in the comG operon and the only
pneumococcal minor pilin that lacks the conserved E5 residue. It
was previously speculated that ComGG could form the
competence pilus tip (Piepenbrink and Sundberg, 2016). This
was based on the observation that E5 is involved in interactions
with the N-terminus of the previously incorporated pilin into the
growing pseudopilus fiber, and hence would be dispensable for
the first pilin subunit integrated into the pilus (Korotkov et al.,
2012). E. coli GspK is an example of such a protein and was
shown to form a trimeric complex with Gspl and GspJ,
presumably at the tip of the pseudopilus (Korotkov and Hol,
2008). We find ComGD, ComGF and ComGG in the sheared pili
fraction of competent S. pneumoniae and by co-
immunoprecipitation of sheared pili. However, we were not
able to detect ComGG by immunofluorescence microscopy or
electron microscopy in the competence pilus. This could simply
be due to its low abundance, especially if there is only one of each
per pilus. It could also reflect variability in antibody affinities for
the different pilins or different accessibilities of epitopes for

staining, hence does not rule out the potential localization of
ComGG at the pilus tip.

Notably, our immunofluorescence and electron microscopy
data suggest that ComGF is incorporated throughout the
competence pilus, which has also been demonstrated for minor
pilins in P. aeruginosa and Clostridium difficile T4P (Giltner
et al., 2010; Piepenbrink et al., 2015). Since ComGF was not
stable in the absence of ComGG nor the other minor pilins, it is
tempting to speculate that the entire minor pilin complex
becomes incorporated into the pilus. It could also mean that
ComGF has additional pilus-related functions besides its role in
the minor pilin complex and becomes stabilized differently when
built into the ComGC fiber. Because the minor pilin mutant
expressing ComGFgs5, was not impaired in pilus formation and
function, interactions with ComGF are presumably E5-
independent. In contrast, competent bacteria expressing
ComGDgs, or ComGEgs, variants showed reduced levels of
ComGC in the sheared pili fraction and reduced transformation
frequencies compared to the WT R6 strain, revealing a critical role
for E5 in ComGD and ComGE in competence pilus biogenesis.

Minor pseudopilins in Gram-negative bacteria have been
proposed as initiators and terminators of pseudopilus assembly.
In the “initiator” scenario, pseudopilus assembly takes place
beneath the minor pseudopilin complex, which would
consequently end up at the tip of the pilus forming a cap
(Korotkov et al.,, 2012). Alternatively, the minor pseudopilin
complex remains in the inner-membrane and integrates major
pseudopilin subunits from the base, thereby controlling/
terminating pseudopilus elongation (Douzi et al., 2009). A more
dynamic role for PilY1 and the minor pilins in Myxococcus xanthus
was recently reported. In this model, PilY1 and the minor pilins
form a priming complex to initiate T4P extension. The complex
locates at the tip of the pilus and at the same time functions as
terminator of pilus retraction (Treuner-Lange et al., 2020). It is
interesting to consider whether the pneumococcal minor pilins
may have a similar function since the competence pilus was
recently shown to be a dynamic structure that is able to retract
for efficient DNA uptake (Lam et al., 2021).

Because all pneumococcal minor pilins are required for pilus
formation and given their ability to interact with each other, we
propose that the pneumococcal minor pilins form a complex and
that ComGG couples this complex to the major pilin ComGC.
Based on our results, the function of the pneumococcal minor
pilin complex appears to be primarily related to initiation of
competence pilus assembly and/or elongation. The precise
interaction network and the molecular events leading to the
formation of such a putative minor pilin complex and it’s
localization will require further studies.
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Streptococcus pneumoniae is a human pathogen responsible for high morbidity and
mortality worldwide. Disease is incidental and is preceded by asymptomatic
nasopharyngeal colonization in the form of biofims. Simultaneous colonization by
multiple pneumococcal strains is frequent but remains poorly characterized. Previous
studies, using mostly laboratory strains, showed that pneumococcal strains can
reciprocally affect each other’s colonization ability. Here, we aimed at developing a
strategy to investigate pneumococcal intra-species interactions occurring in biofilms. A
72h abiotic biofilm model mimicking long-term colonization was applied to study eight
pneumococcal strains encompassing 6 capsular types and 7 multilocus sequence types.
Strains were labeled with GFP or RFP, generating two fluorescent variants for each. Intra-
species interactions were evaluated in dual-strain biofims (1:1 ratio) using flow cytometry.
Confocal microscopy was used to image representative biofilms. Twenty-eight dual-strain
combinations were tested. Interactions of commensalism, competition, amensalism and
neutralism were identified. The outcome of an interaction was independent of the capsular
and sequence type of the strains involved. Confocal imaging of biofims confirmed the
positive, negative and neutral effects that pneumococci can exert on each other. In
conclusion, we developed an experimental approach that successfully discriminates
pneumococcal strains growing in mixed biofilms, which enables the identification of
intra-species interactions. Several types of interactions occur among pneumococci.
These observations are a starting point to study the mechanisms underlying
those interactions.

Keywords: biofilms, co-colonization, colonization, multiple carriage, competition, intraspecies interactions,
Streptococcus pneumoniae

INTRODUCTION

Streptococcus pneumoniae is an important bacterial pathogen associated with high morbidity and
mortality worldwide (GBD, 2018). Nevertheless, disease is a rare event compared with the frequency
of asymptomatic nasopharyngeal colonization (Weiser et al., 2018).

Nasopharyngeal colonization is particularly frequent in young children (Gray et al., 1980), where
multiple pneumococcal strains can simultaneously colonize the same host, a phenomenon known as
multiple serotype carriage or co-colonization (Turner et al., 2011; Valente et al., 2012; Wyllie et al.,

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org n

January 2022 | Volume 11 | Article 803286


https://www.frontiersin.org/articles/10.3389/fcimb.2021.803286/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.803286/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:rsaleao@itqb.unl.pt
https://doi.org/10.3389/fcimb.2021.803286
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2021.803286
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2021.803286&domain=pdf&date_stamp=2022-01-05

Valente et al.

Pneumococcal Intra-Species Interactions In Biofilm

2014; Kamng'ona et al,, 2015; Kandasamy et al., 2015; Valente
etal., 2016b). Co-colonization is frequent, reaching up to 40% or
50%, depending on the geographical setting and the
methodology used for its detection (Turner et al, 2011;
Valente et al., 2012; Wyllie et al., 2014; Kamng’ona et al., 2015;
Kandasamy et al., 2015; Valente et al., 2016b).

During colonization, pneumococci form biofilms that confer
protection from the host and enable horizontal gene transfer, the
main evolutionary mechanism of this species (Barnes et al., 1995;
Hiller et al., 2010; Wei and Havarstein, 2012).

Several lines of evidence indicate that intra-species competition
(i.e., competition between pneumococcal strains) occurs during co-
colonization and has a determinant role in shaping its epidemiology
and population structure. For example, the dominance of a limited
subset of capsular types (typically 5-6 types) in carriage, when
several are known to circulate in a population, is a clear indication
that strains have different competitive abilities to colonize
(Hausdorff et al., 2005). Introduction of pneumococcal conjugate
vaccines worldwide also indicates that, following serotype
replacement, the population structure of pneumococci is
reshaped due to expansion of a limited number of non-vaccine
typesin carriage and disease (Moore et al., 2015; Waight etal., 2015;
Azarian et al., 2020). In addition, using a mouse model of
colonization, Lipsitch and co-workers showed that the presence
of a resident pneumococcal strain could affect colonization by a
second (challenger) strain (Lipsitch et al., 2000).

The mechanisms mediating pneumococcal intra-species
competition have been addressed in a few subsequent studies.
Trzcinski et al. tested clinical isolates and isogenic variants of six
capsular types in a mouse model of multiple-serotype carriage
and observed that the competitive ability of a strain to colonize
depends strongly, but not exclusively, on the composition of its
polysaccharide capsule (Trzcinski et al., 2015). Apart from the
capsule, the blp (bacteriocin-like peptide) locus and the
competence system were also implicated in competitive
interactions. Dawid et al., used a 19A clinical isolate and its blp
bacteriocin deleted derivative, to demonstrate that the blp locus
promotes intra-species competition, both in vitro (using overlay
assays) and in vivo (using a murine model of colonization)
(Dawid et al, 2007). In a follow-up study, Wholey et al.
observed a cross-stimulation between the blp and competence
systems with implications for intra-species interactions (Wholey
et al., 2016). Moreover, in dual-strain biofilms, bacteriocin
producing pneumococci, not only had a competitive advantage
over non-producers, but also increased DNA exchange through
natural transformation (Wholey et al., 2016). Using an infant
mouse model of colonization, Shen et al. showed that the
competitive advantage of a resident strain is quorum sensing-
dependent and is mediated by the late-competence activated
fratricide effectors CbpD and CibAB (Shen et al., 2019). Finally,
Wu et al. tested three clinical isolates, of serotypes 6B, 19F and
23F, in an eight-hour dual-strain biofilm model and showed that
strain 19F was outcompeted by strains 6B and 23F through a
contact-dependent unknown mechanism (Wu et al., 2017).

While other types of interactions, beyond competition, are
theoretically possible among pneumococci, they have remained

mostly undescribed. One exception are the studies of Trzcinski
etal. and Wu et al., who described strain combinations where co-
existence was observed suggesting a neutral interaction
(Trzcinski et al., 2015; Wu et al,, 2017). In addition, while
using isogenic laboratory strains (D39 wt and D39 pspA/pspC
null mutant) to study natural transformation in multi-strain
biofilms, Marks and co-authors found that mixed populations of
pneumococci may increase the adaptive potential of less fit
strains (Marks et al., 2012), suggesting that commensalism may
occur between pneumococci.

Despite significant advances on the study of pneumococcal
co-colonization during the last two decades, progress has been
hampered by methodological constraints associated with the
need to quantitatively distinguish cells of different strains when
in mixed-strain experimental conditions. While it is recognized
that there is significant within strain genetic diversity in
pneumococci, the number of strains being used in such studies
has been limited and has mainly relied on the use of laboratory
strains and its derivatives.

In this study, we developed a strategy to study pneumococci
in multi-strain biofilms and applied it to a diverse set of strains
which included natural isolates obtained from samples collected
from colonized human subjects. We show that various types of
intra-species interactions, including commensalism, do occur
and can be quantitatively characterized.

MATERIALS AND METHODS
Study Collection

The study collection consisted of 12 strains previously isolated
from nasopharyngeal samples of healthy children in which co-
colonization was detected (Sa-Ledo et al., 2009; Valente et al.,
2012; Nunes et al., 2016; Valente et al., 2016a; Valente et al,,
2016b; Felix et al,, 2021) and two laboratory strains, D39 and
TIGR4, commonly used in pneumococcal studies worldwide.
Epidemiological relevance of selected strains and their serotypes
and genotypes are indicated in Tables 1, 2. Four strains were
non-encapsulated and were designated as non-typable (NT).

Fluorescent Labelling of

S. pneumoniae Strains

Each strain was labelled with GFP or RFP generating two
fluorescently labelled strains. Constructs Pp,4-hipA-gfp_Cam"
(for GFP-labelling) and Pj,s-hlpA_hlpA-rfp_Cam" (for RFP-
labelling), kindly provided by Jan-Willem Veening, were used
(Kjos et al., 2015). These constructs bear a translational fusion of
the histone-like protein A gene (hlpA) to GFP or RFP, where the
fusion proteins are produced under the control of the hlpA
promoter; the constructs also carry a transcriptional fusion to a
chloramphenicol resistance gene. Constructs were first integrated
by allelic replacement in the genome of S. pneumoniae D39
(laboratory strain) generating strains D39_GFP and D39_RFP.
DNA was extracted from either D39_GFP or D39_RFP and
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TABLE 1 | Rationale for selection of S. pneumoniae strains based on epidemiological relevance.

Serotype PCV13 Observations References
serotype

3 Yes High invasive disease potential (Sa-Leao et al., 2011; Horéacio et al., 2016)
Increasing in PCV13 era

15A No Increasing in carriage in PCV13 era (Félix et al., 2021)

19A Yes Highly prevalent in carriage and disease before the introduction of PCV13 (Isturiz et al., 2017)

19F Yes Remains in carriage in PCV13 era (Nunes et al., 2016; Félix et al., 2021)

22F; 33F No Increasing in carriage in PCV13 era (Moore et al., 2015; Félix et al., 2021)
Important cause of invasive pneumococcal disease
Targeted by upcoming PCV15 and PCV20 vaccines

NT No Non-encapsulated (Marks et al., 2012; Valentino et al., 2014; Valente et al., 2016b)

Very frequent in colonization
Frequently detected in co-colonization
Associated with multidrug resistance
Associated to conjunctivitis outbreaks

PCV13, PCV15 and PCV20 correspond to 13-valent, 15-valent and 20-valent pneumococcal conjugate vaccines. NT - non-typeable.

amplified by PCR using primers previously described (Kjos et al,
2015). PCR products were purified with Exo-SAP and used for
transformation of other strains.

Two transformation protocols, in liquid medium and in
biofilms, were used. For transformation in liquid medium cells
were grown in C+Y (pH 7.4) (Junges et al., 2017) to an optical
density of 0.5 at 600nm (ODsgqo), diluted at a 1:100 ratio and
grown until an ODggonm Of 0.1 was reached; at this time, 100ng/
mL of CSP1 (NH2-EMRLSKFFRDFILQRKK-COOH) or CSP2
(NH2-EMRISRIILDFLFLRKK-COOH) (Mimotopes, Australia)
and 400ng/mL of DNA were added. The mixture was incubated
for 3h at 37°C.

For clinical isolates which did not yield transformants using
the conditions described above, transformation in biofilms was
attempted. Cells were grown in C+Y (pH 7.4) (Junges et al,
2017) to an ODgy of 0.5, diluted at a 1:100 ratio, grown until an
ODggp of 0.2 and transferred to 24-well plates (Costar, Corning),
in a final volume of 2mL per well. Plates were incubated for 4h at
34°C in a 5% CO, atmosphere to promote biofilm formation
(Wei and Havarstein, 2012). The supernatant was carefully
aspirated to remove planktonic bacteria and replaced with 2mL
of fresh medium supplemented with 0.5ug/mL of DNA and the

appropriate CSP at a final concentration of either 100ng/mL or
1000ng/mL.

In both protocols transformants were selected on TSA blood
plates supplemented with 4pug/mL chloramphenicol. For selected
clones, the presence of the fusion constructs at the hlpA locus was
first verified by PCR.

Fluorescence Microscopy

For selected clones resulting from the integration of the Pjps-
hlpA-gfp or Pyj,a-hipA_hlpA-rfp fusions, production of GFP or
RFP was assessed by fluorescence microscopy. Two mL of
exponential phase culture were centrifuged at 5900g for 10min
and pellets were resuspended in PBS. Cell suspensions were
mounted on a slide covered with a thin layer of 1.7% agarose.
Images were acquired on a Leica DM 6000B fluorescence
microscope controlled by MetaMorph V5.8 software through a
100X 1.4 NA oil immersion objective and captured with an
Andor iXon 885 EMCCD camera. Filters for image acquisition
were set for contrast phase optics, TX2 (excitation: 560/40nm;
emission: 645/75nm), and FITC (excitation: 480/40nm;
emission: 527/30nm). Exposure times were 50ms for contrast
phase, 3000ms for TX2, and 500ms for FITC.

TABLE 2 | Bacterial strains initially chosen for the study of intra-species interactions.

Strain Serotype MLST' Observation? Reference

D39 2 595 selected (Avery et al., 1944)
TIGR4 4 205 selected (Tettelin et al., 2001)
2099 3 260 - (Nunes et al., 2016)
7632 15A 8322 selected (Nunes et al., 2016)
5262.1 19A 276 - (Sé-Ledo et al., 2009)
5902 19A 63 - (Simdes et al., 2011)
1990 19F 177 selected (Nunes et al., 2016)
5756 22F 433 selected (Sé-Ledo et al., 2009)
8046 22F 9161 - (Nunes et al., 2016)
8276 33F 77 - (Félix et al., 2021)
5262.2 NT 344 - (Sé-Ledo et al., 2009)
5435 NT 344 selected (Sa-Ledo et al., 2009)
7031 NT 344 selected (Nunes et al., 2016)
6209 NT 4583 selected (Simdes et al., 2011)

MLST, multilocus sequence typing; NT, non-typeable (non-encapsulated). 'STs mainly associated with colonization isolates (www.pubmist.org).
2Strains tested in dual-strain biofims are indlicated as “selected”. Other stains did not meet one or more validation criteria and were excluded.
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Biofilm Growth Medium for the Study of
Intra-Species Interactions

Strains were grown in a modified version of the chemically defined
medium described by van de Rijn and Kessler, herein named
mCDM, in which the final concentration of cysteine-HCl was
increased to 0.8mg/mL (instead of 0.5mg/mL), choline chloride
was added at a final concentration of 1mg/mL, except when
otherwise indicated. The carbon source was galactose (10mg/mL)
instead of glucose (the complete recipe of mCDM is given in Table
S1). Cysteine promotes faster bacterial growth as it can act as a
radical scavenger and as an additional amino-acid source. Choline is
a nutritional requirement for pneumococcal growth and was added
at a concentration of Img/mL to promote better growth (Rane and
Subbarow, 1940; Tomasz, 1967). Galactose was chosen as it is the
most abundant sugar in the human nasopharynx (Blanchette et al,,
2016). All experiments were carried out in 24-well plates (Costar,
Corning) and the cultures incubated at 34°C (Keck et al., 2000) in a
5% CO,-enriched atmosphere.

In Vitro Biofilm Model

An in-house developed abiotic biofilm model mimicking long
term-colonization was used. Strains were first grown in mCDM
in planktonic growth conditions until mid-exponential phase. A
1:500 dilution of each strain of interest, corresponding to 10°
cells in 2.5mL of mCDM, was transferred to 24-well plates and
incubated at 34°C in 5% CO, for 72 hours. At 24h and 48h,
2.0mL of spent medium were carefully removed and 2.0mL of
pre-warmed fresh medium was added avoiding disturbance of
the biofilm attached to the bottom of the well. At 72h, biofilms
were resuspended in 300uL of PBS and either serially diluted for
colony forming units (CFU) counts or sonicated to separate
aggregates prior to flow cytometry analysis (described below).
Sonication was done in a Bioruptor UCD-300 apparatus with an
ultrasonic wave frequency of 20KHz (12 cycles of 10s at high
intensity with 30s break between pulses).

Single-Strain and Dual-Strain Biofilm

To evaluate interactions between strains, dual-strain biofilms
were grown in a 1:1 ratio in the conditions described above. To
allow for strain discrimination, dual-strain biofilm experiments
used one GFP-labelled strain and one RFP-labelled strain. As a
control, each pair of strains was also tested with the reverse
fluorescent markers. For comparative analysis, single-strain
biofilms of the same strain variants were obtained in parallel.
For all experiments three biological replicates were done and
each included three technical replicates.

Flow Cytometry for Assessment of Cell
Counts and Cell Density in Single-Strain
and Dual-Strain Biofilm

Cell counts of single- and dual-strain biofilms were obtained by
flow cytometry as a proxy for cell viability. Biofilms disrupted by
sonication (see above) were diluted in an appropriate volume of
PBS to achieve a rate of 500 events/s. Cell counts were obtained
in a Bio-Rad S3e Cell Sorter controlled by the ProSort software
v1.6 using the following parameters: nozzle size of 100microns,

lasers of 488nm and 561nm, and filters FL1 (525/30nm) and FL3
(615/25nm) for data collection of GFP- and RFP-labelled cells,
respectively. Flow cytometry conditions were set as: FSC 311V,
SSC 240V, FL1 811V and FL3 335V. As the detection limit of the
Bio-Rad S3e Cell Sorter is above the expression levels of RFP-
labelled cells, these were detected as non-labelled in the FL1 filter.

For each pair of strains tested in dual-strain biofilm, the
corresponding single-strain biofilms were first analyzed. Cells in
single biofilms were counted (about 30000 events). Cells of the
RFP-labelled strain were used to establish a “red region” in the
FL1 Area log plot. Similarly, cells of the GFP-labelled strain were
used to establish a “green region” in the same FL1 Area log plot.
Potential overlap between these two regions was investigated
and, when occurring, the relative proportion of GFP-labelled
cells present in the “red region” was determined. For dual-strain
biofilms, the relative proportion of the RFP-labelled and GFP-
labelled strains was estimated by counting 30000 events and
determining how many occurred in the red or green regions.
When appropriate, a correction (based on the single-strain
biofilm results) was applied. Finally, to estimate the cell density
for each strain in single and dual-strain biofilms, total cell counts
in 50uL were obtained.

Identification of Intra-Species Interactions
To investigate whether intra-species interactions occurred in the
dual-strain biofilm experiments results obtained for a given pair
of strains were combined in order to increase statistical power.
For each strain, total cell counts obtained in single-strain
biofilms (GFP- plus RFP-labelled variant cells) were compared
to the total cell counts obtained for that strain in dual-strain
biofilms. Interactions were considered to occur when statistically
significant differences were observed (p<0.05). Upon detection of
an interaction, a ratio between the geometric means of cell counts
in dual- and single-strain biofilms was calculated. Negative
interactions were defined by ratios <1 and positive interactions
were defined by ratios >1.

Confocal Microscopy for Biofilm Imaging
Biofilms were grown in 24-well microscope slides suitable for
confocal microscopy (IBIDI, Germany) as described above. Z-
sections were acquired at 0.81um intervals on a Zeiss LSM 880
point scanning confocal microscope using the Airyscan detector,
a 20x plan-apochromat 0.8 NA objective (Zeiss) and the 488nm
and 561nm laser lines. The Zeiss Zen 3.0 (black edition) software
was used to control the microscope, adjust spectral detection for
the emission of GFP and RFP and to process the Airyscan
raw images.

Colorimetric Quantification of Biofilm
Biomass Through Crystal Violet Staining
Single- and dual-strain biofilms were grown for 72h as described.
At hour 72, supernatants were removed and biofilms were
imaged before and after crystal violet staining. For staining,
50uL of crystal violet (CV, 1% w/v) were added to each well
and incubated at room temperature for 30 min. CV was removed
by inversion, the plates were allowed to air-dry for 10 min and
the biofilms were washed twice with 500uL of PBS. Biofilms were
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imaged on a Zeiss Axio Zoom.V16 stereo microscope equipped
with a Zeiss Axiocam 503 mono CCD camera and controlled
with the Zen 2.1 software (blue edition), using the 1X 0.25NA
objective and bright field optics. CV was solubilized by addition
of ImL of 95% ethanol and incubation with agitation until no
stained culture was observed at the bottom of the well.
Absorbance at 595nm was measured with a Tecan Infinite
F200 plate reader. Absorbance was measured for three biofilms
per strain or combination of strains.

Statistical Analysis

GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla,
California, USA) was used for all statistical analyses. The
Kruskall-Wallis test corrected for FDR with the Benjamini and
Hochberg method was used for comparisons between three
groups. The Mann-Whitney U test was used for comparisons
between two groups. The Mann-Whitney U test corrected for
FDR with the Benjamini and Hochberg method was used for the
remaining comparisons.

RESULTS

Fluorescence Labelling of
Epidemiologically Relevant

S. pneumoniae Strains

We were able to successfully obtain GFP- and RFP-labelled variants
of 14 pneumococcal strains of nine serotypes (serotypes 2, 3,4, 15A,
19A, 19F, 22F, 33F, and NT) and 12 genetic backgrounds (ST’ 63,
177,205, 260, 276, 344, 433, 595, 717, 4583, 8322, and 9161) (Table
$2). Fluorescence microscopy allowed confirmation of GFP or RFP
expression in all cells of the population for each fluorescent variant
(Figures 1A, S1). The exceptions to this scenario were the RFP-
labelled variant of strain 5262.1-19A and the GFP-labelled variant
of strain 2099-3 in which fluorescence was noted in a small fraction
of the population only (Figure S1, see, for example, cells marked
with arrow).

We were unable, however, to transform eight other strains
initially selected to be included in the study. These strains had the
serotype-ST combinations 1-228, 11A-408, 15A-63, 19F-309,
33F-717, 35B-198, NT-3097, and NT-6996. Transformation of
these strains was attempted multiple times using planktonic and
biofilm conditions. Possibly, the laboratory conditions may have
been inadequate to induce competence in these strains or the
strains might have defects in genes essential for competence (Lee
and Morrison, 1999; Croucher et al., 2011). Other studies have
also reported difficulties in transforming non-laboratory strains
(Joloba et al., 2010; Evans and Rozen, 2013).

Cell Viability and Population Homogeneity
of S. pneumoniae GFP- and RFP-Labelled
Variants

In preparation for dual-strain biofilm experiments mixing GFP-
and RFP-labelled strains, we investigated, for each labelled
variant, the cell viability and the homogeneity of the
fluorescence signal in 72h biofilms.

Single strain biofilms were prepared and cell viability (CFU/mL)
of the WT (unlabelled) strain and the corresponding GFP- or RFP-
labelled variants was compared. Strains displayed different abilities
to grow in biofilm, with mean CFU counts at 72h ranging between
10°and 10" CFU/mL (p<0.001, Kruskal-Wallis test with Benjamini
and Hochberg correction for False Discovery Rate). For most
triplets (9 of 14) no significant differences were observed
(Figures 1B, S1). One triplet (corresponding to WT strain 5756)
showed significant differences in the viability of labelled variants
(GFP vs RFP), but no significant differences between each variant
and the WT (Figure 1B). The other four triplets (corresponding to
WT strains 2099, 5262.2, 5902, and 8046) showed significant
differences in cell viability (in at least one variant when compared
to the WT strain) and were excluded from further analyses
(Figure S1).

We then wanted to identify GFP and RFP variants yielding
homogenous (narrow single peaks) and non-overlapping
profiles, an essential requirement to enable cell counts of two
populations of the same species by flow cytometry. With that in
mind, the distribution of the fluorescence signal in the
population was investigated by flow cytometry, for each strain
variant (GFP or RFP), after growth of single-strain biofilms. For
most variants, biofilm cells produced a homogenous signal
(Figures 1C, S1). For two strains (5262.1 and 8276), however,
high heterogeneity was observed for both the GFP and RFP
signals (Figure S1). As this would compromise the capacity to
distinguish mixed GFP- and RFP-producing cultures, these
variants were excluded.

In summary, we selected GFP- and RFP- variants of eight
strains to be used in dual-strain biofilm experiments.

Dual-Strain Biofilm Experiments

The eight strains remaining in the study were grown in dual-
strain biofilms in which one strain was labelled with GFP and the
other with RFP (for example, strain A-GFP was grown together
with strain B-RFP), for a total of 28 combinations. As controls,
the reverse labelling combination was also tested in a dual-strain
biofilm (A-RFP together with B-GFP), and single-strain biofilms
of all variants were also examined (A-GFP, A-RFP, B-GFP, and
B-RFP) (Figure 2). In all cases, cell counts for each strain were
measured at 72h by flow cytometry.

For most combinations (21 out of 28), no significant
differences in cell counts were observed when the isogenic
GFP-and RFP-variants of a given strain were compared in the
same experimental condition (Figures S2A-D). In seven
combinations significant variations were observed in at least
one comparison, in which case the assays were excluded from
further analyses (Figure S2E).

In total, twenty-one combinations of dual-strain biofilms were
validated for the investigation of intra-species interactions. These
included strains of serotypes 2, 4, 15A, 19F, 22F, and NT of six
distinct MLST profiles (Table 2 and Figure S2).

Identification of Intra-Species Interactions

To identify intra-species interactions, cell counts of each strain
grown in dual-strain biofilm were compared to those obtained in
a single-strain biofilm experiment run in parallel. Among the 21
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FIGURE 1 | Representative fluorescently labelled strains used in the study (remaining strains are shown in Figure S1). Strains’ reference and serotype are indicated
on top of panel (A). (A) Imaging of GFP and RFP-labelled strains by fluorescence microscopy. GFP- and RFP-labelled strains were grown until exponential phase
and imaged by fluorescence microscopy with filters for contrast phase optics, FITC and TX2. (B) Viability of wild-type and fluorescently labelled variants in the biofilm
model. Each WT strain and its correspondent GFP- and RFP-labelled variants were grown under biofilm-promoting conditions (see the Materials and Methods
section), after which viability (CFU/mL) was determined. Black, green and red dots indicate WT, GFP- and RFP-labelled cells, respectively. three independent
experiments, each with an intra-experiment triplicate. *p < 0.01 (Kruskal Wallis test with Benjamini and Hochberg correction for FDR). (C) Flow cytometry analysis of
fluorescent variants in biofilm model. Biofilm formation was induced as described in (B). After 72h biofilms were resuspended and sonicated and cell counts were
obtained by flow cytometry. Representative histograms are shown.
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FIGURE 2 | Schematic representation of interactions identified among pneumococcal strains. For each strain growing in a dual-strain biofim three possible effects
can be observed when its cell counts are compared to those obtained when growing alone (single-strain biofilms depicted on the left): negative (-), if there is a
decrease in its cell counts; positive (+), if there is an increase in its cell counts; and neutral (0), if there is no change. Depending on the combination of effects
observed for each pair of strains, interactions can be divided into six categories: neutralism (0/0), mutualism (+/+), commensalism (+/0), antagonism (-/+), amensalism
(-/0) and competition (-/-) [reviewed in (Faust and Raes, 2012)]. The interaction observed for each pair of strains is indicated below the schematic representation of

combinations of dual-strain biofilms tested, interactions of
commensalism (n=3), competition (n=4), amensalism (n=7)
and neutralism (n=7) were detected (Table 3 and Figure 2, S2).

Importantly, we found that the outcome of an interaction is
independent of the capsular and sequence types of the strains
involved. An example that illustrates this observation is the
interaction of strain 7632-15A (ST8322) with strains 5435-NT
and 7031-NT (both ST344). In the first case (7632-15A and
5435-NT) the NT strain is benefited by the presence of the 15A
strain, whereas in the second case (7632-15A and 7031-NT) it is
the 15A strain that is benefited by the presence of the NT strain.

Imaging of Intra-Species Interactions
Occurring in Dual-Strain Biofilms
Dual-strain biofilms representative of interactions of commensalism,
competition, and amensalism were selected for confocal microscopy.
Imaging of single- and dual-strain biofilms produced by strains 5435-
NT and 7632-15A confirmed the commensality identified between
these two strains by flow cytometry (Figure 3A). In particular, we
confirmed that strain 5435-NT increased in biofilm depth (z-axis,
proxy to biofilm biomass) when in co-culture with strain 7632-15A
(Figure 3A and Table S3).

Similarly, the competitive interaction observed by flow
cytometry for strains 7031-NT and TIGR4 was also detected in
the confocal microscopy images (Figure 3B). A decrease in

biofilm depth was noted for both strains when grown in dual-
strain biofilms as compared to their growth in single-strain
biofilm (Figure 3B and Table S3).

Finally, the amensalism identified between strains 1990-19F and
7031-NT by flow cytometry (Figure 3C) was also observed by
confocal microscopy imaging of these two strains when grown in
single- and dual-strain biofilms. The significant decrease in cell
counts (quantified by flow cytometry) of strain 7031-NT when
growing in the presence of strain 1990-19F, translated into a major
reduction of the biofilm produced by this strain when in co-culture
with the 19F strain. In fact, the total biofilm biomass of the dual-
strain biofilms of this pair was found to be mostly attributable to the
growth of the 19F strain (Figure 3C and Table S3).

The same representative pairs were also imaged before and
after crystal violet staining (Figure S3A) and the total biofilm
biomass was quantified (Figure S3B). The biomass quantified
following crystal violet staining correlated with the biomass
results obtained using CLSM.

Imaging of Intra-Species Interactions
Occurring in Dual-Strain Biofilms Grown in
Different Concentrations of Choline

To rule out possible effects of the choline concentration used in
our mCDM (Img/mL) on the activity of choline-binding
proteins — important for pneumococcal growth in biofilm and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 83

January 2022 | Volume 11 | Article 803286


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Valente et al.

Pneumococcal Intra-Species Interactions In Biofilm

TABLE 3 | Dual-strain combinations tested for intra-species interactions.

Strains tested Cell counts in dual biofilm? Cell counts in single biofilm? GM dual® Net result® Type of interaction
(GM dual) (GM single)
GM single

5435-NT and 7632-15A
5435-NT 5.37x107 4.28x10° 1.25x10° 1 Commensalism
7632-15A 2.05x10° 8.10x108 Ns =
7632-15A and TIGR4
7632-15A 4.44x10° 7.26x10°8 Ns = “
TIGR4 9.54x10° 2.06x10° 4.64x10° 1
7031-NT and 7632-15A
7031-NT 1.13x107 1.86x10° ns = “
7632-15A 2.97x10° 1.07x10° 2.77x10° 1
7031-NT and TIGR4
7031-NT 3.08x10% 1.03x10° 3.00x107? ! Competition
TIGR4 5.51x10* 2.73x10° 2.02x10" !
1990-19F and 7632-15A
1990-19F 6.87x10* 1.12x10° 6.12x1072 ! “
7632-15A 2.84x10° 7.00x10° 4.06x10" 1
1990-19F and D39
1990-19F 2.92x10° 1.21x10° 2.41x10™ ! “
D39 1.83x10% 2.53x10° 7.22x10°2 !
6209-NT and TIGR4
6209-NT 1.66x10° 3.46x10° 4.80x10°? 1 ‘
TIGR4 5.07x10° 4.49x10° 1.13x10°" !
1990-19F and 7031-NT
1990-19F 2.23x10° 2.29x10° ns = Amensalism
7031-NT 1.18x10* 2.66x10" 4.44x107 1
1990-19F and TIGR4
1990-19F 1.24x10° 2.98x10° ns = “
TIGR4 1.99x10% 2.10x10° 9.47x10°2 !
5435-NT and 5756-22F
5435-NT 7.05x10°8 8.23x10° ns = “
5756-22F 4.68x10” 8.94x107 5.23x10" !
5756-22F and 6209-NT
5756-22F 1.46x107 2.03x10” ns = “
6209-NT 1.39x10° 4.78x10°0 2.92x10"" 1
5756-22F and 7031-NT
5756-22F 1.84x107 1.25x107 ns = “
7031-NT 1.56x10° 1.30x10" 1.20x10™" l
5756-22F and D39
5756-22F 5.46x10° 9.62x10° ns = “
D39 4.61x10° 1.07x10° 4.31x10" !
5756-22F and TIGR4
5756-22F 3.60x10* 1.44x10° 2.49x10°? !
TIGR4 1.57x10° 2.28x10° ns =
1990-19F and 5435-NT
1990-19F 2.49x10° 5.77x10° ns = Neutralism
5435-NT 8.41x10* 9.92x10* ns =
1990-19F and 5756-22F
1990-19F 7.80x10° 1.77x10° ns = “
5756-22F 4.33x10° 5.84x10° ns =
5435-NT and 6209-NT
5435-NT 1.13x10° 4.83x10° ns = “
6209-NT 6.88x10° 7.96x10° ns =
5435-NT and TIGR4
5435-NT 7.62x10% 1.27x10° ns = “
TIGR4 7.40x10* 6.79x10° ns =
5756-22F and 7632-15A
5756-22F 4.84x10° 3.55x10° ns = “
7632-15A 3.89x10" 1.74x107 ns =
7031-NT and D39
7031-NT 3.57x10° 2.79x10° ns = “
D39 7.61x10° 1.62x10° ns =

(Continued)
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TABLE 3 | Continued

Strains tested Cell counts in dual biofilm?® Cell counts in single biofilm? GM dual® Net result® Type of interaction
(GM dual) (GM single) —
GM single
7632-15A and D39
7632-15A 2.25x10° 6.16x10° ns = ‘
D39 7.58x10° 3.05x10° ns =

ACell counts, as a proxy of cell viability, were obtained by flow cytometry. Values indicate the geometric mean of 18 biological replicates (nine with GFP-labelling and nine with RFP-labelling)
obtained for each strain in each condition (single-strain or dual-strain biofim). The detailed results obtained for biological replica are presented in Figure 3 and Figure S2.

PThe ratio between the geometric mean of cell counts of each strain in dual- and single-strain biofilms was calculated as a proxy of the strength of intra-species interaction. Results are only
indicated when statistically significant differences were obtained following comparisons of the cell counts in dual- vs single-strain biofilms.

1 strain benefits (i.e., cell counts increase) from growing in the presence of the other strain; | strain is harmed (i.e., cell counts decrease) when growing in the presence of the other strain; =

strain is not affected by the presence of the other strain.
ns, not significant.

for fratricide (Moscoso et al., 2006; Perez-Dorado et al., 2010) -,
single- and dual-strain biofilms representative of the interactions
identified were grown in low (4pug/mL) and high (20mg/mL)
concentrations of choline chloride.

At a lower concentration of choline (4pig/mL) there was lower
biofilm growth, both in single- and dual-strain biofilms. Still, the
interactions previously observed were maintained (Figure S4). By
contrast, the increase of choline chloride to 20mg/mL severely
hampered the ability of strains to grow in biofilm (in agreement with
previous studies focusing on the importance of CBPs to biofilm
development) (Moscoso et al., 2006). This lack of growth in biofilm
prevented us to draw conclusions on the effect of this high
concentration of choline in the interactions detected (Figure S5).
Taken together, the results showed that the concentration of choline
chloride used in our mCDM promotes better biofilm growth and
has no impact on the interactions observed.

DISCUSSION

Multiple strains of pneumococci often coexist in the upper
respiratory tract (Turner et al., 2011; Valente et al, 2012;
Kamng'ona et al,, 2015; Kandasamy et al., 2015; Valente et al,,
2016b). The intra-species interactions resulting from this co-
existence, however, have not been actively investigated. We
developed a strategy to study such interactions and applied it
to a diverse collection of S. pneumoniae strains.

We tested eight pneumococcal strains in pairs in a three-day
long abiotic biofilm model. We found that, depending on the
combination, strains could be positively affected, negatively
affected or unaffected by the presence of other strain. Four
types of interactions were observed: commensalism (14%),
competition (19%), amensalism (33%), and neutralism (33%).

All positive interactions were of commensalism. To the best of
our knowledge, this is the first report describing commensalism
between naturally-occurring, colonizing strains of S. prneumoniae.
We observed that strains of diverse backgrounds were positively
affected, i.e. produced a better biofilm, in the presence of
other strain.

Positive interactions between strains of the same species were
identified before (Selak et al., 2016). Selak et al. showed that
natural isolates of bifidobacteria obtained from intestinal

biopsies cooperated for the degradation of complex
carbohydrates. This resulted in cross-feeding and co-existence
of strains with different metabolic profiles enabling colonization
of diverse areas of the intestinal lumen (Selak et al., 2016). Since
nutrient diffusion within biofilms is diminished (Stewart, 2003),
it seems possible that the positive interactions identified in our
study result, at least in part, from a mechanism of cross-feeding
of metabolic by-products or nutrients resulting from cell lysis.
Another possibility is that cooperation is occurring through the
production of molecules that enable scavenging of otherwise
unavailable nutrients or that degrade specific metabolites. We are
conducting additional studies to address these possibilities.
Negative interactions were due to competition or amensalism.
Both types of interactions were observed before in pneumococci.
Pneumococcal colonization studies in children have repeatedly
reported that, at any time, only a few serotypes account for most
of the isolates, suggesting strain competition for niche occupancy
affecting population structure and epidemiology (Felix et al.,
2021). Biofilm studies and experiments with animal models have
also unravelled these types of interactions and have explored
some of the biological mechanisms governing them (Lipsitch
et al,, 2000; Dawid et al., 2007; Trzcinski et al., 2015; Shen et al,,
2019). Examples of such mechanisms include bacteriocin
secretion (Dawid et al.,, 2007; Maricic et al.,, 2016) and
exclusion of a newcomer by a resident strain via competence-
mediated fratricide (Shen et al., 2019). Mechanisms of passive
competition, where one strain is indirectly affected by the
presence of another, could also have a role in the negative
interactions identified in our study. Differences in colonization
ability attributable to the capsular type metabolic cost and
associated cell surface charge (Lipsitch et al., 2000; Trzcinski
et al, 2015), in growth rates, or in tolerance to metabolic
products or niche components, for example, could be involved.
Neutral interactions were detected in one third of the
combinations tested indicating that either pneumococcal
strains frequently co-exist without affecting each other
(neutralism), or that those effects could not be detected with
the system used. Neutral interactions among bacteria are not
frequently described. Nevertheless, a recent study reported
dominance of neutral interactions among actinobacteria in the
soil ecosystem (Yan et al., 2021), particularly in oligotrophic
conditions, i.e., in nutrient poor conditions that resulted from
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FIGURE 3 | Dual-strain combinations representative of commensalism (A), competition (B), and amensalism (C). Strains were tested in dual-strain biofilms (one
GFP- and one RFP-labelled strain) in a 1:1 ratio. Reverse labelling combinations were also tested as controls. For comparative analysis, single-strain biofilms were
grown in parallel. Intra-species interactions were considered to occur when statistically significant differences between a given strain in single and dual-strain biofilms
were observed (p<0.05), Mann-Whitney U test corrected with Benjamini and Hochberg method for FDR. (i.) Cell counts. Cell counts of strains in single- and dual-
strain biofilms were obtained by flow cytometry, events/mL were calculated and compared. For each strain, one out of three possible outcomes was determined
when grown in the presence of another: positive (+), if there was beneficial effect; neutral (0), if there was no effect; and negative (-) if there was harm. Black bars
indicate geometric means. Green and red dots correspond to GFP- and RFP-labelled cells, respectively. Graphics represent the ungrouped and grouped analyses
for each pair using data from three independent experiments, each with an intra-experiment triplicate. (ii.) Imaging of dual-strain biofims. (jii.) Imaging of single strain
biofilms (iv.). Single-channel images of dual-strain biofims. All CLSM images are transparent projections of 3D reconstructions from z-sections acquired at 0.81 ym
intervals on a Zeiss LSM 880 point scanning confocal microscope using the Airyscan detector, a 20x plan-apochromat 0.8 NA objective (Zeiss) and the 488 nm and
561 nm laser lines.
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metabolic overlap between species. Given the large array of
metabolic profiles identified among pneumococcal strains
(Watkins et al., 2015), it seems possible that our strains have
different nutritional requirements; this possibility, however, was
not addressed in the present study. It is also possible that intra-
species interactions may occur at a local level, with no impact on
the total cells that form the biofilm (Kim et al., 2014). As
populations of cells are being studied as a whole, such
interactions would also have been missed with our approach.

Our study has some limitations. Firstly, our experimental
approach was based on an in vitro system that does not take into
consideration the effect that host- or microbiota-associated
factors might have on pneumococcal intra-species interactions.
In addition, our strains were inoculated in equal proportions and
at the same time point. These are important limitations as, in
natural colonization, pneumococcal strains co-occurring in the
same host often are present at different proportions and may
have been acquired in different occasions (Valente et al., 2012;
Valente et al., 2016b). This approach prevented us from detecting
positive or negative interactions that are dependent on relative
cell-density and time of strains’ exposure. An example where this
scenario would be relevant is the competition model proposed by
Shen and co-authors, in which earlier activation of the
competence regulon, and hence the production of the fratricide
effectors CbpD and CibAB, conferred an advantage to the
resident strain (occupying a niche) in the presence of a
newcomer (Shen et al., 2019).

Secondly, some GFP- and RFP- labelled variants showed
significant differences in cell viability compared to the parental
strain; others had significant heterogeneity in the fluorescence
signal. These limitations prevented the use of some strains with
our experimental approach. Both fluorescent constructs used in
this study were expressed under the control of the hilpA
promoter. Kjos et al. showed that for the laboratory strain
D39, hipA-gfp and hipA-rfp fusions did not affect cell viability
nor growth rate in liquid medium, were expressed throughout
the cell cycle, and that fluorescence intensity remained high and
stable with low cell-to-cell variation, as assessed by fluorescence
microscopy (Kjos et al., 2015). Variation in the fluorescence
signal, however, was not tested under biofilm-forming
conditions, nor inspected for other strains or evaluated by flow
cytometry. Possibly, the heterogeneity observed in our strains
derives from natural variability previously described for isogenic
strains (reviewed in (Jorgensen et al., 2013)), from the existence
of a sub-population of cells that are either dying or dead but still
retaining cell integrity (biofilms include many dead cells (Bayles,
2007)), or a combination of both. These limitations led to the
exclusion of various strains limiting the magnitude of
potential findings.

Thirdly, we observed heterogeneity within replicated biofilm
experiments, which even though expected, hampered analyses of
some dual-strain specific combinations. Marks et al. have shown
that biofilms grown on an epithelial cell layer have increased
reproducibility and lead to higher biofilm yields compared to
biofilms obtained in abiotic conditions (Marks et al., 2012). In
our optimized abiotic system, we have successfully obtained

yields comparable to the ones described by Marks et al. The
inclusion of an epithelial cell layer, albeit possibly increasing
reproducibility, would increase the complexity of the analysis
and would hinder accurate distinction and quantification of
pneumococcal strains by flow cytometry.

In any event, the use of several strains led us to make two
important observations: (i) the outcome of an interaction is
independent of capsular and sequence type; (ii) a given strain,
when grown in the presence of another, may be benefited,
harmed or not affected, depending on the strain it is
interacting with.

Overall, we were able to develop a strategy that enables
identification of different types of intra-species interactions in
biofilms and successfully applied it to a diverse collection of
pneumococcal isolates. We validated the use of flow cytometry
for direct quantification of bacteria within the biofilm, as
opposed to more traditional methods, such as bacterial cell
counts on selective media. Our approach enables
discrimination between strains of the same serotype, genotype
and antibiotype, overcoming a limitation of strategies previously
described (Wu et al., 2017). Representative interactions were
further confirmed through a qualitative approach based on
CLSM, i.e.,, we were able to visualize positive, negative and
neutral effects that S. pneumoniae strains may exert on each
other and these were in agreement with the results obtained
using flow cytometry. Furthermore, this approach could be
adapted to other species and to more complex systems through
the optimization of fluorescent constructs and the selection of
other fluorescent reporters. In fact, a comparable strategy has
recently been applied to visualize oral streptococcal species using
integrative and replicative plasmids with strong promoters fused
to fluorescent reporters (Shields et al., 2019).

In conclusion, we provide novel evidence that a panoply of
intra-species interactions occur between naturally colonizing
pneumococcal isolates and these are independent of serotype
and genotype. These observations are a starting point to study
the mechanisms underlying those interactions. Such studies will
add to the growing body of knowledge regarding how the upper
respiratory tract microbiota is shaped and adapts to changes
triggered by the use of vaccines and antibiotics allowing the
design of alternative strategies to modulate this ecosystem as a
way to prevent infection.
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Streptococcus pneumoniae is an important and frequently carried respiratory pathogen
that has the potential to cause serious invasive diseases, such as pneumonia, meningitis,
and sepsis. Young children and older adults are among the most vulnerable to developing
serious disease. With the arrival of the COVID-19 pandemic and the concomitant
restrictive measures, invasive disease cases caused by respiratory bacterial species,
including pneumococci, decreased substantially. Notably, the stringency of the
containment measures as well as the visible reduction in the movement of people
appeared to coincide with the drop in invasive disease cases. One could argue that
wearing protective masks and adhering to social distancing guidelines to halt the spread
of the SARS-CoV-2 virus, also led to a reduction in the person-to-person transmission of
respiratory bacterial species. Although plausible, this conjecture is challenged by novel
data obtained from our nasopharyngeal carriage study which is performed yearly in
healthy daycare center attending children. A sustained and high pneumococcal carriage
rate was observed amid periods of stringent restrictive measures. This finding prompts us
to revisit the connection between nasopharyngeal colonization and invasion and invites us
to look closer at the nasopharyngeal microbiome as a whole.

Keywords: Streptococcus pneumoniae, nasopharyngeal carriage, invasive pneumococcal disease, COVID-19,
containment measures

INTRODUCTION

Streptococcus pneumoniae is part of the commensal flora of the upper respiratory tract and colonizes,
together with several other bacterial species, the nasopharyngeal niche. Even though its residency in the
nasopharynx typically goes unnoticed, when natural immunological barriers are crossed, respiratory or
even systemic disease ensues. Pneumococcal colonization is, thus, imperative for disease to occur and is
responsible for the horizontal spread of the different pneumococcal serotypes within the community.
Close contact between individuals, and therefore crowded places, adds to the spread of pneumococci
(Bogaert et al., 2004). Young children are particularly known to frequently possess pneumococci, even
more so when attending daycare centers, and especially so during the drier and colder months when its
spread is more likely to coincide with respiratory viral infections (Numminen et al, 2015).
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Pneumococcal Carriage During COVID-19 Lockdowns

Pneumococcal conjugate vaccines (PCV) were developed to prevent
(invasive) pneumococcal disease caused by the, at the time, most
invasive serotypes. In countries with a high vaccine uptake, this has
led to decreases in both carriage and cases of invasive pneumococcal
disease (IPD) caused by the vaccine serotypes (Cohen et al., 2015;
Vissers et al., 2018; Wouters et al., 2020; National Reference Centre
for invasive S. pneumoniae, 2021). However, the nasopharyngeal
niche is a complex and highly dynamic environment with high
turnovers of colonizing species and serotypes. Vaccinating against
the most invasive pneumococci, thus, results in their replacement by
other serotypes in the nasopharyngeal niche (Bogaert et al., 2004).
Evidently, monitoring the distribution of the different
pneumococcal serotypes within populations is essential to inform
vaccination policy and direct future vaccine development. As a
result, many countries worldwide have performed nasopharyngeal
carriage studies, some of which are still ongoing (Cohen et al., 2015;
Vissers et al., 2018; Wagner et al., 2019; Wouters et al., 2020). In
Belgium, our group has been monitoring asymptomatic
pneumococcal carriage in daycare attending children (aged
between 6-30 months old) every winter since 2016, with carriage
rates fluctuating between 68 and 74% (Wouters et al, 2020)
(unpublished data).

In response to the outbreak of the COVID-19 pandemic in early
2020, countries worldwide laid down a range of restrictive measures
to contain the further spread of the SARS-CoV-2 virus. This has led
to the discontinuation of several pneumococcal monitoring studies
in many countries. Also, in Belgium, this appeared challenging.
However, with great effort comes great reward: despite the many
restrictions imposed on the Belgian people, monitoring
nasopharyngeal carriage was not interrupted and the target
number of recruited children was obtained. More importantly,
high sustained carriage rates were measured during this period.
The importance of our findings was revealed when the Invasive
Respiratory Infection Surveillance (IRIS) Initiative published
international surveillance data of invasive bacterial diseases in The
Lancet Digital Health (Brueggemann et al., 2021). They confirmed
the much-anticipated impact of country-wide lockdowns on the
incidence of invasive disease caused by the three most common
respiratory pathogens S. pneumoniae, Haemophilus influenzae, and
Neisseria meningitidis. Significant and sustained reductions were
observed, based on surveillance data from 37 laboratories from 26
countries worldwide, that appeared to coincide with the stringency
of COVID-19 containment measures (measured using the Oxford
COVID-19 Government Response Tracker) and with changes in
the movement of people (measured using Google COVID-19
Community Mobility Reports).

THE BELGIAN SITUATION:
STRINGENT MEASURES, BUT HIGH
PNEUMOCOCCAL CARRIAGE RATES

In Belgium, the government announced a lockdown on March
18, 2020, thereby ordering the closing of shops, and enacting

stay-at-home orders and travel restrictions. This resulted in a
drastic reduction in movement as indicated by corresponding
mobility data (Sciensano, 2021). A gradual relaxation of the
containment measures from May 2020 led to a worsening
COVID-19 epidemiologic situation and, consequently, new
restrictions were gradually implemented from early October
2020 until late April 2021 (Oxford stringency index > 55)
(Figure 1). Analogous to the observations made by IRIS, also
this second period of restrictive measures in Belgium -
corresponding to the winter of the epidemiologic year 2020-
2021 — was characterized by a reduction in IPD cases of 42% in
young Belgian children (aged <3 years) when compared to
previous non-COVID epidemiologic years (2017-2019). As a
result, the pronounced seasonality typical for IPD did not
manifest itself in the winter of 2020-2021 (Figure 1).

These reductions in disease incidence could be explained by
an interruption in person-to-person bacterial respiratory
transmission (Brueggemann et al., 2021). While plausible, high
pneumococcal carriage rates recorded during the same period
seem to suggest otherwise. In the winter of 2020-2021, we did not
detect a significant change in overall S. pneumoniae carriage
proportion (67.43%) compared to the average of the previous
three years (69.07%) (X* = 0.56, P=0.46) (Figure 1). The
observed discordance between IPD cases and carriage
prevalence in the same age group may, thus, point to a more
complex situation and possible interspecies interactions in the
nasopharyngeal microbiome.

Even though bacterial colonization is a necessary precursor
for invasive disease, it does not imply the occurrence of disease
per se, nor do we understand all the interspecies interactions or
host factors that should coalesce for the bacteria to become
invasive. Altered transmission of other species inhabiting the
nasopharyngeal microbiome could also have contributed to the
reduced IPD cases (Bogaert et al., 2004). Viral respiratory
infections are known to be associated with IPDs (Weiser et al.,
2018; Berry et al., 2020). Therefore, a more fitting hypothesis,
and previously raised by Smith et al. (Smith and Opatowski,
2021), is that the COVID-19 containment measures reduced the
overall respiratory viral circulation, which could have eventually
impacted the incidence of IPD in children. It is thought that the
inflammatory conditions in the upper respiratory tract following
a respiratory viral infection both favor the presence and
transmission of S. pneumoniae, and increase its likelihood of
penetrating host tissues (Weiser et al., 2018). However, recent
work revealed that while influenza-like illnesses (ILIs) indeed
increase the pneumococcal invasion risk, it does not increase
their transmission or acquisition risk (Domenech de Celles
et al, 2019). Consequently, interventions targeting ILIs were
predicted not to have a marked indirect effect on pneumococcal
carriage — a prediction confirmed by the sustained high carriage
rates observed in our study. Importantly, we did not assess
pneumococcal carriage density, a precursor of IPD, and known
to be elevated in individuals with ILIs (Brotons et al., 2017; Miellet
et al, 2021). Possibly also SARS-CoV-2 co-infections could
have impacted pneumococcal carriage rates (Howard, 2021);
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however, in our study, none of the tested children (746/907, 82%)
was positive for SARS-CoV-2 (unpublished data).

SCRUTINIZING THE RELATIONSHIP
BETWEEN PNEUMOCOCCAL CARRIAGE,
TRANSMISSION, AND INVASION:

WHAT ELSE TO CONSIDER?

It can, however, not be ruled out that along with a decrease in the
co-circulating viral population, also a reduced frequency of
within- and between-age contacts in the overall pediatric
population has impacted IPD development (Domenech de
Celles et al,, 2019). Both pneumococci and respiratory viruses,
including SARS-CoV-2, can be transmitted from person-to-
person via respiratory secretions through direct physical
contact or directly through the air via large respiratory
droplets (Weiser et al.,, 2018; Leung, 2021). Airborne
transmission, on the other hand, is likely more important for
the transmission of respiratory viruses/SARS-CoV-2 than for
pneumococci. However, it should not be dismissed as a possible
transmission route for the latter: a study on ferrets living in cages
three meters apart from each other did observe transmission of
pneumococci between them (McCullers et al., 2010). Lastly, just
like respiratory viruses and SARS-CoV-2, pneumococci can also
be transmitted indirectly via contact with contaminated surfaces
or objects (fomites), with the duration of their survival in the
environment depending on the situation, going from several

Jan 1

Day

Jan Febr Mar Apr May Jun

Month

Febr 1 Mar 1 Apr 1 May 1 Jun 1

FIGURE 1 | Streptococcus pneumoniae carriage rates and invasive pneumococcal disease cases in young children (aged <3 years) obtained from July 2020 until
June 2021 and compared to the previous three epidemiologic years. The cumulative number of invasive pneumococcal disease cases and the average
pneumococcal carriage prevalence are respectively shown as a monthly total and a monthly percent proportion. The vertical lines on the bars represent the 95%
confidence intervals of the monthly percent carriage proportions. The time point indicated on the x-axis represents the middle of each month. A second continuous
axis shows the daily level of stringency of the COVID-19 containment measures implemented in Belgium from July 2020 until June 2021. The stringency index is
based on the Oxford COVID-19 Government Response Tracker and is shown on a gradient color scale going from 0 to 100, with red values indicating that higher

hours in nutrient-poor conditions to a couple of days in e.g.
saliva or biofilms (Marks et al., 2014; Hamaguchi et al., 2017;
Marzoli et al., 2021; Morimura et al., 2021). Notably, in daycare
settings, pneumococci were seen to survive for hours and could
be cultured from environmental surfaces, including toys (Marks
et al, 2014). Given the parallel routes of transmission of both
pneumococci and respiratory viruses, restrictions that were
primarily aimed at reducing transmission of SARS-CoV-2
might, thus, also have affected pneumococcal transmission in
the overall pediatric population. Importantly, during the
country’s first lockdown (March-May 2020), Belgian daycare
centers remained open but were only occupied for 50%. Since we
do not have carriage data of this period or its aftermath, we
cannot tell if transmission between children declined following
reduced contacts. On the other hand, in the winter of 2020-2021,
the number of children attending daycare was in line with
previous years, and essentially little restrictions were imposed,
likely adding to the sustained high carriage rates. Adding to this,
and if we want to understand the epidemiology of the
pneumococcus entirely, it is paramount to also define (yearly)
pneumococcal carriage rates in Belgian children who do not
attend daycare centers [i.e. 40% of the Belgian children,
(OECD, 2021)].

Of course, the carriage prevalence reported here only depicts
the situation in Belgian daycares, a high transmission setting in
which changes in the overall pneumococcal carriage might be
hard to discern. Given the marked differences in the capacity of
specific S. pneumoniae serotypes and clones to cause invasive
disease (Brueggemann et al.,, 2003), individual serotype carriage
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proportions should be disentangled to better understand how
such an overall high carriage rate relates to the observed drop in
IPD cases. In Belgium specifically, serotype distributions might
have shifted given the country’s switch in PCV recommendation
in September 2019, one year prior to our study. That year,
PCV13 replaced PCV10, extending children’s protection to an
additional three serotypes. Of note, the impact of an earlier
switch in the Belgian PCV program in 2016 - from PCV13 to
PCV10 - was only detectable two years after its implementation
(Wouters et al., 2020). Likely a similar interval is needed to detect
the impact of the second switch. More so, IPD surveillance in
Belgium indicated that in 2020 the same proportion of serotype
19A strains (43.8%) were responsible for IPD in children <2
years of age compared to that in 2019 (39.4%) (National
Reference Centre for invasive S. pneumoniae, 2021).
Nonetheless, shifts in the distribution of circulating serotypes
and in the multilocus sequence types of pneumococcal serotype
19A following the 2019-switch in PCV recommendation are
being investigated, and could be instructive for even better
understanding how overall high carriage rates relate to the
observed drop in IPD cases. A relation that could, in fact, be
an amalgam of all players discussed here, including (but not
limited to) respiratory viruses, serotype replacements, and
reduced contacts.

CONCLUSION

The sustained high asymptomatic carriage patterns observed in
our study reveal that IPD incidence does not solely depend on
pneumococcal carriage rates, and that likely many more factors
are at play. Our finding, thus, puts the relationship between high
pneumococcal carriage rate and invasive disease into perspective
and sheds a light on the potential role of the co-circulating viral
populations when it comes to IPD incidence in young children.
Evidently, we should not narrow down on a single component
cause, nor should we devalue the importance of person-to-
person bacterial respiratory transmission. When unraveling the
epidemiology of the pneumococcus many factors need to be
considered. We believe that our results and insights presented
here will be able to assist further pneumococcal research.
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The gram-positive bacterium Streptococcus pneumoniae is a leading cause of
pneumonia, otitis media, septicemia, and meningitis in children and adults. Current
prevention and treatment efforts are primarily pneumococcal conjugate vaccines that
target the bacterial capsule polysaccharide, as well as antibiotics for pathogen clearance.
While these methods have been enormously effective at disease prevention and
treatment, there has been an emergence of non-vaccine serotypes, termed serotype
replacement, and increasing antibiotic resistance among these serotypes. To combat S.
pneumoniae, the immune system must deploy an arsenal of antimicrobial functions.
However, S. pneumoniae has evolved a repertoire of evasion techniques and is able to
modulate the host immune system. Antibodies are a key component of pneumococcal
immunity, targeting both the capsule polysaccharide and protein antigens on the surface
of the bacterium. These antibodies have been shown to play a variety of roles including
increasing opsonophagocytic activity, enzymatic and toxin neutralization, reducing
bacterial adherence, and altering bacterial gene expression. In this review, we describe
targets of anti-pneumococcal antibodies and describe antibody functions and
effectiveness against S. pneumoniae.

Keywords: Streptococcus pneumoniae, monoclonal antibody, opsonophagocytic, immune evasion,
pneumococcal vaccination

INTRODUCTION

Streptococcus pneumoniae is a gram-positive opportunistic bacterial pathogen that colonizes the upper
respiratory tract, and is a leading cause of bacterial infections worldwide (Weiser et al., 2018), (Denny
and Loda, 1986). Bacterial colonization is a precursor to pneumococcal disease, which can manifest as
otitis media, pneumonia, septicemia and meningitis. S. pneumoniae is found in up to 27-65% of
children and <10% of adults in a commensal carriage state (Yahiaoui et al.,, 2016). In 2000, it was
estimated that S. pneumoniae was responsible for over 800,000 deaths in children annually (O’Brien
et al,, 2009). Due to the continued high burden of disease despite an effective vaccine, S. pneumoniae
was designated a priority pathogen by the World Health Organization in 2017 (WHO, 2017). Multiple
colonization events in the lifetime of an individual result in serum antibody responses to the capsular
polysaccharide (CPS) (Weinberger et al., 2008) and protein antigens (McCool et al., 2002; Zhang et al.,
2006; Prevaes et al., 2012; Turner et al., 2013). The CPS is a critical virulence factor for S. pneumoniae
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survival during invasive disease, and the CPS can inhibit the innate
immune response via inhibition of phagocytosis, preventing
recognition of the bacteria by host receptors, and evasion of
neutrophil extracellular traps (Hyams et al., 2010). Each
pneumococcal serotype, of which 100 serotypes have been
identified, has a distinct CPS that varies in its biochemical and
antigenic structure (Ganaie et al, 2020). The most effective
preventative measure against pneumococcal infection is
vaccination with either a 23-valent pneumococcal polysaccharide
vaccine (PPSV23) or a multivalent pneumococcal conjugate
vaccine (PCV7, PCV10, PCV13, PCV15, or PCV20). While the
CPS is the primary antigen in both vaccines, the CPS antigens in
PCV-based vaccines are linked to a carrier protein to induce T-
dependent antibody responses leveraging the hapten-carrier effect.
However, due to the limited serotypes included in PCVs,
protection is incomplete, and this has caused an increase of
non-vaccine serotypes in carriage and disease (Klugman, 2009;
von Gottberg et al., 2014). Nonencapsulated strains of S.
pneumoniae are also able to colonize the nasopharyngeal tract
and are not affected by current vaccines (Keller et al., 2016). These
strains have unique surface proteins that allow for colonization
and virulence in the absence of the CPS (Keller et al., 2016).

In light of limited serotype coverage, increasing prevalence of
non-vaccine serotypes, and increasing antibiotic resistance
among non-vaccine serotypes, conserved protein antigens and
other molecules have also been studied as potential vaccine
candidates, as these would presumably induce broadly reactive
antibodies that would be effective against a greater number of
serotypes than CPS-based vaccines (Daniels et al.,, 2016).
Multiple antigens have been tested in animal models and
clinical trials, including the toxin pneumolysin (Ply)
(Kamtchoua et al., 2013; Odutola et al., 2017; Hammitt et al.,
2019), pneumococcal surface protein A (PspA) (Briles et al.,
2000b; Nabors et al, 2000; Frey et al, 2013), pneumococcal
surface adhesin A (PsaA) (Wang et al., 2010; Moffitt and Malley,
2016), pneumococcal choline binding protein A (PcpA) (Glover
et al., 2008; Verhoeven et al.,, 2014; Xu et al., 2017),
pneumococcal histidine triad protein (PhtD) (Denoél et al.,
2011b; Kaur et al., 2014; Andre et al., 2021), Phosphorycholine
(PC) (Trolle et al., 2000; Tanaka et al., 2007), Neuraminidase
(Nan) (Janesch et al., 2018) and choline binding proteins (CbpA,
CbpG) (Mann et al., 2006; Hernani et al., 2011; Ricci et al., 2011).
Antibodies are a key component of pneumococcal immunity,
and their mechanisms of action are important to understand for
vaccine design efforts (Figure 1 and Table 1). Here we review
anti-pneumococcal antibodies, including antibody targets and
known mechanisms of action.

Antibodies to the Pneumococcal Capsular
Polysaccharide

One of the most important virulence factors of S. pneumoniae is
the CPS, which encases the bacterium and is the defining antigen
for serotype identification. Currently, 100 distinct capsule
serotype structures have been identified, with at least 30
serotypes being responsible for invasive pneumococcal disease
(Luck et al., 2020). The CPS is typically negatively charged, which

allows the bacteria to avoid mucous entrapment and enables
colonization of the nasopharynx (Magee and Yother, 2001;
Nelson et al., 2007; Li et al., 2013). As the CPS encases the
bacterium, it protects deeper antigenic structures, and inhibits
the binding of immunoglobulins, complement components, and
C-reactive protein (Weiser et al., 2018). The CPS also reduces
opsonization with C3b/iC3b, thereby impairing the receptors of
phagocytic cells from interacting with antibody Fc regions
(Abeyta et al., 2003; Hyams et al., 2010). It has been
hypothesized that the CPS also protects bacteria from
entrapment by neutrophil extracellular traps (Wartha et al,
2007). Due to the vital importance of the CPS to bacterial
survival and virulence, it has long been a therapeutic target.
PPSV23 and PCV vaccines have been approved for use in
humans and have been widely effective. However, there has
been a rise in the incidence of nonvaccine serotypes, and
serotypes 3 and 19A have also persisted despite vaccination
efforts (Wantuch and Avci, 2018; Linley et al., 2019).

A key function of CPS targeting vaccines is to elicit antibodies
that have opsonophagocytic activity, which has been well defined
to be a predictor of protection (Poehling et al., 2006; Ekstrom
et al,, 2007; Goldblatt et al., 2010; Prymula et al., 2011; Dagan
et al,, 2013; Lee et al, 2014) (Figure 2). Indeed, in vitro
opsonophagocytic assays are the gold standard for measuring
antibody-mediated immunity (Romero-Steiner et al., 1997; Song
etal, 2013; Toh et al., 2021). In addition, antibody agglutination
activity is a correlate of protection (Bull, 1915), as the
establishment of colonization by S. pneumoniae is a critical
first step in disease pathogenesis, and antibody agglutinating
activity inhibits colonization (Bogaert et al., 2004; Simell et al.,
2012) (Figure 2). For example, CPS-specific antibodies from
nasal washes of vaccinated individuals are important for
protection against colonization (Mitsi et al., 2017), and human
mAbs targeting the CPS can have both opsonophagocytic and
agglutination activity in vitro (Babb et al., 2021).

While a majority of described antibodies targeting the CPS
rely on increasing opsonophagocytic and agglutinating activity to
offer protection, nonopsonic antibodies to the pneumococcal
CPS can also offer protection. The first study to discover this
phenomenon found that a mouse IgG,;, mAb 1E2, targeting the
serotype 3 CPS was unable to opsonize and kill bacteria in vitro
yet was protective in vivo (Tian et al., 2009). In several follow up
studies, mAb 1E2 was shown to alter the expression of over 50
genes (Doyle et al, 2021), which included genes involved in
quorum sensing and increased fratricide (Yano et al., 2011).
Upon interaction with mAb 1E2, iron uptake (piuB gene) was
increased, sensitivity to oxidative stress (dpr gene) was amplified,
and rapid capsule shedding was observed (Doyle et al., 2021)
(Figure 2). mAb 1E2 also reduces colonization in mice (Doyle
and Pirofski, 2016). A mechanistic study on mAb 1E2 revealed
that neutrophils were not needed for its protective efficacy (Tian
et al.,, 2009), but macrophages were required (Sarah et al., 2012).
These studies demonstrate that anti-CPS antibody functions
beyond opsonophagocytic and agglutination activity can
protect against pneumococcal disease, and such functions may
be important to consider in current and future vaccines.
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protein models when available from the protein data bank.
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complement fixing reduced adherence
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PsaA
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opsonophagocytosis
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Neuraminidase
enzymatic inhibition Capsule
neutralization
opsonophagocytosis
agglutination
capsule shedding

gene expression changes

FIGURE 1 | lllustration of the diverse mechanisms and targets of anti-pneumococcal antibodies. Protein antigens are displayed within the capsule as cartoons or as

PhtD

Serotype specific IgG targeting the CPS is sufficient to protect
against the homologous serotype, and additional antibody isotypes
beyond IgG can offer protection. Serotype 8 specific mAbs NAD
(an IgA) and D11 (an IgM) have been examined in vitro, and
NAD was shown to increase complement deposition (Figure 2)
whereas D11 was not, and neither NAD nor D11 promoted
significant neutrophil mediated killing in an opsonophagocytic
assay (Burns et al., 2003). In the presence of bacteria, complement,
and D11 or NAD, a decrease in IL-8 secretion by neutrophils was
observed (Burns et al., 2003). Both the D11 and NAD antibodies
were found to be protective against infection in the mouse model
(Burns et al.,, 2003). Additional studies with D11 revealed treated
mice had significantly less IFN-y, MIP-2, IL-12, MCP-1/JE, and
TNEF-o. compared to control mice (Burns et al., 2005). mAb A7, a
serotype 3-specific IgM, induced a decrease in keratinocyte-
derived chemokine, IL-6 and macrophage inflammatory protein-
2 in mADb treated mice, similar to levels seen in penicillin treated
mice (Fabrizio et al., 2007). Together these studies demonstrate
that the connection between antibody-mediated protection and
immunomodulation plays a key role in protection in vivo and
should be further explored.

Antibodies to Pneumococcal Proteins
Pneumococcal Surface Protein A

While vaccine-induced CPS-specific antibodies can protect
against colonization with vaccine-included serotypes, natural
colonization leads the induction of both CPS-specific
antibodies and anti-protein antibodies (Wilson et al, 2017).
Pneumococcal surface protein A (PspA) is one of the most
prevalent antigens on the surface of S. pneumoniae and plays a
major role in protective immunity (Khan and Jan, 2017). PspA
aids the bacteria in evading the bactericidal activity of neutrophil
extracellular traps (Martinez et al., 2019), inhibits complement
(Tuetal, 1999; Ren et al., 2004; Ren et al., 2012) by reducing the
amount of C3 that is deposited on the bacteria (Mukerji et al.,
2012), and binds lactoferrin, which likely blocks the active site of
apolactoferrin responsible for bacterial killing (Shaper et al,
2004; Bitsaktsis et al., 2012; Mirza et al., 2016). PspA is
classified into 3 families with 6 clades based on sequence
similarities in the variable N-terminal o-helical region
(Hollingshead et al., 2000). Numerous studies have
demonstrated the protective effects of PspA-based vaccines,
which lead to increased survival and decreased bacterial
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TABLE 1 | Antigens evaluated in clinical trials and animal models.

Antigen Antigen Antibody function Tested Species Vaccine Protection Antibody Protection
function as tested status Therapy
Vaccine?
Capsular Inhibition of ~ Opsonophagocytosis  Yes Murine FDA Yes Yes Yes Burns et al., 2003; Burns et al.,
polysaccharide phagocytosis approved 2005; Fabrizio et al., 2007; Tian
Blocking Agglutination Human et al., 2009; Yano et al., 2011;
host Sarah et al., 2012; Doyle and
receptors Pirofski, 2016; Keller et al., 2016;
Evasion of Capsule shedding Mitsi et al., 2017; Babb et al.,
NETs Gene expression 2021; Doyle et al., 2021
Phosphorylcholine  Bacterial Reduced adherence  Yes Murine Murine Yes Yes Yes Wallick et al., 1983; Briles et al.,
adherence model 1992; Fischer et al., 1995; Trolle
et al., 2000; Tanaka et al., 2007
PspA Inhibition of  Increase C3 Yes Murine Phase 1 Protection Yes Yes Wu et al., 1997; Briles et al.,
complement  deposition not yet 2000b; Briles et al., 2000c;
deposition assessed in Nabors et al., 2000; Ferreira et al.,
Binding Inhibition of Human humans. 2006b; Daniels et al., 2010;
lactoferrin lactoferrin binding Yes, in Bitsaktsis et al., 2012; Frey et al.,
Evasion of Enhancing NETs animal 2013; Piao et al., 2014; Nagano
NETs models et al., 2018; Nakahashi-Ouchida
et al., 2021
PsaA ABC Reduced adherence  Yes Murine Phase 1 Protecton  ND ND Talkington et al., 1996; Briles
transporter not yet et al., 2000a; Miyaji et al., 2001;
of Zn2+ and assessed in Romero-Steiner et al., 20083;
Mn2+ humans. Oliveira et al., 2006; Pimenta
Attachment Human Partial et al., 2006; Romero-Steiner
to epithelial protection in et al., 2006; Wang et al., 2010
cells animal
Protection models
against
oxidative
stress
PhtD Inhibition of  Increase C3 Yes Murine Phase1/2 Yes, in Yes Yes Wizemann et al., 2001; Denoél
complement  deposition animal et al., 2011a; Denoél et al.,
deposition models. Did 2011b; Godfroid et al., 2011;
Zn* Reduced adherence Macaque not reduce Bologa et al., 2012; Khan and
acquisition colonization Pichichero, 2012; Seiberling et al.,
Adherance Opsonophagocytosis Human or oftitis 2012; Plumptre et al., 2013b;
to epithelial media in Ravinder et al., 2014; Berglund
cells humans et al., 2014; Leroux-Roels et al.,
2014; Odutola et al., 2017;
Papastamatiou et al., 2018; Visan
et al., 2018; Hammitt et al., 2019;
André et al., 2020; Huang et al.,
2021
Neuraminidase Sugar Enzymatic inhibiton ~ No ND ND ND Yes No Janesch et al., 2018
acquisition
Inhibition of
complement
deposition
Adherence
to
endothelial
cells
Promotes
biofilm
formation
Pneumolysin Cytotoxic Neutralization Yes Murine Phase1/2 Yes in Yes Yes Garcia-Suarez et al., 2004;
activity animal Ferreira et al., 2006a; Sanders
Inhibition of Macaque models. Did et al., 2010; Lu et al., 2014; Mann
complement not reduce et al., 2014; Hermand et al.,
deposition colonization 2017; Odutola et al., 2017;
Biofilm Human or otitis Hammitt et al., 2019; Petukhova
formation
(Continued)
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TABLE 1 | Continued

Antigen Antigen Antibody function  Tested Species Vaccine Protection Antibody Protection
function as tested status Therapy
Vaccine?
media in et al., 2020; Thanawastien et al.,
humans 2021
CbpG Cleavage of  Opsonophagocytosis Yes Murine Murine Yes Yes Yes Mann et al., 2006; Kazemian
casein and model etal, 2018
fibronectin
PcpA Adherence Increase C3 Yes Murine Phase 1 Protection  Yes Yes Glover et al., 2008; Verhoeven
to epithelial deposition not yet et al., 2014; Brooks et al., 2015;
cells Reduced adherence Human assessed in Ochs et al., 2016; Xu et al., 2017;
Opsonophagocytosis humans. Visan et al., 2018
Yes, in
animal
models
PspC/CbpA Adherence Increase C3 Yes Murine Murine Protective Yes Protective ~ Cao et al., 2007; Lu et al., 2008;
to epithelial  deposition model against when used Ferreira et al., 2009; Hernani
cells certain with other et al., 2011; Ricci et al., 2011;
Binding Block fH binding serotypes antibbodies  Mann et al., 2014; Chen et al.,
complement  Opsonophagocytosis 2015
factor H,
C4BP, and
vitronectin

Complement deposition

Capsule Shedding

Opsonophagocytosis

FIGURE 2 | lllustration of mechanisms of anti-pneumococcal antibodies. Antibodies binding pneumococcal antigens can increase complement deposition, leading
to formation of the membrane attack complex, induce bacterial agglutination, cause capsule shedding, and increase opsonophagocytic activity of phagocytic cells.
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burden in animal models (Wu et al., 1997; Briles et al., 2000c¢;
Ferreira et al., 2006b; Daniels et al., 2010; Piao et al., 2014;
Nagano et al., 2018; Nakahashi-Ouchida et al., 2021). It has also
been demonstrated that antibodies targeting PspA can have their
function enhanced via targeting activating FcyRI with fusion
proteins consisting of PspA and IgG2a Fc, which then is able to
enhance PspA-specific immune responses (Wiedinger et al.,
2020). Another study demonstrated that by fusing a
humanized single-chain antibody component (in which the
variable domain binds to FcyRI) to PspA, protection could be
achieved in the absence of adjuvant (Bitsaktsis et al., 2012). This
vaccine could be enhanced further by adding an additional FcyRI
binding moiety to the vaccine mentioned above (Kumar et al.,
2020). PspA vaccines have advanced to human clinical trials and
demonstrated safety and robust antibody responses (Briles et al.,
2000b; Nabors et al., 2000; Frey et al., 2013), however, concerns
exist about using full length PspA due to its sequence homology
with human cardiac myosin (Ginsburg et al., 2012).

Vaccine derived antibodies targeting PspA mainly function
by increasing complement C3 deposition leading to increased
phagocytosis. Passive immunization with an anti-PspA mAb
XiR278 protected mice from infection at 10x the LDs, when
given before or shortly after pneumococcal infection (Swiatlo
et al., 2003). Another study generated broadly reactive anti-PspA
mouse mAbs, one of which, mAb 140H1, bound to 98% of the 48
strains tested, which encompasses the clinically relevant PspA
clades 1-5 (Kristian et al., 2016). mAb 140H1 was shown to be
protective in in vivo mouse sepsis and pneumonia models,
including 24 hrs after intranasal infection (Kristian et al.,
2016). This study also demonstrated that mAb 140H1 and
others were able to increase C3 deposition on the surface of
bacteria and increase bacterial killing in opsonophagocytic
killing assays. This suggests that the complement deposition
induced by these anti-PspA mAbs facilitates phagocytic uptake
and killing by neutrophils (Kristian et al., 2016). In support of
this observation, increased C3 deposition on the surface of
bacteria via anti-PspA mAb binding has been demonstrated in
numerous studies (Ren et al., 2004; Ren et al., 2012; Bitsaktsis
et al., 2012; Goulart et al., 2013; Khan et al., 2015; Genschmer
etal., 2019; Wiedinger et al., 2020). Additional functions for anti-
PspA mAbs include inhibition of lactoferrin by anti-PspA mAbs
(Bitsaktsis et al., 2012), and enhanced trapping and killing of S.
pneumoniae by neutrophil extracellular traps (Martinez
et al,, 2019).

Pneumococcal Surface Adhesin A

The pneumococcal surface adhesin A (PsaA) is a multifunctional
surface exposed lipoprotein that is found in all known serotypes
(Sampson et al., 1997). PsaA is an ABC transporter binding
protein that is capable of transporting Zn>" and Mn** (Dintilhac
et al., 1997; Lawrence et al.,, 1998; Jakubovics and Jenkinson,
2001; W et al., 2004). PsaA can also facilitate attachment to host
cells (Sampson et al., 1994; Novak et al., 2000; Romero-Steiner
et al.,, 2003; McAllister et al., 2004; Romero-Steiner et al., 2006)
and protect against oxidative stress (Tseng et al, 2002). The
binding receptor for PsaA is E-cadherin, the cell-cell junction
protein found in respiratory epithelial cells (Anderton et al,

2007). PsaA employs multiple effects on host cells including
cytoplasmic foaming, excessive vacuolation, and nuclear
structure changes leading to colonization and internalization of
the bacteria (Anderton et al., 2007). It was recently discovered
that PsaA interacts with human Annexin A2 (ANXA2) (Hu
et al,, 2021). Immunization studies with recombinant PsaA
showed a significant reduction in recovery time against
pneumococcal carriage (Briles et al., 2000a; Miyaji et al., 2001;
Oliveira et al., 2006; Pimenta et al., 2006; Wang et al., 2010).
However when used in a systemic challenge model those
protective effects were either minimal (Talkington et al., 1996)
or not significant (Wang et al., 2010). Anti-PsaA antibodies can
reduce the ability of Streptococcus pneumoniae to bind to Detroit
562 cells (pharyngeal epithelial cells) in vitro (Romero-Steiner
et al.,, 2003; Romero-Steiner et al., 2006).

Pneumococcal Histidine Triad Proteins
The pneumococcal histidine triad proteins are a group of four
proteins (PhtA, PhtB, PhtD, PhtE) that are present on the surface
of S. pneumoniae (Adamou et al, 2001). PhtD is the most
conserved of the group with 91-98% identity across strains
isolated from cases of invasive disease (Yun et al., 2015). While
the function of PhtD is not fully understood, it is important for
attachment to respiratory epithelial cells in vitro (Khan and
Pichichero, 2012; Plumptre et al., 2013a; Kallio et al., 2014).
Additionally, PhtD has been shown in vitro to aid in Zn>*
acquisition and ultimately bacterial homeostasis as Zn>" is a
vital nutrient (Ogunniyi et al., 2009; Eijkelkamp et al., 2016).
PhtD can also reduce complement deposition via Factor H (FH)
(Ogunniyi et al., 2009). Several studies have demonstrated that
immunization with PhtD or other Pht antigens elicits antibodies
that protect against sepsis, pneumonia, and reduced colonization
in animal models (Wizemann et al., 2001; Denoél et al., 2011a;
Denoél et al., 2011b; Godfroid et al., 2011; Plumptre et al., 2013b;
Ravinder et al., 2014; Papastamatiou et al., 2018; Andre et al.,
2020). In a non-human primate model, vaccination with a
combined PhtD/pneumolysin formulation was protective
against lethal challenge (Denoél et al., 2011b). PhtD-based
vaccine candidates have advanced to clinical trials, and several
trials have demonstrated that immunization with PhtD was well
tolerated and immunogenic (Bologa et al, 2012; Khan and
Pichichero, 2012; Seiberling et al., 2012; Berglund et al., 2014;
Leroux-Roels et al., 2014; Hammitt et al., 2019). However in
a clinical trial in 6-12 month old infants, vaccination with PhtD/
dPly/PCV13 did not show an increase in vaccine efficacy
against acute otitis media compared to the standard PCV13
vaccine (Hammitt et al., 2019). In an additional study, a PHiD-
CV/dPly/PhtD vaccine containing a 10-valent polysaccharide
conjugate (10VT) combined with pneumolysin toxoid
and pneumococcal histidine triad protein D was immunogenic
but no improvement in pneumococcal carriage in infants
was seen regardless of dose or schedule (Odutola et al., 2017).
Vaccine induced PhtD antibodies were shown to increase
complement C3b deposition on the bacterial surface and
increase phagocytosis.

Antibodies targeting PhtD have demonstrated protection in
preclinical animal models. Anti-PhtD polyclonal antibodies are
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able to reduce colonization (Ravinder et al., 2014) and protect
against lethal sepsis (Brookes et al., 2015) in a passive transfer
mouse model. The use of anti-PhtD mAbs has also been
explored. Human anti-PhtD mAbs are protective against both
sepsis and pneumonia models of infection in mice when given
prior to infection (Huang et al., 2021). Additionally,
administration of an anti-PhtD mAb (PhtD3) 24 hours post
infection was able to rescue mice from infection (Huang et al,
2021). An in vivo mechanism for anti-PhtD antibodies has not
been fully elucidated, however, a recent study demonstrated that
when depleting complement via cobra venom factor the
protective effect of anti-PhtD antibodies was lost (Visan et al,,
2018). Furthermore, depletion of macrophages but not
neutrophils also resulted in loss of protection (Visan et al.,
2018). The mechanism of anti-PhtD antibodies has been tested
in vitro where it was observed that antibodies are able to inhibit
bacterial attachment to epithelial cells (Kallio et al., 2014; Kaur
et al., 2014), promote complement deposition (Andre et al,
2021) (Visan et al., 2018), and increase bacterial phagocytosis
(Visan et al.,, 2018; Malekan et al., 2020; Andre et al.,, 2021;
Huang et al., 2021).

Neuraminidase

S. pneumoniae utilizes neuraminidases for sugar acquisition, and
these neuraminidases are a key virulence factor of which three
have been described: NanA, NanB and NanC (Camara et al.,
1994; Berry et al., 1996; Xu et al., 2011; Hammond et al., 2021).
These neuraminidases cleave terminal sialic acids providing
essential nutrients (King et al., 2006; Burnaugh et al., 2008),
interfere with C3 deposition (Dalia et al., 2010), promote biofilm
formation (Parker et al., 2009), and are required for adherence
and invasion of brain endothelial cells (Uchiyama et al., 2009).
Due to the multitude of essential functions for S. pneumoniae
these neuraminidases provide an attractive target for therapeutic
antibodies. Utilizing an in vitro assay with differentiated airway
epithelial cells, it was shown that anti-neuraminidase mAbs can
preserve the terminal epithelial sugar composition during S.
pneumoniae infection leading to a 10-20 fold decrease in
bacterial growth compared to control mAbs (Janesch et al,
2018). Similar effects were seen in an in vivo mouse model,
where anti-neuraminidase mAbs led to a reduction in
desialylation of the airways (Janesch et al., 2018). However, in
an acute murine pneumonia treatment with the anti-
neuraminidase mAbs there was no effect on survival, lung
burden, or host inflammatory responses (Janesch et al., 2018).
While anti-neuraminidase mAbs exert an inhibitory effect on the
neuraminidases, this does not lead to a positive effect on
mortality or bacterial burden in a murine model of acute
pneumonia (Janesch et al., 2018).

Pneumolysin

The virulence factor pneumolysin (Ply) is a cholesterol-
dependent cytolysin that plays an essential role in
pneumococcal disease. Pneumolysin lacks a secretory signal
and is localized in the cytoplasm or the cell wall, and is
released during autolysis and bacterial growth (Garcia-Suarez
et al.,, 2007; Price and Camilli, 2009). Pneumolysin exhibits a

wide range of effects, including cytotoxic activity (Steinfort et al.,
1989; Rubins et al., 1992; Rayner et al, 1995) to host cells,
increasing bacterial penetration (Ring et al., 1998; Zysk et al.,
2001), increasing inflammation (Feldman et al., 1991; Cockeran
et al,, 2001; Yoo et al., 2010; Subramanian et al., 2019), blocking
complement (Paton et al., 1984; Mitchell et al, 1991; Rubins
et al., 1995; Alcantara et al., 2001), and being a vital factor in
biofilm formation and pneumococcal transmission (Shak et al.,
2013; Marks et al., 2014; Zafar et al., 2017). Due to its conserved
nature between strains and serotypes (Han and Zhang, 2019),
(Kanclerski and Mollby, 1987) pneumolysin has been well
studied as a therapeutic target. Numerous studies investigating
antibodies targeting Ply have demonstrated their protective
efficacy. Ply renders platelets nonfunctional and inhibits
platelet-thrombus formation in whole blood, and an in vitro
study demonstrated that anti-Ply antibodies are able to
neutralize Ply and rescue platelet function (Jahn et al., 2020).
Murine derived anti-pneumolysin mAbs were able to neutralize
its cytolytic activity and inhibit binding of pneumolysin to
cholesterol (Kucinskaite-Kodze et al., 2020). In a recent study,
anti-pneumolysin human polyclonal antibodies did not decrease
adherence of TIGR4 to A549 cells in vitro, however, in an in vivo
murine model, passive transfer of anti-pneumolysin antibodies
did show a significant decrease in colonization of TIGR4 (Kaur
et al., 2014). Biofilm formation plays a key role in pneumococcal
colonization and Ply is important for biofilm formation,
independent of its cytolytic activity (Shak et al, 2013). High
serum levels of anti-Ply antibodies have been correlated to
delayed colonization in infants (Holmlund et al., 2006; Francis
et al,, 2009), and low anti-Ply antibodies may be a predisposing
factor in developing pneumococcal pneumonia (Huo et al.,
2004). Inactive Ply mutants are able to induce antibodies that
neutralize Ply via an in vitro anti-hemolytic assay (Kamtchoua
et al.,, 2013). Several studies have demonstrated that
immunization with Ply generates anti-pneumolysin antibodies
that are protective (Sanders et al., 2010; Lu et al., 2014; Mann
et al, 2014; Hermand et al, 2017; Petukhova et al., 2020;
Thanawastien et al., 2021). The direct use of anti-pneumolysin
mAbs was protective when administered intravenously in a lethal
intranasal model of infection in mice (Garcia-Suarez et al., 2004).
However, a recent study showed that using a DNA vaccine
vector, low levels of anti-pneumolysin antibodies were
generated that were not protective in a septic challenge model
in mice (Ferreira et al., 2006a). In human clinical trials, anti-
pneumolysin antibodies derived from vaccination are able to
neutralize pneumolysin (Kamtchoua et al., 2013) but no
differences were seen in colonization, bacterial load, or
clearance due to the vaccine compared to controls (Odutola
etal, 2017; Hammitt et al., 2019). While antibodies targeting Ply
have been shown to function through the neutralization of its
cytolytic activity, antibody inhibition of other Ply functions such
as adherence, complement blocking, and biofilm formation have
not been demonstrated.

Choline Binding Proteins
The virulence factor CbpG is an adhesin with putative serine
protease activity in both colonization and sepsis (Galan-Bartual
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etal., 2015). The protease portion of CbpG is able to cleave casein
and fibronectin, and enzymatic activity is able to remain intact
regardless of being surface bound or secreted (Mann et al., 2006).
Another closely related antigen, CbpM, was demonstrated to
bind to fibronectin facilitating S. pneumoniae attachment to
epithelial cells (Afshar et al., 2016). Vaccination with
recombinant CbpG induces antibodies that are able to confer
protection against colonization to a limited degree and provide
robust protection against systemic infection (Mann et al., 2006).
In another study, mice immunized with CpbG or CbpM and
challenged via intraperitoneal injection had a significant increase
in protection and clearance of bacteria as early as 48 hours post
infection (Kazemian et al., 2018). Serum containing anti-CbpG
and anti-CbpM antibodies from the aforementioned study were
also found to increase neutrophil mediated opsonophagocytosis
(Kazemian et al., 2018). Finally, a passive transfer model using
anti-CbpG and anti-CbpM antibodies in mice demonstrated a
protective effect against S. pneumoniae challenge although not as
robust as that seen in immunization studies with the antigens
(Kazemian et al., 2018). Currently, antibodies targeting CbpG
and CbpM have been shown to increase neutrophil mediated
opsonphagocytosis, but other functions of these antibodies need
to be further elucidated.

PcpA is another member of the choline binding protein
family that is under the control of the manganese-dependent
regulator psaR, and high concentrations of Mn suppress
expression (Johnston et al, 2006). Immunization with PcpA
elicits antibody responses that provide protection against lung
and systemic infections (Glover et al., 2008; Verhoeven et al.,
2014; Xu et al.,, 2017), but do not protect against colonization in
the nasopharynx (Sanchez-Beato et al., 1998). In phase 1 human
trials PcpA was used in a trivalent recombinant vaccine
containing PhtD, PlyD1 and PcpA, the vaccine demonstrated
immunogenicity with an increase in antibody concentration,
however protection was not assessed (Brooks et al., 2015).
Passive transfer of human anti-PcpA polyclonal antibodies in
a murine challenge model were able to mediate protection
(Ochs et al.,, 2016). The adherence effect of PcpA on
the surface of bacteria was successfully blocked by utilizing
Fab fragments targeting PcpA, which blocked adherence
of S. pneumoniae to human epithelial cells in vitro (Khan
et al., 2012). Macrophages but not neutrophils were required
for anti-PcpA antibody protective efficacy in a passive transfer
model (Visan et al, 2018). Additionally, anti-PcpA antibodies
are able to enhance compliment C3b deposition (Visan
et al,, 2018), increase phagocytosis and block adherence of
the bacteria.

CbpA/PspC is involved in the adhesion and colonization of
the nasopharynx and in the binding of pIgR (Kerr et al., 2006;
Orihuela et al., 2009). PspC is important in the recruitment and
binding of complement factor H (Dave et al., 2001;
Hammerschmidt et al.,, 2007; Ricci et al., 2011), evading
complement by binding of C4BP (Dieudonne-Vatran et al.,
2009; Haleem et al., 2019), and prevention of terminal
complement complex mediated lysis by binding vitronectin
(Voss et al.,, 2013; Kohler et al.,, 2015). Due to its role in

virulence on multiple fronts, it is a key immunogenic target,
however, while it is present in all clinically relevant serotypes, it is
quite variable making it a difficult target for vaccination efforts
(Brooks-Walter et al., 1999; Iannelli et al., 2002; Georgieva et al.,
2018). This high degree of variability has led to mixed results
when PspC has been used for immunization. Studies have
demonstrated that immunization with PspC alone (Hernani
et al,, 2011; Ricci et al,, 2011) or a multivalent approach with
other pneumococcal antigens PspA and/or Ply are protective
(Cao et al., 2007; Mann et al., 2014; Chen et al., 2015). However,
other studies have shown that immunization with PspC is not
protective (Lu et al., 2008; Ferreira et al., 2009; Ricci et al., 2011).
These different results are likely due to the high variability of
PspC between different serotypes. Passive immunization with
anti-PspC antibodies has demonstrated protection (Mann et al.,
2014), however, once again mixed results have been seen where
passive immunization with anti-PspC antibodies alone were not
protective but showed a protective and synergistic effect once
administered with anti-PspA and anti-CIbP antibodies (Cao
et al.,, 2007). PspC antibodies can increase complement
deposition (Ricci et al., 2011), interfere with fH binding (Ricci
et al,, 2011; Glennie et al., 2016) and promote opsonophagocytic
killing of S. pneumoniae (Ricci et al., 2011; Georgieva et al., 2018)
in vitro.

Other Antigens

Phosphorylcholine

S. pneumoniae contains phosphorylcholine (PC) also known as
ChoP, a structural component that is linked to bacterial
adherence via the platelet activating factor receptor (PAF-R)
(Cundell et al., 1995; Tuchi et al., 2019). Several key virulence
proteins such as the CBPs and PspA are attached to the cell wall
via PC (Rosenow et al., 1997). PC-dependent binding to the
epithelial receptor asialo-GM1 has also been demonstrated
(Sundberg-Kévamees et al., 1996). PC expression is essential to
the bacteria as mutant bacteria that do not express PC are unable
to colonize the upper respiratory tract in mice and are less
virulent in murine sepsis models (Kharat and Tomasz, 2006).
The C-reactive protein (CRP) recognizes PC and initiates the
classical complement pathway increasing phagocytosis of S.
pneumoniae (Mold et al., 1982). Due to PCs important role in
adherence and association with key proteins, it offers a promising
therapeutic target. Early on in the field it was demonstrated that
anti-PC antibodies in normal mouse serum provide protection
against intravenous pneumococcal challenge (Briles et al., 1981).
Anti-PC mAbs were also found to be protective against
several different serotypes in a murine infection model (Briles
et al., 1992). One study demonstrated that pretreating
S. pneumoniae with an anti-PC mADb reduced the adherence
of S. pneumoniae with high levels of PC but not low levels of PC
in both in vitro and in vivo models (Tuchi et al., 2019). Several
studies have concluded that immunization with PC elicits anti-
PC antibodies that are able to enhance clearance of S.
pneumoniae and provide protection against pneumococcal
infection (Wallick et al., 1983; Fischer et al., 1995; Trolle et al.,
2000; Tanaka et al., 2007).
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CONCLUSION

This review has discussed the important role of anti-
pneumococcal antibodies in protection against pneumococcal
infections. While currently approved vaccines only target the
pneumococcal capsule of the bacteria via immunization, more
recent studies have demonstrated the potential of targeting
conserved antigens that help bacteria evade the immune system.
The antimicrobial effects of anti-pneumococcal antibodies are
wide ranging and impressive, and include an increase in
complement deposition, enhanced opsonophagocytic activity,
amplified NET and lactoferrin mediated killing, interference
with attachment and penetration of host cells, neutralization of
cytotoxic proteins, and modulation of the inflammatory response.
A greater understanding of how anti-pneumococcal antibodies
function is crucial. Studies to date have demonstrated that optimal
antibody responses are unlikely to target one antigen but multiple
antigens with different functions essential to S. pneumoniae fitness
and/or survival. This synergistic approach may be our most
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A Jack of All Trades: The Role of
Pneumococcal Surface Protein A in
the Pathogenesis of Streptococcus
pneumoniae

Jessica R. Lane, Muralidhar Tata, David E. Briles and Carlos J. Orihuela™

Department of Microbiology, The University of Alabama at Birmingham, Birmingham, AL, United States

Streptococcus pneumoniae (Spn), or the pneumococcus, is a Gram-positive bacterium
that colonizes the upper airway. Spn is an opportunistic pathogen capable of life-
threatening disease should it become established in the lungs, gain access to the
bloodstream, or disseminate to vital organs including the central nervous system. Spn
is encapsulated, allowing it to avoid phagocytosis, and current preventative measures
against infection include polyvalent vaccines composed of capsular polysaccharide
corresponding to its most prevalent serotypes. The pneumococcus also has a plethora
of surface components that allow the bacteria to adhere to host cells, facilitate the evasion
of the immune system, and obtain vital nutrients; one family of these are the choline-
binding proteins (CBPs). Pneumococcal surface protein A (PspA) is one of the most
abundant CBPs and confers protection against the host by inhibiting recognition by C-
reactive protein and neutralizing the antimicrobial peptide lactoferricin. Recently our group
has identified two new roles for PspA: binding to dying host cells via host-cell bound
glyceraldehyde 3-phosphate dehydrogenase and co-opting of host lactate
dehydrogenase to enhance lactate availability. These properties have been shown to
influence Spn localization and enhance virulence in the lower airway, respectively. Herein,
we review the impact of CBPs, and in particular PspA, on pneumococcal pathogenesis.
We discuss the potential and limitations of using PSpA as a conserved vaccine antigen in a
conjugate vaccine formulation. PspA is a vital component of the pneumococcal virulence
arsenal — therefore, understanding the molecular aspects of this protein is essential in
understanding pneumococcal pathogenesis and utilizing PspA as a target for treating or
preventing pneumococcal pneumonia.

Keywords: Streptococcus pneumoniae, choline-binding proteins, pneumococcal surface protein A (PspA),
pathogenesis, vaccine
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INTRODUCTION

Streptococcus pneumoniae (Spn), or the pneumococcus, is a
Gram-positive bacterium that colonizes the nasopharynx.
From the nasopharynx, Spn can disseminate to normally sterile
sites to cause opportunistic infections. These sites include the
middle ear, where Spn causes otitis media (Bluestone et al., 1992).
Spn can also be aspirated into the lower respiratory tract to cause
pneumonia. These infections typically occur in infants, those
who are immunocompromised, or in the elderly (Brooks and
Mias, 2018). In approximately 30% of individuals with
pneumonia, Spn gains access to the bloodstream and the
ensuing bacteremia can result in sepsis and disseminated organ
damage (Askim et al, 2016; Asner et al, 2019). Within the
bloodstream, pneumococci encounter the blood-brain barrier
and in rare cases can cross this endothelial cell barrier to cause
meningitis (Ring et al., 1998; Thigpen et al, 2011). It is
important to consider that Spn is primarily an asymptomatic
commensal and severe infections are uncommon among
otherwise healthy adults. Clinical epidemiological studies show
that most affected individuals had at least one or more
underlying conditions placing them at higher risk of infection
(Bogaert et al, 2004). Pneumococcal infections, even among
those who are susceptible, are commonly preceded by prior viral
exposure (O'Brien et al., 2000; Jansen et al, 2008). Viral
infections, particularly influenza, have been shown to prime
mucosal epithelial cells for bacterial binding, enhance
carbohydrate and protein levels in airway secretions, and
disarm or deflect the immune system. These events enhance
the susceptibility of the lower airway for bacterial establishment
and, once pneumonia develops, can accelerate the progression
towards invasive disease (Hament et al,, 1999; Diavatopoulos
et al,, 2010; Loughran et al., 2019; Van Der Poll and Opal, 2009).

In 2018, the Centers for Disease Control and Prevention
reported that pneumococcal pneumonia resulted in 150,000
individuals being hospitalized in the United States, while
pneumococcal bacteremia and meningitis caused 3,500 deaths
(Centers for Disease Control and Prevention, 2018). Across the
globe, pneumococcal burden was estimated to be 26.7 incidences
per 1,000 people causing over one million deaths (Global Burden
of Disease Lower Respiratory Infections Collaborators, 2018).
Multiple vaccines are currently licensed to protect against Spn
disease and all are composed of capsular polysaccharide from
Spn’s most prevalent serotypes (Scott et al., 2021). Since the
introduction of a 7-valent conjugate vaccine in 2000, followed by
the 13-valent version in 2010, invasive pneumococcal disease
(IPD) in children <5 years has drastically decreased by as much
93% in the United States (Centers for Disease Control and
Prevention, 2018). In adults, there has been an overall
reduction of IPD incidence from 16 to 8 cases per 100,000
(Centers for Disease Control and Prevention, 2018). However,
the threat of vaccine escape, serotype 3 for which the vaccine has
poor efficacy, and remnant disease caused by non-vaccine
serotypes, has kept efforts to improve on these vaccines a top
priority (Scott et al., 2021). Along such lines and in 2021, 15- and
20-valent conjugate vaccines were approved, and these will most
likely further lower pneumonia rates in the near future (Hurley

et al.,, 2020). Despite the tremendous success of the conjugate
vaccines, Spn remains a leading cause of community-acquired
pneumonia and invasive disease (Global Burden of Disease
Lower Respiratory Infections Collaborators, 2018).

Spn has several virulence factors that aid its survival within
the host, one of these being its capsular polysaccharide which
protects it from phagocytosis by immune cells (Hyams et al.,
2010). Another being the toxin pneumolysin, which forms pores
in the membranes of host cells resulting in ion dysregulation and,
at higher concentrations, cell death by apoptosis or necroptosis
(Hirst et al., 2004; Gonzalez-Juarbe et al., 2015). Pneumococcal
pneumonia is characterized by a strong inflammatory response
in the airway that results in lung consolidation and loss of gas
exchange. Pneumolysin, in addition to killing cells and causing
the release of alarmins, activates the classical complement
cascade (Mitchell and Dalziel, 2014). Lipoteichoic (LTA) and
cell wall teichoic acid (WTA) associated with the pneumococcus
are Toll-like receptor 1/2 ligands and therefore are also
inflammatory (Draing et al., 2006). Phosphorylcholine (PC)
residues that are present on LTA and WTA mimic the
molecular structure of host platelet-activating factor and bind
to platelet-activating factor receptor (PAFr) (Cundell et al,
1995). This activates host cells, resulting in chemokine
production, and the PC residues on the surface of the
bacterium are targeted by C-reactive protein, which activates
complement and exacerbates inflammation (Pepys and
Hirschfield, 2003). The pneumococcus is generally protected
by its capsule from killing by infiltrated immune cells until the
host develops capsule-specific antibody, which then effectively
opsonizes the bacterium for phagocytosis.

Clinical isolates of Spn vary considerably in their genetic
content, as much as 10-15% between strains, and carry between
10-16 choline-binding proteins (CBP) (Hiller et al., 2007; Gisch
et al,, 2013). With exception to serotype 1 (Cornick et al., 2017),
the majority of Spn produce pneumococcal surface protein A
(PspA), a 65 to 99-kDa CBP that protects the bacteria from C-
reactive protein-mediated activation of complement and from
killing by lactoferricin, a cationic antimicrobial peptide
(Hammerschmidt et al., 1999; Tu et al., 1999). Recent findings
from our group describe two new functions for PspA, as an
adhesin and means to co-opt host metabolic enzymes for its
benefit (Park et al., 2021a; Park et al, 2021b). Indeed, this
protein acts as a “Jack of All Trades.” In this review, we will
summarize how PC and CBPs contribute to pneumococcal
pathogenesis and the role PspA plays during infection. At
conclusion, we will discuss how our new understanding of
PspA virulence provides insight into Spn pathogenesis and
the implications towards new treatments and potentially
improved vaccines.

Phosphorylcholine on the Pneumococcal
Surface

Pneumococcal cell wall is located outside the cell membrane and
underneath the capsular polysaccharide layer of Spn. It is
composed of peptidoglycan chains cross-linked to each other
with interlaced teichoic acid (Galan-Bartual et al., 2015). The cell
wall also acts as an anchor point for capsule types that rely on the
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Wxy/Wzy-dependent synthesis pathway (Geno et al., 2015). PC
is a small amino alcohol that is essential for eukaryotic cell
growth but also commonly found on the surface of bacterial
pathogens (Garcia et al, 1998; Harnett and Harnett, 1999).
Choline is not synthesized by Spn, yet the bacteria is
dependent on it for growth or one of its structural analogues,
such as ethanolamine (Galan-Bartual et al., 2015). The lic
operon in Spn encodes the transporters and enzymes necessary
for the uptake and conversion of environmental choline into PC,
eventually incorporating it into either LTA or WTA (Zhang
et al., 1999).

LTA and WTA are composed of four to eight repeating units
of ribitol 5-phosphate, N-acetyl-D-galactosaminyl (GalNAc), 2-
acetamido-4-amino-2,4,6-trideoxy-D-galactose (AATGal), and
D-glucose (Behr et al., 1992; Jennings et al., 1980). The
number of PC residues on the pneumococcal surface varies
between strains and can also be influenced by phase-variation
(Weiser et al., 1994; Kim and Weiser, 1998). PC on the surface of
the pneumococcus functions as a mimetic of platelet-activating
factor and thereby binds PAFr on host cells (Cundell et al., 1995;
Ring et al., 1998). Its binding by pneumococcal PC results in
MAPK activation as well as recruitment of P-arrestin and
clathrin to the receptor base for its internalization (Ishii and
Shimizu, 2000; Radin et al., 2005; Stafforini, 2009; Asmat et al.,
2014). Subsequently, clathrin-mediated endocytosis occurs with
uptake of the receptor-bound bacteria into an endosome. Thus,
PC plays a vital role in pneumococcal adhesion and the invasion
of non-immune cells. Its lowered expression has been shown to
result in decreased levels of colonization of the upper airway in a
murine model of infection (Kharat and Tomasz, 2006).

PC on the surface of microorganisms is an important target
for the host response. C-reactive protein (CRP), which is made
by the liver in response to IL-6, binds to PC activating the
complement cascade (Volanakis and Kaplan, 1971; Thompson
etal., 1999). Classical complement proteins such as Clq, C4, and
C2 recognize and bind to PC-bound CRP with subsequent
activation of the cascade and opsonization of the bacterial
surface (Rupprecht et al., 2007). Additionally, an anti-
phosphorylcholine (anti-PC) IgM autoantibody is produced by
CD5" B-cells that provides another layer of host defense against
Spn or other PC-bearing pathogens (Briles et al., 1981). Notably,
anti-PC antibodies are ubiquitous in human sera with up to 10%
of total IgM being reactive to PC (Su et al., 2006; Chou
et al., 2008).

CHOLINE-BINDING PROTEINS

CBPs generally consist of three major domains: a leader peptide,
a variable biologically functional domain sometimes followed by
a proline-rich domain (PRD), and a conserved choline-binding
domain (Bergmann and Hammerschmidt, 2006). The majority
of CBPs contain a choline-binding domain at the C-terminal end
with some exceptions such as LytB and LytC, where the domain
is present at the N-terminus, while for CbpL it is present in the
central region of the protein (Bergmann and Hammerschmidt,
2006). The choline-binding domain is modular with a variable

number of repeating units consisting of a ~20 amino acid-
sequence, i.e., choline-binding motifs. Only four to five
choline-binding motifs are required for interaction with PC on
LTA or WTA to occur and for the CBP to become docked onto
the pneumococcal surface (Yother and White, 1994). The
majority of Spn strains carry two PC residues per repeating
unit of AATGal and GalNAc on LTA or WTA and these are
linked via a phosphodiester bond to the O6 molecule of GalNAc
(Vollmer et al., 2019). Choline-binding motifs are spaced so that
the choline-binding domain becomes interlaced with the
repeating PC residues.

Most strains of Spn encode more than 10 CBPs in their
genome (Hakenbeck et al., 2009). Among those best
characterized are the cell wall hydrolytic enzymes LytA, LytB,
and LytC, the pneumococcal surface protein A (PspA),
pneumococcal choline-binding protein A (PcpA), and the
choline-binding proteins CbpA and CbpC (Figure 1)
(Hakenbeck et al., 2009). For a complete list of pneumococcal
CBPs and their function during colonization and pathogenesis
see Table 1. Unfortunately, the nomenclature of CBPs becomes
complicated as proteins have more than one name and related
proteins have similar names and abbreviations. For instance,
choline-binding protein A (CbpA) and pneumococcal surface
protein C (PspC) are the same protein (Rosenow et al., 1997;
Gosink et al., 2000). Herein, we will discuss PspA and CbpA, and
will use these names to maintain distinction.

Structure and Variability of PspA
PspA is an abundant surface-exposed virulence factor. It is found
in nearly all clinical isolates of Spn, but not in other Streptococci
(Crain et al., 1990). Transcriptomic studies suggest it is expressed
across all anatomical host sites and organs during infection
(D'Mello et al., 2020). Based on the sequence variations among
strains and differences in reactivity with antibodies, it is now
recognized that PspA proteins are mosaics. The size of mature
PspA ranges from 65 to 99 kDa across various strains consisting
of the three major domains: the N-terminal alpha-helical, the
proline-rich, and the C-terminal choline-binding (Figure 2).
The N-terminal region of PspA is 280-380 amino acids (aa)
long, immunogenic, and highly variable. It is composed of an
antiparallel coiled-coil alpha-helical charged domain (0HD) in
an elongated rod-like shape. The charge on the oHD is
significantly polarized being electropositive at the C-terminal
end and electronegative at the N-terminal end (Lamani et al,
2000). This polarization helps the interaction between PspA and
the negatively charged capsule while also decreasing the
antibacterial phagocytic activity (Nomura and Nagayama,
1995). The C-terminal 100 aa’s of oHD consist of a clade-
defining region (CDR) which is the basis for the classification
of PspA into 3 families (Hollingshead et al., 2000). Each family is
divided into clades, with Family 1 comprised of clade 1 and 2;
Family 2 comprised of clades 3, 4 and 5; and Family 3 comprised
of the rarer clade 6. Primary amino acid sequences within the
same clade exhibit >90% identity compared to only <55%
identity across different families. The first 100 N-terminal aa’s
and the last 100 C-terminal aa’s of the aHD can also elicit a
protective antibody response against Spn (McDaniel et al., 1994;
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Roche et al., 2003; Vadesilho et al., 2014) and for this reason are
thought to be highly variable between strains. Even though there
is significant cross-reactivity of antibodies against different
families of PspA, protection is not always guaranteed across
different families, an important consideration for its inclusion in
any future vaccine formulations.

The PRD domain consists of repeats of a 6-7 aa motif and can
occur several times in any sequence with their diversity well-
characterized by Mukerji et al. (2018). Based on the primary
amino acid sequence of PspA in 123 pneumococcal isolates, PRD
has been divided into three distinct groups. A common motif
that is present in many PRD is PAPAPAPA; in some cases, this
motif is truncated or interrupted by other amino acids or overlap
with other motifs. Another short amino acid motif present in
PRD sequences is PKPEQP, occurring in 96% of Group 1 and
73% of Group 3 strains, while it is absent in Group 2 (Mukerji
etal,, 2018). There are also other differences in motif patterns, for
example, in Group 3 the repetition of motifs occurs less
frequently and are more dispersed across the PRD, while in
Group 1 only a few of the motifs were repetitive, QPAPA or
PAPA. Another distinguishing feature of Group 3 PRD-domains
in relation to other groups is the presence of a 22 aa non-proline
block (NPB) “QQAEEDYARRSEEEYNRLTQQQ”. The NPB is
highly conserved, however, a significant single amino acid
polymorphism was observed within the NPB immediately
preceding “QQQ”. There were other significant variations
observed in the flanking regions of NPB (Mukerji et al., 2018),
however the biological significance of these variations is
unknown. Both the NPB and the PKPEQP motifs of PRD

elicited an immune response and provided protection in mice
from a fatal pneumococcal infection caused by isolates that
carried a version of PspA with these motifs (Daniels et al,
2010). Notably, the PRD motif is not exclusive to PspA and is
also found in CbpA (Rosenow et al., 1997). CbpA, like PspA, has
N-terminal alpha-helical domains with the PRD motif
positioned between these and the CBD (Luo et al., 2005).

Due to its surface exposure and the fact that antibodies
against PspA help eradicate the bacteria, PspA is under
considerable immunological pressure. Accordingly, the
presence of mosaic gene structure and diversity in PspA
sequences across various Spn are indicative of intraspecies
horizontal gene transfer and genetic recombination. These
derivatives, in turn, are positively selected within the host as
they are a means to evade the adaptive immune response against
PspA. Notably, the conserved nature of PspA’s repeat motifs
imply a direction of evolution where these motifs not only
provide antigenic variability, but also confer functions to PspA
that impact its virulence. One clear example of this is the NPB
(detailed below).

ESTABLISHED ROLES FOR PSPA IN
PNEUMOCOCCAL VIRULENCE

PspA was discovered by McDaniel et al. as a result of studies that
identified a monoclonal antibody against Spn that was not
specific against its capsule but was protective against bacterial
challenge (McDaniel et al., 1984). The antigen was subsequently
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TABLE 1 | Choline-binding proteins of Streptococcus pneumoniae.

Function

N-acetylmuramoyl-L-alanine amidase; fratricide; caspsule shedding; lysis-mediated release of pneumolysin (Tomasz

and Westphal, 1971; Mitchell et al., 1997; Kietzman et al., 2016)

Name Abbreviation
Autolysin A LytA
Autolysin B LytB
Autolysin C LytC

Choline-binding protein A CbpA (also PspC)

Separation of daughter cells via N-acetylglucosamine (Garcia et al., 1999; Gosink et al., 2000)
Lysozyme; fratricide; binds extracellular DNA to facilitate biofilm formation (Gosink et al., 2000; Eldholm et al., 2009)
Binds laminin receptor; binds polymeric immunoglobulin receptor; mediates bacterial uptake and translocation across

epithelial and endothelial layers; binds C3, binds serum factor H (Zhang et al., 2000; Duthy et al., 2002; Orihuela
et al., 2004b; Orihuela et al., 2009; Brown et al., 2014)

Choline-binding protein D
Choline-binding protein E
(also phosphorylcholine
esterase)

CbpD
CbpE (also Pce)

Competence-mediated fratricide (Gosink et al., 2000; Eldholm et al., 2009)
Curates PC residues on pneumococcal surface (Gosink et al., 2000; Hermoso et al., 2005)

Immunity protein protects against autolysis by LytC (Molina et al., 2009)

Invasion; immune evasion (Frolet et al., 2010; Gutiérrez-Fernandez et al., 2016)

Blocks C-reactive protein; binds lactoferricin; binds GAPDH; binds LDH (McDaniel et al., 1984; McDaniel et al., 1986;
McDaniel et al., 1987; Shaper et al., 2004; Mukerii et al., 2012; Park et al., 2021a; Park et al., 2021b)

Choline-binding protein F CbpF

Choline-binding protein G CbpG Serine protease; adhesin (Gosink et al., 2000; Mann et al., 2006)
Choline-binding protein | Chbpl Adhesin; immune evasion (Garcia et al., 1988; Frolet et al., 2010)
Choline-binding protein J CbpJ Adhesin; immune evasion (Frolet et al., 2010; Yamaguchi et al., 2019)
Choline-binding protein K CbpK Adhesin (Gosink et al., 2000; Tettelin et al., 2001)

Choline-binding protein L CbpL

Choline-binding protein M CbpM Adhesin; immune evasion (Frolet et al., 2010; Afshar et al., 2016)
Pneumococcal surface PspA

protein A

Pneumococcal PcpA Adhesin; aggregation (Sanchez-Beato et al., 1998)

choline-binding protein A

recognized as being a surface protein, opening the possibility of
protein-based vaccines against the pneumococcus. Subsequent
studies by McDaniel and others showed that PspA was required
for pneumococcal virulence and that PspA was a CBP. Further
studies over the next decade by McDaniel along with Briles and
Yother introduced details about the complexity of PspA and
established its critical role in pneumococcal pathogenesis
and virulence (McDaniel et al., 1987; Briles et al., 1988; Crain
et al., 1990; Yother and Briles, 1992; Yother and White, 1994;
Briles et al., 1996).

PspA Regulation

The gene encoding PspA is in the chromosome and not part of a
polycistronic operon. Upstream of pspA in strain TIGR4 is a 289
bp intergenic region that presumably regulates its expression
(Tettelin et al., 2001; Ribeiro et al., 2012). Two-component
signal transduction systems (TCSTS) function to sense
environmental cues and regulate pneumococcal gene
expression (Gomez-Mejia et al., 2018). It has been reported
that pspA expression is positively regulated via the VicRK
TCSTS and that the phosphorylated VicR (YycF) response
regulator increases its binding upstream of the gene (Ng et al.,
2005). The binding of VicR-P protected these regions from
digestion by DNase I, suggesting enhanced transcription
regulation of PspA (Ng et al, 2005). Additionally, there is a
second TCSTS in Spn that regulates PspA called RR/HKO6,
which also regulates CbpA (Standish et al., 2007). pspA
expression was repressed when the response regulator RR06
was phosphorylated and overexpressed (Standish et al., 2007).
A recent report by Im et al. also showed pspA gene expression is
influenced by carbon-catabolite repression and nutrient
availability (Im et al., 2021). Altogether, one can infer that the
regulation of pspA is multifaceted and complex.

Importantly, there have been numerous reports that show
pspA expression is responsive to the host environment (Gupta
et al., 2009; Ogunniyi et al., 2002; Orihuela et al., 2004a;
Lemessurier et al., 2006). Current efforts to characterize in vivo
PspA gene expression include dual species RNA-seq of infected
organs from mice using multiple bacterial strains (D'Mello et al.,
2020). Using Spn serotypes 2, 4, and 6A, our group found that
pspA was one of the 100 most highly expressed genes overall and
that this high level of expression was shared across all anatomical
sites of infection including the nasopharynx, lungs, blood, heart,
and kidneys (D'Mello et al., 2020). Viral infections can enhance
dispersal of pneumococci from biofilms under different
conditions, such as during a fever. Interestingly, increased
expression of pspA was observed when pneumococci were
exposed to influenza A virus (IAV). This occurred when
pneumococci were grown either planktonically or as a biofilm
(Pettigrew et al., 2014). Expression of pspA was also observed to
be increased in pneumococci that had recently dispersed from a
biofilm versus those growing as a biofilm (Pettigrew et al., 2014).

Complement Evasion

Complement is an enzymatic, self-amplifying cascade that
involves the deposition of opsonizing proteins on the surface
of bacteria that facilitate their recognition and uptake by
phagocytes along with the release of chemotactic and activating
factors that attract and recruit immune cells to the site of
infection. Complement culminates in the formation of the
membrane-attack complex (MAC) which has bactericidal
effects, although the thick Gram-positive cell wall of the
pneumococcus is resistant to this process (Loughran et al.,
2019). Regarding the classical cascade, immunoglobulins such as
IgA, IgG, and IgM recognize and bind to specific moieties on the
bacterial surface (Andre et al., 2017). Recognition is to antigens
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FIGURE 2 | Domain structure of PspA. lllustration shows the N-terminal signal sequence (SS), 280-380 aa a-helix region (oHD), the ~90 amino acid proline rich domain
(PRD), and the ~200 aa choline binding repeat domain (CBD) with its short 17 aa C-terminal tail. The clade-defining region (CDR) within the oHD s represented as light
blue. The GAPDH binding region (240-327) and Lactoferrin (LF) binding region (222-317) within aHD of WU2 serotype 3 are represented as red and cyan lines,
respectively. The non-proline block (NPB)/Lactate dehydrogenase (LDH) binding region within PRD domain is boxed as pink (based upon Mukerji et al., 2018). The PRD
composition of PspA from TIGR4, GA44128 and WU2 strains representing each group of PRD are shown in inset (adapted from Park et al., 2021a).

previously seen by the host during prior infection episodes or to
components where naturally occurring antibody is generated, for
example PC within WTA (Winkelstein and Tomasz, 1978).
Regarding the alternative cascade, degradation of serum protein
C3 results in the generation of C3a and C3b. C3b recognizes
teichoic acid and binds to bacterial surface components initiating
activation of the pathway (Hummell et al, 1981; Andre et al,
2017). The complement cascade can be blocked by serum Factor
H, which the pneumococcus binds to via CbpA, which in turn
binds Factor I and degrades C3b (Hyams et al., 2013). Other
ways to activate complement are certain serum proteins, such as
lectins, which act through the classical and lectin cascades. One
of which is aforementioned CRP (Thompson et al., 1999). Many
excellent reviews on the complement cascade and other serum
factors that mediate host-defense are available (Ehrnthaller et al.,
2011; Merle et al., 2015b; Merle et al., 2015a).

Studies by Ren et al., have shown that PspA inhibits
complement deposition on Spn and this feature is vital for Spn
virulence (Ren et al., 2004). PspA, due to its being one of the
most abundant CBPs, competes with CRP for the recognition of
PC residues on the pneumococcal cell surface (Mukerji et al.,
2012). Isogenic deficient mutants of PspA were observed to elicit
greater activation of the classical complement cascade with
increased deposition of Clq and C3b proteins on the bacterial
surface compared to wildtype Spn (Li et al., 2007). Consistent
with this, it has been shown by multiple investigators that PspA-
deficient pneumococci are cleared more quickly from the
bloodstream and are bound to a greater extent by complement,
whether initiated by the alternative or classical cascade, when
compared to wildtype bacteria (Tu et al., 1999; Ren et al., 2004;
Mukerji et al., 2012). PspA is also able to inhibit immune
adherence, where complement-bound bacteria become

attached to erythrocytes and are subsequently targeted by
macrophages for clearance (Li et al, 2007). By reducing the
effectiveness of the complement pathways, PspA reduces the
clearance of Spn during infection and accordingly enhances
pneumococcal virulence.

Lactoferricin Inhibition

Human lactoferrin (hLF) is an iron-binding globular
glycoprotein ~80 kDa present in mucosal secretions with a
high affinity for ferric (Fe*") iron (Hammerschmidt et al.,
1999). Lactoferrin can be divided between an iron-bound
“closed” hololactoferrin and the iron-free “open” apolactoferrin
(Baker and Baker, 2005). Apolactoferrin is capable of
bacteriostatic activity through iron-chelation which binds up
any free exogenous iron thereby inhibiting the use of the metal by
bacteria. Apolactoferrin is also capable of direct bactericidal
activity via its breakdown and the formation of a small peptide
called lactoferricin. This peptide has a large concentration of
positively charged residues, similar to other cationic
antimicrobial peptides, and serves to destabilize the negatively
charged bacterial cell membrane (Shaper et al., 2004).
Lactoferricin also interrupts the interactions between bacterial-
sequestered cations, such as Ca>* and Mg”*, and the lipoteichoic
acids in Gram-positive bacteria, leading to the de-stability and
increased permeability of the cell membrane (Baker and
Baker, 2005).

The oHD of PspA contains a lactoferrin-binding region
within aa residues 168-288 (Héikansson et al., 2001). This
region serves to protect the bacterium from lactoferricin-
mediated killing (Perez-Dorado et al., 2012; Shaper et al.,
2004). PspA showed comparably stronger affinity towards
human lactoferrin compared to that from other species
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(Hammerschmidt et al., 1999). Hakansson et al. also reported
that the ability of Spn to bind lactoferrin was entirely dependent
on PspA. PspA versions belonging to Family 1 and Family 2 both
bound to lactoferrin as demonstrated using PspA deficient
pneumococci (Hakansson et al., 2001). The conservation of
this trait, despite PspA’s considerable variability, highlights its
importance. Accordingly, Andre et al. showed that antibodies
that blocked PspA’s interaction with lactoferrin enhanced
bacterial killing (Andre et al., 2015).

NEWLY DISCOVERED FUNCTIONS
OF PSPA

Recent publications by our group have identified new facets of
Spn virulence involving PspA and its ability to utilize the
complex host environment to its advantage. Continued
elucidation of how PspA enhances pneumococcal pathogenesis
will provide key information and direction towards the
development of novel therapeutic or prophylactic strategies.

Host Lactate Utilization

During pneumococcal colonization and pneumonia, host
molecules that are normally intracellular are released as a result of
pneumolysin-mediated necroptosis of host cells (Labbé and Saleh,
2008; Gonzalez-Juarbe et al., 2018). These include molecules that
Spn directly co-opts to its advantage (Van Der Sluijs et al., 2004).
One newly appreciated factor is the host enzyme lactate
dehydrogenase (LDH); a tetrameric protein abundant in
mammalian cells composed of combinations of LDH-A and
LDH-B. LDH-A converts pyruvate to lactate to generate NAD"
from available NADH while LDH-B acts in the reverse (Burgner
and Ray, 1984). We have recently shown that Spn binds to host
LDH-A during lung infection (Figure 5) (Parketal.,2021b). When
mice were challenged with Spn that had incubated with mouse
LDH-A, there was a 10-fold increase in bacterial titers collected
from the lungs and an increase in bacteremia within a period of 24
hours post-infection (Park etal., 2021b). The binding site of PspA to
LDH-A was determined to be the conserved 22-amino NPB that is
sometimes found within the PRD (Park et al., 2021b). Spn that do
not contain the NPB fragment within their version of PspA were
unable to bind to LDH-A and did not benefit from co-incubation
prior to mouse challenge. NPB is also found in some versions of
CbpA and Spn having the NPB only in CbpA also benefitted from
LDH co-incubation (Park et al., 2021b). Notably, it was determined
that the enzymatic activity of LDH-A was crucial for enhancement
of pneumococcal virulence. Mice challenged with Spn incubated
with an enzymatically inactive version of LDH-A did not become
hyper-virulent. Moreover, incubation of Spn with lactate was
sufficient to confer the same effect as mixture with LDH-A. These
results suggest that the NPB of PRD on PspA or CbpA co-opts host
LDH-A with lactate potentially serving as a virulence-
amplifying nutrient.

Adhesion to Dying Host Cells
Recent findings indicate that PspA can also function as an
adhesin (Figure 3). This property of PspA is novel as it only

mediates binding to dying host cells (Park et al., 2021a).
Following mammalian programmed cell death, including both
necroptosis and apoptosis, the inner membrane of the host cell
undergoes a process where phosphatidylserine residues are
flipped outward. These residues serve as “eat me” signals to
macrophages who take up the cells but also are bound by free
host glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Fadok et al,, 1992; Martin et al, 1995). Using pull-down
assays and liquid chromatography/mass spectrometry (LC-
MS), it was discovered that PspA binds to mammalian
GAPDH, specifically by the amino acids 230-281 in the oHD
(Park et al., 2021a). It was subsequently shown that PspA uses
GAPDH to adhere to dying lung cells during infection, which
impacted the bacterium’s localization within the airway thereby
enhancing pneumococcal virulence during pneumonia (Park
et al, 2021a). Spn in particular seemed to take advantage of
this trait during co-infection with IAV, which sensitized cells to
pneumolysin-mediated necroptosis (Gonzalez-Juarbe et al.,
2020), and a condition which enhances pspA expression (Park
et al,, 2021a). It is noteworthy that the identified GAPDH-
binding motif on PspA overlaps with the lactoferrin-binding
domain. What is more, GAPDH binds to both apo- and holo-
lactoferrin by which the host cell either egresses or acquires iron,
respectively (Sheokand et al., 2014; Chauhan et al., 2015). Given
the importance of lactoferrin binding, this overlap in PspA’s
domains raises the possibility that Spn uses GAPDH as a bait to
acquire iron from lactoferrin, or GAPDH may serve as a sink for
lactoferrin bound to PspA thereby preventing its cleavage to
lactoferricin. These vital questions require further investigation.

Other Interactions

In our studies that identified PspA as having affinity to lactate
dehydrogenase and GAPDH, it was observed that PspA also had
affinity to numerous other host proteins (Park et al., 2021a; Park
et al, 2021b). Among these was the filamentous protein
vimentin, which has been implicated as a key ligand for group
B Streptococci and E. coli with regard to their ability to gain
access to the central nervous system (Deng et al., 2019). Other
host molecules include keratin (types I-III), pyruvate kinase,
alpha-enolase, and beta-tubulin (Park et al., 2021a; Park et al,,
2021b). Multiple interactions between pneumococcal surface
proteins and the host is a common feature. For example,
CbpA specifically binds to laminin receptor, polymeric
immunoglobulin receptor, C3, and serum Factor H (Smith and
Hostetter, 2000; Lu et al., 2003; Lu et al., 2006; Orihuela et al,,
2009). These multiple roles reveal the efficiency of the bacterium,
the highly versatile nature of the oHD of PspA and CbpA, and
suggest our understanding of PspA’s interactions is most
likely incomplete.

POTENTIAL OF PSPA AS A VACCINE
ANTIGEN

Several epidemiological studies were conducted across different
countries to evaluate the distribution of PspA families among
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FIGURE 3 | Proposed model of PspA-mediated binding to host-derived GAPDH on necroptotic cells. hGAPDH binds to dying cells via phosphatidylserine (PS)
residues flipped from the inner to outer membrane during programmed cell death. Host cell death during Spn infection is primarily due to pneumolysin-mediated
necroptosis. PspA binds to hGAPDH during this process. New data indicates that sensitivity of lung cells to pneumolysin-mediated necroptosis is drastically
exacerbated by concomitant influenza A virus (IAV) infection (Gonzalez-Juarbe et al., 2020).

different isolates. On average, 43.6% of isolates belonged to
family 1, 53.5% of isolates belonged to family 2, 0.2% of
isolates belong to family 3, and the rest are non-typable.
Although there are differences in the proportions of the
distribution of PspA families in different populations in the
world, the vast majority are composed predominantly of
families 1 and 2 (Table 2 and Figure 4). Pneumococcal
isolates from pediatric patients, including from middle ear
fluid or nasopharyngeal secretions, reveal that the majority of
PspA proteins fall into either family 2 or family 1 (Vela Coral
et al., 2001; Mollerach et al., 2004; Melin et al., 2008; Jiang et al.,
2021). While in adults over 50 years of age, differences in the
PspA family distribution show that the majority (> 50-55%) of
PspA proteins are in family 2 (Hollingshead et al., 2006). In
meningitis isolates from Germany, PspA proteins were evenly
distributed over families 1 and 2 with clades 1 and 3 (Heeg et al.,
2007). Recent studies in Japan reported that >55% of isolates
from adults over the age of 15 years old are in PspA family 1 and
>55% isolates from pediatric patients under the age of 16 years
are in PspA family 2 (Kawaguchiya et al., 2018; Chang et al,
2021). Additionally, epidemiological surveillance in Brazil
conducted during 1977-2002 revealed 50.5% of the isolates

belonged to family 1, 43.2% were members of family 2, and
6.3% were not classified. Across all studies, Family 3 was
consistently the least common version of PspA. Its greatest
reported prevalence came from one Japanese study that
showed 3.2% of pneumococcal isolates from the upper
respiratory tract belonged to Family 3 (Hotomi et al., 2013). In
all, it is evident that were PspA to be used as a vaccine antigen
versions must be used that provide protection against both
family 1 and 2 while also considering that family 3 or other
unclassifiable versions of PspA have the potential to
emerge thereafter.

The aHD of PspA has several properties that make it
attractive as a vaccine protein candidate including high
expression of the protein at important anatomical sites for
colonization and transmission (D'Mello et al., 2020),
immunogenicity and cross-reactivity of elicited antibodies
(Nabors et al., 2000), accessibility for antibody binding at the
cell surface (Vadesilho et al., 2014; Scott et al., 2021),
and demonstrated protection in animal models of severe
infection (Hollingshead et al.,, 2000; Miyaji et al., 2015). The
PRD of PspA has also been shown to elicit an antibody response
and protection against Spn infection (Mukerji et al., 2018).
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TABLE 2 | Distribution of PspA families across different countries.

Country Number of Family Family Family Non- Year of Source of Isolates Reference
Isolates 1 2 3 typable Isolates
China 81 29.6 69.1 1 0 2014-2018  Pediatric patients with the median age of patients being 1.08 Jiang et al.,
(0.79-3.20) 2021
Japan 1,939 55.5 43.50 0.3 0.2 2014-2019  Adult over the age of 15 years old Chang et al.,
2021
Japan 678 42.3 56.6 0.6 0 June- Pediatric outpatients under the age of 16 years (median age 2.0  Kawaguchiya
November years; mean +SD, 2.9+2.4 years) etal, 2018
2016
Korea 185 30.8 68.6 0.5 0 1991-2016  Children <18 years of age Yun et al., 2017
Japan 251 44.6 49.4 3.2 1.6 January and  Upper respiratory tract infections in patients from O to 68 years ~ Hotomi et al.,
May 2003 old 2013
China 171 29.90 70.1 0 0 2006-2008  Children <14 years of age Qian et al., 2012
Spain 112 39.3 59.8 0 0.3 1997 -2007  Healthy children carriers and patients with invasive disease Rolo et al., 2009
Finland 81 48.1 48.1 0 1.23 1994-1997  Nasopharyngeal carriers from children < 2 years of age Melin et al.,
2008
Finland 154 50.6 44.8 0 3.8 1994-1997  Acute otitis media from children < 2 years of age Melin et al.,
2008
Germany 40 50 50 0 0 1997-2003 Pneumococcal meningitis from children < 16 years of age Heeg et al.,
2007
Japan 141 55.3 411 0 3.5 2003-2004 Patients over 15 years old diagnosed with community acquired  lto et al., 2007
pneumonia
Poland 156 37.8 57.7 0 4.5 1997 -2002  Meningitis patients among different age groups Sadowy et al.,
2006
Brazil 183.0 35.5 44.3 0 20.2 2000-2001 Nasopharyngeal isolates from children < 5 years of age Pimenta et al.,
2006
France 215 24.2 74.0 0 0.5 1995-2002  Isolates from adults over 50 years of age collected in seven Hollingshead
countries et al., 2006
Canada 148 37.2 61.5 0 0.0 1995-2002 Isolates from adults over 50 years of age collected in seven Hollingshead
countries et al., 2006
Spain 150 38.0 60.0 0 1.3 1995-2002 Isolates from adults over 50 years of age collected in seven Hollingshead
countries et al., 2006
Sweden 67 41.8 58.2 0 0.0 1995-2002 Isolates from adults over 50 years of age collected in seven Hollingshead
countries et al., 2006
USA 930 41.0 58.0 0 0.4 1995-2002  Isolates from adults over 50 years of age collected in seven Hollingshead
countries et al., 2006
UK 237 50.6 49.4 0 0.0 1995-2002  Isolates from adults over 50 years of age collected in seven Hollingshead
countries et al., 2006
Australia 100 54.0 46.0 0 0.0 1995-2002 Isolates from adults over 50 years of age collected in seven Hollingshead
countries et al., 2006
Brazil 366 50.5 43.2 0 6.3 1977-2002  Epidemiological surveillance Brandileone
et al.,, 2004
Argentina 149 54.4 41.6 0 4.0 1993-2000  Isolates from children < 6 years of age Mollerach et al.,
2004
Colombia 40 62.5 35 0 1 1994-1998  Isolates from children <5 years of age Vela Coral et al.,

2001

Notably, and as we continue to identify subdomains of PspA
that have independent biological roles, this information can
be used to select versions of PspA which are not only cross-
protective as result of opsonization, but also because they
are capable of neutralizing the biological activities of PspA.
For example, antibodies that prevent PspA interactions
with lactoferrin/GAPDH or lactate dehydrogenase, have
the potential to alter bacterial resistance to host killing, its
localization in the airway, and nutrient acquisition, respectively.

In addition to PspA, multiple other pneumococcal surface
proteins have been studied as potential vaccine candidates
(Miyaji et al., 2015; Masomian et al., 2020; Scott et al., 2021).
One promising option are multivalent protein vaccines. These
combine multiple antigens to increase antigen delivery and

induce broader protection in the host. Candidate proteins
worthy of consideration for protection against Spn include a
pneumolysin toxoid, CbpA, and the pneumococcal histidine
triad protein D (PhtD) among others (Chen et al., 2015; Scott
et al, 2021). PspA in combination with pneumolysin is in
particular intriguing given the importance of induced cell
death on PspA binding and cell death-mediated accessibility to
host-derived lactate dehydrogenase. Along such lines, it has been
shown that these two proteins are synergic in regard to the
protection they incur in mice when used together (Briles
et al., 2000).

The major concerns regarding the use of PspA in
a pneumococcal vaccine stem from the lack of cross-reactivity
between all the clades. Antibody against clades 1 and 2
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FIGURE 4 | Distribution of PspA families across several countries. The proportion of PspA family 1(blue), 2 (orange), 3 (grey), and non-typable (NT-Yellow) from each
study is represented as percentage (%). The origin of Spn and the number of isolates from each study are detailed in Table 2 along with the corresponding reference.
For some studies, not all Spn strains examined carried the gene for PspA. In these instances the % distribution of PspA is less than 100%.

are cross protective, however, cross protection is reduced  surface proteins such as PspA for broader and sustained
with consideration to clades 3, 4, and 5 (Sempere et al, 2021).  protection with less risk of serotype escape.
This concern overlaps the mosaic nature of PspA with regard to its
ability to evade the host immune response and indicates that to
avoid “PspA replacement” or emergence of a non-typable PspA  CONCLUSION
version, any multi-valent PspA vaccine should be developed that
covers conserved regions under both positive and negative  Spn continues to be a leading cause of respiratory diseases such
pressure by the host (Yamaguchi et al., 2019). The risk of this can ~ as community-acquired pneumonia with transmission rates
also be diminished by including more than one protein in any  high amongst substantial portions of the population. Current
vaccine formulation, such as pneumolysin (Sempere et al,, 2021).  treatment options against pneumococcal infections rely on
Another concern was raised when it was found that PspA has low  antibiotics, which are dwindling due to the spread of
sequence homology with human cardiac myosin, which may elicit ~ resistance, whereas prophylactic options are centered on
the production of autoantibodies against cardiac tissue leading to  the polysaccharide-based vaccines, with serotype escape
inflammation and tissue damage along with autoimmune  beginning to impact overall efficacy. Spn has virulence factors
disease (Ginsburg et al., 2012). To avoid this risk, antigen design  that allow it to invade, colonize, and infect its host and these
can purposely exclude the region of PspA with the low  have been studied extensively over the years. Surface proteins on
myosin homology. Spn such as PspA have garnered renewed interest as potential
PspA vaccine clinical trials are ongoing. Recently, a phase I ~ vaccine candidates due to its presence on nearly all clinical
clinical trial was completed with a recombinant PspA oral  isolates along with high expression across different anatomical
vaccine developed using three different avirulent strains  sites in the host. Reports have shown promising results in
of Salmonella typhi (RASV) each expressing PspA  animal models of Spn infection where immunization against
(ClinicalTrials.gov Identifier: NCT01033409). A similar study = PspA protects against severe disease and enhances clearance of
showed promising results in mice using an oral attenuated  the bacteria via opsonophagocytosis. Vaccine designs using
RASV-expressing PspA vaccine (Seo et al., 2012). The future of ~ PspA will have to consider low homology with cardiac myosin
pneumococcal vaccine design may rely less on using the capsule  to avoid undue inflammation or activation of autoantibodies.
polysaccharides as antigenic targets and more on bacterial ~ Other CBPs are also in consideration, highlighting the move
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FIGURE 5 | PspA interacts with Streptococcus pneumoniae as a “Jack of All Trades.” The pneumococcus with PspA (in blue) extending beyond the capsule which
blocks the binding of C-reactive protein (CRP) to phosphorylcholine (PC) on the bacterial surface and acts as an adhesin by binding to host GAPDH. Spn co-opts host
lactate dehydrogenase (LDH) bound to the non-proline block (in pink) of the proline-rich domain (in green) on PspA and uses converted lactate as a nutrient in poor
environmental conditions. PspA on the surface of the pneumococcus also binds to lactoferrin (LF) to protect the bacterium from kiling by lactoferricin.
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Epithelial cells are an important line of defense within the lung. Disruption of the epithelial
barrier by pathogens enables the systemic dissemination of bacteria or viruses within the host
leading to severe diseases with fatal outcomes. Thus, the lung epithelium can be damaged by
seasonal and pandemic influenza A viruses. Influenza A virus infection induced dysregulation
of the immune system is beneficial for the dissemination of bacteria to the lower respiratory
tract, causing bacterial and viral co-infection. Host cells regulate protein homeostasis and the
response to different perturbances, for instance provoked by infections, by post translational
modification of proteins. Aside from protein phosphorylation, ubiquitination of proteins is an
essential regulatory tool in virtually every cellular process such as protein homeostasis, host
immune response, cell morphology, and in clearing of cytosolic pathogens. Here, we analyzed
the proteome and ubiquitinome of A549 alveolar lung epithelial cells in response to infection by
either Streptococcus pneumoniae D39Acps or influenza A virus H1N1 as well as bacterial and
viral co-infection. Pneumococcal infection induced alterations in the ubiquitination of proteins
involved in the organization of the actin cytoskeleton and Rho GTPases, but had minor effects
on the abundance of host proteins. HIN1 infection results in an anti-viral state of A549 cells.
Finally, co-infection resembled the imprints of both infecting pathogens with a minor increase
in the observed alterations in protein and ubiquitination abundance.

Keywords: co-infection, ubiquitin, influenza A virus, Streptococcus pneumoniae D39, A549

INTRODUCTION

Respiratory tract infections are among the most prevalent causes of death worldwide (Roth et al.,
2018). These infections are mainly caused by influenza A virus (IAV), Streptococcus pneumoniae
and other pathogens (Aliberti and Kaye, 2013; Troeger et al., 2019). Infections with IAV can cause
dissemination of bacteria to the lower respiratory tract allowing viral and bacterial co-infection
(Ruuskanen and Jarvinen, 2014; Self et al., 2017). Thus, viral and bacterial co-infection is related to
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Ubiquitinome of Co-Infected A549 Cells

increased mortality compared to single infections (Palacios et al.,
2009; Hammerschmidt, 2016; Cawcutt and Kalil, 2017).
Recently, it has been shown that co-infection occurs in
seasonal and pandemic [AV infection in more than 30% of all
cases (Brundage, 2006; Morens et al., 2008). The Gram-positive
bacterium S. pneumoniae is mainly associated as secondary
infection in IAV infected patients (Palacios et al., 2009).
Influenza A virus infection can cause disruption of the
epithelial barrier and impaired immune response causing
bacterial spreading and reduced bacterial killing (Siemens
et al, 2017). In the lung, epithelial cells act as an important
line of defense and are involved in pathogen sensing and
initiation of the host immune response (Vareille et al., 2011;
Hiemstra et al., 2015). Among others, posttranslational
modifications of proteins, like protein phosphorylation and
ubiquitination, regulate processes within the host cell. Proteins
can be modified with various types of ubiquitination like
monoubiquitination and polyubiquitination. Ubiquitin, a
protein of 76 amino acids, is covalently linked to the e-amine
group of lysine residues in target proteins and thus, regulates
their stability, localization or interaction properties. The function
of ubiquitination depends on the length and linkage type of the
ubiquitin chain. Furthermore, ubiquitin is involved in the
regulation of immunity and clearance of intracellular
pathogens (Bhat and Greer, 2011; Zinngrebe et al., 2014; Hu
and Sun, 2016). It was demonstrated previously that bacterial
and viral pathogens are able to manipulate the ubiquitin
proteasome system (UPS) to evade the host defense. Moreover,
host ubiquitin is misused by influenza A viruses to facilitate
particle uncoating and transport within the host cell (Rudnicka
and Yamauchi, 2016; Yamauchi, 2020). Here, we infected type 2
lung epithelial cells (A549) with a pandemic IAV, with S.
pneumoniae D39Acps, and conducted viral and bacterial co-
infection to elaborate the effects of these infections on protein
abundance and on protein ubiquitination. We enriched for K48
and K63 polyubiquitinated proteins, because these ubiquitin
chains are the most dominant within the lung tissue, and
applied label free LC-MS/MS based quantification. The results
of this study contribute to the understanding of the ubiquitin
mediated regulatory processes during viral and bacterial
co-infection.

MATERIALS AND METHODS

Bacterial and Viral Strains
Streptococcus pneumoniae D39Acps, a non-encapsulated mutant
of D39 was described earlier (Saleh et al., 2013).

The pandemic influenza A/HINI virus [A/Germany-BY/74/
2009(H1N1)] was kindly provided by the Institute of
Immunology (FLI, Federal Research Institute for Animal
Health) (Greifswald-Insel Riems, Germany).

Cell Culture and Infections
A549 alveolar type 2 lung epithelial cells (ATCC CCL-185) were
cultured in T75 flasks in RPMI medium (Invitrogen)

supplemented with 10% fetal calf serum (FCS) at 37°C in 5%
CO, atmosphere. For infection experiments, cells were seeded
into T75 flasks and grown to 80-90% confluence. 2 h before all
infections the medium of A549 cells was exchanged by RPMI
without FCS.

Bacteria were grown at 37°C in Todd Hewitt broth
supplemented with 0.5% vyeast extract (THY) to mid-
exponential phase (ODgoy of 0.35-0.40). Pneumococci were
washed and resuspended in PBS prior to infection. A549 cells
were infected with S. pneumoniae D39Acps at a MOI of 15 and
were harvested 6 h post infection.

For viral infections, A549 cells were infected at a MOI of 5.
After 2 h the medium was replaced by RPMI supplemented with
10% FCS and cells were harvested 24 hours post infection. Viral
replication was confirmed via qRT-PCR (Supplementary
Figure S1).

For co-infections, A549 cells were infected with IAV followed
by bacterial infection. Cells were infected with IAV ata MOI of 5.
After 2 h the medium was replaced by RPMI supplemented with
10% FCS and infected cells were cultured for additional 20 h at
37°Cin 5% CO, atmosphere. Then, 2 h before bacterial infection,
media was changed to RPMI without FCS. Hereafter, A549 cells
were infected with S. pneumoniae D39Acps (MOI 15) for 6 h.

At the end of the infection period cells were washed with PBS
and cells were detached using trypsin and counted. Cell counts
were determined by light microscopic quantification of cell
viability. Cells were stained with 0.4% (v/v) trypan blue under
serum-free conditions and visually examined.

All experiments were performed in triplicates (n=3).

Interleukin ELISA

ELISA plates (Human IL-6/IL-8 Max Deluxe Set [BioLegend])
were coated with capture antibody and incubated for 16-18 h at
4°C. Plates were washed (PBS + 0.5% Tween-20). Hereafter,
plates were blocked with blocking solution for 1 h with shaking at
200 rpm. Furthermore, standard series were prepared (IL-8: 1000
pg/ml - 15.6 pg/ml, IL-6: 500 pg/ml - 7.8 pg/ml). Non-specific
bindings were blocked, blocking solution was removed and plates
were washed. Standards and cell culture medium samples were
added to the plates and incubated for 2 h with shaking. After the
plates were washed, they were incubated with the detection
antibody for 1 h. The detection antibody solution was removed
and plates were washed. Avidin-HRP solution was added and
incubated for 30 min with shaking. Avidin-HRP solution was
removed and plates were washed. TMB substrate solution was
added and incubated for 15 min in the dark. Stop solution (2 N
H,SO,) was added and absorbance was measured at 450 nm and
570 nm within 15 min.

Protein Extraction

Protein extraction was performed as described elsewhere (Sura
et al,, 2021). Briefly, harvested cells were resuspended in 1 ml
lysis buffer (50 mM Tris HCI [pH 7.5], 0.15 M NaCl, 1 mM
EDTA, 1% NP 40, 10% glycerol, 1x cOmplete Protease Inhibitor
Cocktail [Roche], 1 mM PMSF, 10 mM N-ethylmaleimide, 20
uM MG132), sonicated to shear DNA and cleared by
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centrifugation. Protein concentration of the samples was
determined by the BCA assay.

Selective Enrichment of K48 and K63
Ubiquitinated Proteins

Lysates containing 500 ug of total protein were transferred into
new tubes and filled to 300 pl with lysis buffer. To reduce
unspecific binding of proteins to magnetic beads, 10 pl of
magnetic control beads (LifeSensors) have been added to the
samples and were incubated in an overhead shaker for 1 h at 10
rpm and 4°C. Afterwards, supernatants were transferred into
new tubes. For the enrichment of K48 ubiquitinated proteins, 40
ul of K48 magnetic TUBE HF (LifeSensors), washed with Tris-
buffered saline with Tween20 (TBS-T), were added, followed by
an incubation for 3 h at 10 rpm and 4°C. To enrich K63
polyubiquitinated proteins, 700 pl water and K63 Flag-TUBE
(LifeSensors) with a final concentration of 50 nM were added to
the precleared sample and incubated for 2 h at 10 rpm and 4°C.
Subsequently, 8 pl of magnetic anti-Flag beads were added and
samples were incubated for additional 2 h. The unbound fraction
of both enrichments was removed and the beads were washed
three times with 500 pl TBS-T. To elute the enriched proteins,
beads were resuspended in 25 ul SDS buffer (5% SDS; 50 mM
TEAB; 5 mM TCEP) and incubated at 65°C for 45 min with 300
rpm shaking. Finally, the supernatants were transferred into
new tubes.

Proteolytic Digest

Extracted and enriched ubiquitinated proteins were digested by
suspension trapping on micro S Traps (Protifi) as described
elsewhere (Sura et al, 2021). Briefly, lysates containing 30 ug
protein were transferred into new tubes and disulfide bonds were
reduced by adding TCEP. Thiol groups were alkylated by adding
iodoacetamide for proteome samples or chloroacetamide for
ubiquitinome samples. Proteins were digested by adding 25 pl
digestion buffer (50 mM TEAB) containing 1.2 ug trypsin for
proteome samples and 600 ng trypsin (Promega) for ubiquitin
enriched samples followed by an incubation for 3 h at 47°C.
Peptides were subsequently eluted with 40 pl 50 mM TEAB; 0.1%
acetic acid; 60% ACN in 0.1% acetic acid. All eluted fractions of a
sample were pooled and dried in a vacuum concentrator. Dried
peptides were stored at -80°C

Peptide Fractionation

Peptides generated from crude protein extracts were fractionated
by off-line high pH reversed phase chromatography as described
elsewhere (Sura et al.,, 2021).

LC-MS/MS Analysis

The peptide composition of the generated samples was analyzed
by LC-MS/MS with an EASY-nLC 1000 (Thermo Fisher
Scientific) coupled to a QExactive mass spectrometer (Thermo
Fisher Scientific). Peptides were loaded onto in-house packed
fused silica columns of 20 cm length and an inner diameter of 75
pm, filled with ReproSil Pur 120 C18-AQ 1.9 pm (Dr. Maisch).
Peptides were subsequently eluted by a non-linear binary
gradient of 165 min from 2% to 99% solvent B (0.1% acetic

acid in acetonitrile) in solvent A (0.1% acetic acid). Detailed
information on the gradient and LC setup can be found in
Supplementary Table S1. MS/MS data for the proteome and the
K48 ubiquitin chain enriched samples were acquired as
previously described (Sura et al., 2021). For the K63 ubiquitin
chain enriched samples the mass spectrometer was operated in
DDA mode. The survey scan was acquired from 300-1650 m/z
with a resolution of 70,000 at 200 m/z. The 10 most abundant
ions were selected for fragmentation via HCD with a normalized
collision energy of NCE 27. The AGC target was set to 1E5 with
an underfill ratio of 10% and a maximum injection time of 180
ms. MS/MS spectra were acquired in centroid mode with a
resolution of 17,500 at 200 m/z. Ions with unassigned charge
states as well as charge 1 and higher than 6 were excluded from
fragmentation. Dynamic exclusion was set to 30 s and lock mass
correction was enabled. Detailed information on the MS/MS
acquisition parameters for all datasets are provided in
Supplementary Tables S2 and S3.

Database Search

Datasets of enriched polyubiquitinated and total proteome
samples were processed separately. Raw data were searched
with MaxQuant (version 1.6.17.0) (Cox and Mann, 2008; Cox
et al.,, 2014) against the UniProt databases for human (July 2019,
UP000005640, 20,416 entries), Influenza A virus (A/Germany-
BY/74/2009(H1N1)) (December 2017, UP000153067, 10 entries)
and for S. pneumoniae D39 (September 2020, UP000001452,
1,915 entries). The maximum number of allowed missed
cleavages was 2 and precursor mass tolerance was set to 4.5
ppm. Carbamidomethylation (C) was set as a fixed modification,
oxidation (M) and acetylation (protein N-termini) were set as
variable modifications for both datasets. GlyGly (K) was set as an
additional variable modification for K48 and K63 ubiquitin chain
enriched samples. Proteins were identified with at least two
unique peptides, and peptide-spectrum match (PSM) and
protein false discovery rate (FDR) were set to 0.01. Match
between runs was applied and protein abundances were
calculated by the MaxLFQ algorithm. A detailed table of
applied parameters for database searching can be found in
Supplementary Tables S4 and S5.

Data Analysis

Identified protein groups were analyzed with Perseus (version
1.6.15.0) (Tyanova et al.,, 2016; Tyanova and Cox, 2018). Only
identified by site and reverse hits, as well as potential
contaminations were removed. To assess differentially
expressed proteins, a two tailed t test was applied for proteins
with “LFQ intensity” values in three out of three replicates of the
compared groups. Proteins were considered as differentially
expressed with a p value < 0.05 and a fold change > 1.5.
Quantification results and summary statistics can be found in
Supplementary Table S6. Functional annotation enrichment of
proteins with significantly changed abundance was performed
with the Database for Annotation, Visualization and Integrated
Discovery (DAVID v6.8) (Da Huang et al., 2009a; Da Huang
et al.,, 2009b) and Reactome (Jassal et al., 2020). Protein
interaction networks were created with STRING (v11.0)
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(Szklarczyk et al., 2019). Data were visualized using Inkscape
(version 0.92.2) and RStudio (version 1.3.1073) with the
packages ggplot2 (version 3.3.5), dplyr (version 1.0.6),
EnhancedVolcano (version 1.4.0), splitstackshape (version
1.4.8), shadowtext (version 0.0.8) and ggpubr (version 0.4.0).
Data variance was assessed by calculation of CVs from proteins
with quantitative values in all three replicates (Supplementary
Figure S2).

RESULTS

To investigate the effect of bacterial or viral mono-infections and
bacto-viral co-infections we infected A549 cells at a MOI that
does not kill the majority of the A549 cells within the analyzed
time frame. Also, we aimed to explore, whether the co-infection
will be more severe to A549 cells than the infections with a single
pathogen. Therefore, we analyzed the proteome and
ubiquitinome of mono- and co-infected A549 cells.

Cell Count and Interleukin Secretion

A549 cells were grown to 80%-90% confluence. Hereafter, cells
were challenged either with the influenza A virus HINI, S.
pneumoniae D39Acps, or both pathogens in a viral bacterial
co-infection. After 24 h of viral infection the A549 cell count
significantly increased by more than 25% (Supplementary
Figure S3). This indicates that IAV propagation does not
interfere with A549 proliferation within the observed time
frame. In contrast, a 25% reduced cell count was observed after
6 h of S. pneumoniae infection. After co-infection the number of
cells did not change compared to the uninfected control.

Cell culture supernatants of each infection were used to
determine the levels of secreted immune modulating effectors.
The average (n=3) level of IL-6 and IL-8 was increased after S.
pneumoniae infection and bacto-viral co-infection
(Supplementary Figure S4), but not after single viral infection.
In detail, there is a difference in IL-6 and IL-8 levels when
comparing the bacterial single infection or the co-infection with
the corresponding mock infection. In contrast, there is no
difference between the single HIN1 infection and the
associated mock infection. Therefore, the HIN1 infection does
not lead to an increased interleukin production.

Differentially Abundant Proteins in
Proteome and Ubiquitinome

For all experiments, the PSM FDR and the protein FDR have
been set to 0.01. Proteins were considered as significantly
changed in abundance, when they were quantified in all three
replicates of the compared groups with a fold change greater than
1.5 and a p-value below 0.05. This, in total, resulted in the
identification of more than 90,000 peptides, enabling
quantification of more than 5,800 proteins for the proteome
data set. In the proteome of A549 cells 74, 37 and 107 proteins
were found to be significantly changed in abundance upon HIN1
infection, S. pneumoniae infection, and co-infection, respectively
(Figure 1A). HIN1 infection induced the accumulation

of various proteins, whereas the S. pneumoniae infection
mainly led to decreasing protein abundances. Moreover,
different sets of proteins were effected by viral or bacterial
infection. This is also reflected by the low overlap between
these infections (Figure 1B).

After enrichment of polyubiquitinated proteins we were able
to identify more than 34,000 and 9,800 peptides, from the K48
and K63 enriched samples, respectively. This enabled the
quantification of more than 2,800 proteins after K48
enrichment and more than 850 proteins in the K63 enriched
data set (Figure 1A). In contrast to the proteome and K63
polyubiquitin enriched data sets, S. pneumoniae infection
induced more changes than HINI infection in the K48
polyubiquitin enriched data set. Comparison of the proteins,
which were differentially expressed upon viral and bacterial
infection, revealed only a limited number of shared proteins
between the single infections (Figures 1A, C, D). To elaborate
whether altered abundance detected for proteins in the
polyubiquitin enriched data sets originates from alterations in
protein abundance in general, we examined the overlap of
proteins that were detected with altered abundance in those
data sets (Supplementary Figure S5). Whereas upon
pneumococcal infection three proteins were detected with
differential expression in the proteome and K48 enriched
samples, 18 and 15 proteins were differentially expressed in the
proteome and K48 enriched data set upon viral and co-infection,
respectively (Supplementary Figure S5). This indicates that in
most cases altered abundance in polyubiquitin enriched samples
is independent of variations in the abundance of the respective
proteins. Hence, differential abundance in polyubiquitin
enriched data sets is caused by changing polyubiquitination
incidence rather than by changing protein abundance. Volcano
plots and MA plots, comparing the different conditions are
shown in Supplementary Figures S6-S8.

Functional Analysis of Proteins
Differentially Expressed in the Total
Proteome Samples

To get detailed insights into the processes driving the cellular
response to the infecting pathogens, we used the Database for
Annotation, Visualization and Integrated Discovery (DAVID) to
perform annotation enrichment on proteins with significantly
changed abundance.

Infecting A549 cells with HIN1 significantly altered the
abundance of 74 proteins within the proteome samples. The
abundance of 63 proteins was increased and decreased for eleven
proteins. Functional annotation enrichment revealed that type I
interferon, ISG and other terms, which represent a response to
viruses, were mainly enriched within proteins of increased
abundance (Figure 2A). No terms have been enriched from
proteins with reduced abundance (Figure 2A).

In the proteome of S. pneumoniae infected A549 cells only 37
proteins were detected with significantly altered abundance,
among them we detected ten with increased abundance and 27
with decreased abundance. Here, the terms oxidation-reduction
process (p-value = 0.00022) and regulation of translation (p-value =
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FIGURE 1 | Analysis of differentially abundant proteins and differential abundance in polyubiquitination of A549 cells in response to single and co-infections with
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0.0055) were enriched from proteins with reduced abundance. In
contrast to the HIN1 infection, no terms were enriched from proteins
with increased abundance.

Viral and bacterial co-infections of A549 cells mainly affected
Gene Ontology Biological Process-terms (GOBP-terms) similar to
those enriched in single infections. Proteins with increased
abundance were annotated for GOBP terms defense to virus, type I
interferon signaling pathway and ISGI5-protein conjugation. The
term oxidation-reduction process was enriched from proteins with
decreased abundance (Figure 2B). In general, there is a reasonable
quantity of proteins detected with the same regulation between the
single infection and the co-infection (Figure 1B). Additionally,
several proteins were quantified in the HINI and co-infection, but
were missing in uninfected and S. preumoniae infected samples.
These proteins are MX1, MX2, IFI44, IFIT1, IFIT2, IFIT3 and IFIH1,
which are all involved in type I interferon signaling and viral defense.

Furthermore, 17 proteins that are included in the integrated
annotations for Ubiquitin and Ubiquitin-like Conjugation
Database (iUUCD 2.0) (Zhou et al., 2018) and 2 proteins that are
catalytically active subunits of the immunoproteasome as well as

the proteasome activator subunit beta (PA28beta) were detected
with altered protein abundance upon infection (Table 1).

Functional Analysis of Differentially
Abundant Proteins in K48 Enriched
Samples

As ubiquitination is involved in the regulation of nearly every
cellular process, we selectively enriched for K48 and K63
polyubiquitinated proteins. It was demonstrated that K48 and
K63 polyubiquitin chains are the most abundant chain types in
murine primary macrophages and in murine lung tissue (Heunis
et al,, 2020). K48 ubiquitination has a variety of functions in the
eukaryotic cell. Still, the primary function is to mark proteins for
proteasomal degradation.

After 24 h of HINI infection, there were fewer changes in
protein abundance detected in K48 enriched samples compared
to total proteome samples. GOBP terms that were most
significantly overrepresented from proteins with increased
abundance in the K48 enriched samples were defense response
to virus, type I interferon signaling pathway and negative
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FIGURE 2 | Gene ontology biological process (GOBP) terms enriched from proteins with significantly changed abundance. Categorical annotation enrichment (o-
value < 0.01) of GOBP terms from proteins with significantly altered abundance (p-value < 0.05; fold change > 1.5) in the proteome. Enrichment analysis of A549
cells infected with Influenza A virus (A) or co-infected with Streptococcus pneumoniae D39Acps (B) [n=3]. (A, B) Displayed are the top hits of the enriched GOBP
terms from proteins with increased and decreased abundance, ranked by the enrichment p-value.

regulation of viral genome replication, while RNA splicing was
most significantly overrepresented from proteins with
decreased abundance.

Upon S. pneumoniae infection we detected altered abundance
of 108 putatively K48 polyubiquitinated proteins. Fifty-nine
proteins were quantified with decreased abundance and 49
with increased abundance after infection. Only three out of 37
proteins detected with differential expression in the proteome
samples were detected with altered abundance in the K48
polyubiquitin enrichment. Proteins with decreased abundance
in K48 polyubiquitination mostly affected processes involved in

mRNA splicing and rRNA processing. Arp2/3 complex mediated
actin nucleation and other processes related to actin filament
organization were highly overrepresented by proteins with
increased K48 polyubiquitination. In addition to actin filament
related processes, FC-gamma receptor signaling pathway involved
in phagocytosis was enriched from proteins with increased K48
polyubiquitination, as well.

In the viral and bacterial co-infection the pattern of proteins
with significantly changed abundance after K48 enrichment is
similar to both of the single infections. Moreover, the co-
infection shares ~50% and ~15% of differentially expressed

TABLE 1 | List of proteins that were detected with differential abundance upon infection and are listed in the iIUUCD 2.0 database or related to the immunoproteasome

and proteasome regulation (highlighted with an asterisk).

Protein iUUCD 2.0 fold change

family ID H1N1 Co-infection D39
TMF1 E3 adaptor lUUC-Hsa-046889 1.09 -1.81 -1.38
CIAO1 E3 adaptor IUUC-Hsa-046528 - -1.79 -1.43
CORO7 E3 adaptor IUUC-Hsa-045847 1.43 1.93 1.94
MNATA E3 IUUC-Hsa-045876 1.58 1.34 1.19
RBCK1 E3 IUUC-Hsa-045738 1.66 1.77 -1.45
IRF2BPL E3 IUUC-Hsa-046942 1.16 1.51 1.13
TRIM56 E3 IUUC-Hsa-046238 1.59 1.55 1.08
TRIM25 E3 IUUC-Hsa-045828 1.67 1.58 1.08
RNF213 E3 IUUC-Hsa-046140 1.64 1.99 -1.10
RNF121 E3 IUUC-Hsa-046468 - 1.53 1.57
PML E3 IUUC-Hsa-045861 3.57 4.19 1.08
TRIM21 E3 IUUC-Hsa-046583 5.17 4.62 -1.44
DTX3L E3 IlUUC-Hsa-045921 19.49 18.17 -1.10
HERC5 E3 IUUC-Hsa-046342 12.21 28.65 -
UBE2T E2 IUUC-Hsa-046513 1.31 -1.41 -1.54
UBE2E1 E2 IUUC-Hsa-046576 1.04 -1.95 -1.53
UBE2L6 E2 IUUC-Hsa-045943 5.23 7.72 1.33
PSME2* - - 1.27 1.53 1.15
PSMBY* - - 1.67 1.95 -1.11
PSMB8* - - 1.76 2.34 -1.02

The fold change upon each infection is given and highlighted in bold if the detected change is statistically significant (students t-test; p-value < 0.05; fold change > 1.5; n=3).
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proteins with the bacterial and the viral infection, respectively
(Figure 1C). Proteins that were shared between the single
infections change their abundance into the same direction.
Although the STRING network, which was generated from the
co-infection (Figure 3B) data, has a high similarity to the
network generated from the bacterial infection (Figure 3A), it
also contains a cluster of proteins that has been detected upon
viral infection (response to virus) (Figure 3B). Furthermore, eight
proteins were found to be changed significantly in all infections
and three of them are related to RNA splicing (Figure 1C). Ten
proteins were only quantified in the viral and in co-infection
samples. These proteins affect the processes of response to virus,
type 1 interferon signaling pathway and interferon-gamma-
mediated signaling pathway.

Functional Analysis of Differentially
Abundant Proteins in K63 Enriched
Samples

In contrast to K48 polyubiquitination, K63 polyubiquitin chains
are thought to mediate non-proteasomal signals for endocytosis
and immune responses. The K63 enriched data set displays the
lowest number of quantified proteins within the three data sets
obtained in this work. Accordingly, the K63 data set reveals fewer
proteins detected with altered abundance. HIN1 infection
induced variations in the K63 polyubiquitination level of 30
proteins. Proteins with reduced K63 ubiquitination affect
mRNA splicing processes and proteins with increased K63
ubiquitination affect redox processes. Changes induced by the S.
pneumoniae infection do not affect multiple pathways, only
negative regulation of mitochondrial outer membrane
permeabilization involved in apoptotic signaling pathway is
affected by proteins with increased K63 polyubiquitination. Co-
infection most significantly affected processes involved in mRNA
processing from proteins with decreased polyubiquitination.

Proteins with increased polyubiquitination affected redox
processes and response to ER stress.

DISCUSSION

In the work presented, we used in vitro cell culture based
infection experiments to examine potential synergistic effects of
the infecting pathogens in viral and bacterial co-infections on
human lung epithelial cells. Therefore, we analyzed viral and
bacterial mono-infections, along with bacto-viral co-infections of
A549 cells, focusing on the proteome, as well as the selective
enrichment of polyubiquitinated proteins. Infecting A549 cells
with HIN1 for 24 h induced a pronounced immune response
and viral defense of the host. The additional bacterial infection
was performed at MOI 15 to be able to elaborate a potential
synergisms of the pathogens.

Response to IAV Hi1N1 Infection

Influenza HIN1 infection induced a strong viral defense
response of the A549 cells. This was established by the
induction of the JAK-STAT cascade, type I interferon
signaling, interferon 7y signaling and induction of the ISG15
protein conjugation. Induction of the type I interferon
production mediated by RIG-I and MAVS, which leads to the
induction of a wide array of genes, can be assumed from
increased protein abundance of interferon stimulated genes
(Schoggins et al, 2011; Zhang et al, 2020). In addition, we
detected a 25 fold increase in the abundance of DDX60 which
was shown to be required for RIG-I mediated type I interferon
expression after viral infection (Miyashita et al., 2011). From the
proteins with higher abundance after viral infection, nine show
E3 ligase activity and one protein is described as an E2 enzyme
(Zhou et al., 2018) (Table 1). Among these proteins are HERC5
and TRIM25, both acting as E3 ligating enzymes for ISG15

S

protein names are included as Supplementary Figures S10 and S11.
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FIGURE 3 | STRING network analyses and the enriched Reactome pathways from K48 polyubiquitinated proteins. Network from proteins with differential expression
after Streptococcus pneumoniae D39Acps single-infection (A) and co-infection with IAV HIN1 (B) All experiments were performed in triplicates (n=3). Networks with
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(Wong et al., 2006; Mathieu et al., 2021), which increased twelve
and five times in abundance in our experiments, respectively.
UBE2L6, the ISG15 E2 transferring enzyme, was detected to be
fivefold more abundant after viral infection. These results are in
concordance with previously published data where an up-
regulation of UPS genes in response to Interferon-stimulation
was detected (Seifert et al., 2010). This, together with the
increased abundance of the transcription factor IRF9, which
induces the transcription of interferon stimulated genes (ISG)
when forming a complex with STAT1 and STAT?2, underpins the
interferon mediated activation of the JAK-STAT pathway.
OASI1-3 are degraders of viral RNA (Shim et al, 2017) and
were also detected with increased abundance after viral infection.
Moreover, increased protein abundance of the ubiquitin E3 ligase
DTX3L and the interacting protein PARP9 as well as of PARP10,
12 and 14 was observed in IAV infected A549 cells. These results
confirm the findings on increased protein abundances of PARP9
and PARP14 upon viral infection, first observed by Becker and
colleagues (Becker et al., 2018). We were able to confirm these
results using a different influenza strain, but the same cell line. It
is reported by others that the outcome of the IAV infection
depends not only on the MOI and the duration of the infection,
but also on the cell line, as well as the employed viral stain
(Becker et al., 2018; Wu et al,, 2019). Influenza virus infection
predispose the host cell to secondary bacterial infections, which
was shown from mice and in vitro experiments (Sharma-Chawla
et al., 2016; Bai et al.,, 2021). Bai and coworkers demonstrated
that viral infection induced an increase in the abundance of
PPIA, which interacts and mediates protection from proteasomal
degradation of PTK2. Ultimately, this results in increased
integrin o5 expression and actin rearrangement, which renders
the host cell more susceptible for secondary bacterial infection
(Bai et al., 2021). In contrast, we have not detected significant
changes in the abundance of PPIA and integrin-o5 in the
proteome nor in the abundance of PTK2 in the proteome and
K48 enriched data set. These differences in the outcome of the
viral infection can potentially be caused by several reasons. First,
observed differences were caused by the use of different influenza
strains. The second reason can be the infection duration and the
MOTI at which the experiments were conducted. Bai et al. showed
that the mRNA level of PPIA reached its maximum at 12 hpi and
decreased afterwards (Bai et al., 2021). The use of a higher MOI
may result in a shifted maximal mRNA level and CypA
expression. The reason causing the observed differences
remains unclear. We can exclude the cell line as a cause, as we
used A549, too. In addition, Becker et al. have not observed
changes in the protein abundance of CypA or ITGAS5 after IAV
infection of A549 cells, as well (Becker et al., 2018).

Response to Streptococcus pneumoniae
Infection

The pneumococcal infection induced differential abundance
of 37 proteins. Furthermore, we detected 108 and 16 proteins
with significantly altered abundance in K48 and K63
polyubiquitination, respectively.

The protein that showed the most prominent increase in
abundance (about four fold) was PTGS2 or COX-2, being an
inducible protein involved in the initial step of prostaglandin
synthesis. In type II alveolar epithelial cells the induction of the
COX-2 expression in response to pneumococci is controlled in a
p38 MAPK and NFkB dependent manner (N'Guessan et al., 2006;
Szymanski et al., 2012). Bootsma and colleagues also observed an
induction of COX-2 by the Acps mutant of S. pneumoniae
analyzing the transcriptional response of Detroit 562 pharyngeal
epithelial cells to the adherence of different pneumococcal strains
(Bootsma et al., 2007). They have shown that S. pneumoniae D39
and its isogenic Acps mutant alter the expression of different gene
sets. Infection with the Acps mutant changed the expression of 156
genes (28 upregulated and 128 downregulated) (Bootsma et al,
2007). Given the fact that Detroit 562 cells are of pharyngeal origin
and A549 cells are lung epithelial cells, the published results
cannot be entirely transferred to our study. Nevertheless,
Bootsma et al. also observed an increase in IL-6 and IL-8 levels
upon S. pneumoniae D39Acps infection (Bootsma et al., 2007)
(Supplementary Figure S4).

Bacterial pathogens such as S. pneumoniae use different
strategies like transmigration or transcytosis to cross epithelial or
endothelial barriers of the host. Pneumococcal uptake by A549 cells
is low, however, A549 cells show increased uptake of S.
pneumoniae D39Acps compared to the wild type strain (Talbot
et al,, 1996; Bootsma et al., 2007). Still, it was shown that
pneumococcal phosphorylcholin mimics the natural ligand of
PAFr initiating bacterial uptake in a B-arrestin dependent
manner (Radin et al.,, 2005; Bertuzzi et al., 2019). Pneumococcal
endocytosis is clathrin and caveolae mediated and the vast majority
of endocytosed pneumococci is killed by lysosomal fusion of the
endosome (Gradstedt et al, 2013). Pneumolysin, a cholesterol-
dependent cytolysin expressed on the pneumococcal surface and
released by autolysis, disables the acidification of the endosome by
the formation of pores in the endosomal membrane (Barnett et al,,
2015; Ogawa et al., 2018). The ubiquitin-proteasome system (UPS)
is involved in the autophagosomal entrapment and killing of
cytosolic pneumococci (Iovino et al.,, 2014; Ogawa et al.,, 2018).
Additionally, pneumolysin directly interacts with actin and
activates small GTPases leading to remodeling of the actin
network (Hupp et al., 2013). Rho GTPases act upstream of the
Arp2/3 complex, which facilitate actin nucleation and is involved in
clathrin-mediated endocytosis and phagocytosis (Sirotkin, 2011;
Sumida and Yamada, 2015; Jin et al, 2021). In our study, we
observed increased abundance in K48 polyubiquitination of
proteins belonging to the Arp2/3 complex and other actin and
cytoskeleton organization related GO terms (Figure 3A).
Moreover, the Reactome analysis revealed that Rho-GTPase
signaling is affected by proteins with increased K48
polyubiquitination, as well. Thereby, polyubiquitination bridges
the host proteome and ubiquitinome in response to pneumococcal
infection. These results are not in contrast to the finding that S.
pneumoniae D39 effectively overcomes the epithelial barrier by
transmigration (Attali et al., 2008). We have not observed any
changes in the abundance of junction proteins as it was described
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by Peter and colleagues (Peter et al., 2017). This could be due to the
use of a single cell line and no lung tissue.

In our K48 polyubiquitin analysis we detected reduced
polyubiquitination in proteins involved in mRNA splicing and
rRNA processing. Proteins involved in mRNA splicing mainly
belong to the spliceosomal E complex. Changes in the
spliceosome composition may indicate an early apoptotic state
of the epithelial cells, linking the spliceosome and apoptosis
(Schwerk and Schulze-Osthoff, 2005). It remains unclear what
causes these effects upon pneumococcal infection and is a subject
of future studies.

In addition to the K48 polyubiquitin analysis, Reactome analysis
of proteins with altered abundance in K63 polyubiquitination also
indicated involvement of the Rho-GTPase cycle, whereas the
functional annotation enrichment analysis of K63 polyubiquitinated
proteins showed only negative regulation of mitochondrial outer
membrane permeabilization involved in apoptotic signaling pathway
as an overrepresented GOBP term.

Viral and Bacterial Co-Infection

Bacterial and viral co-infections are related to increased severity
of disease, increased morbidity and mortality (Siemens et al,
2017; Lim et al.,, 2019). Influenza A virus infection, caused by
pandemic or seasonal strains, predispose the host to secondary
bacterial infections (Sharma-Chawla et al., 2016; Siemens et al.,
2017; LeMessurier et al., 2020). In our experiments we could not
observe an increased cytotoxicity of the co-infection compared to
bacterial or viral single infection (Supplementary Figure S3).
Following the co-infection we observed similar IL6 and IL8 level
compared to the bacterial single infection (Supplementary
Figure S4). Unexpectedly, preceding viral infection reduced
pneumococcal adherence to A549 epithelial cells in our
experimental setup (Supplementary Figure S9). Still, viral and
bacterial co-infection resulted in the highest number of proteins
with significantly altered abundance on protein and
polyubiquitination level. Interestingly, we did not detect over
representation of pathways that have not been identified upon
one of the two single infections. For all obtained data sets the
pathways affected by co-infection resembles both of the single
infections. This is in congruence with a previous study where we
reported additive effects of IAV HIN1 and Streptococcus
pyogenes co-infection of 16HBE cells (Sura et al, 2021).
Nevertheless, here we have detected enhanced alteration of
protein abundance and polyubiquitination incidence upon co-
infection. This effect on protein abundance was also noticed for
PSMBS8, PSMB9 and for PSME2 (Table 1). These proteins are
immunoproteasome subunits and proteasome activator
PA28beta and are involved in altered generation of MHC I
antigenic peptides presented to CD8 T-cells (Keller et al., 2015;
McCarthy and Weinberg, 2015). The further increase in protein
abundance upon co-infection might be induced by enhanced
IFN-y production caused by the bacterial superinfection as it was
reported by Strehlitz and coworkers from mice experiments
(Strehlitz et al., 2018). Upon co-infection higher numbers of
proteins with significantly altered abundance were detected in all
data sets when compared to the single infections. Still, these

observations are not reflected by an increased cytotoxicity of the
viral bacterial co-infection.

In the presented study we used S. pneumoniae D39Acps, an
isogenic mutant that lacks the capsular polysaccharides. Thus,
the outcome of the study and the observed alterations in the
proteome and the ubiquitinome were potentially influenced by
the absence of capsular polysaccharides. However, the
interaction between A549 cells and the pneumococci is mainly
based on bacterial adherence to the cell surface (Agarwal et al.,
2010). It has been shown that the intimate contact of
pneumococci with host cells is associated with a reduction of
CPS (Hammerschmidt et al., 2005). While encapsulated wild-
type pneumococci interact only moderately with non-
professional host cells under in vitro conditions, binding can
be enhanced using isogenic non-encapsulated mutants. Thereby,
the induced signal transduction cascades can be elucidated and
the host responses analyzed. Although this is not related to the
pathophysiological conditions under in vivo conditions,
important discoveries were made in the last decades using this
combination of bacteria and host cells.

Importantly, we chose a MOI of only 15 bacteria per host cell
to reduce the level of host cell damage caused by pneumolysin
and hydrogen peroxide to a minimum in the bacterial single
infections and co-infections. In in vivo studies higher bacterial
infection doses are applied to study the effects in experimental
acute pneumonia or septicemia infection models.

In in vivo experiments, co-infection appears to be adverse for
the host, caused by the IAV induced expression of type I
interferons suppressing the bacterial clearance by disturbed
recruitment of immune cells (LeMessurier et al.,, 2020; Park
et al,, 2021). On the other hand, type I interferons increase the
expression of tight junction proteins and decrease the expression
of PAFr, reducing pneumococcal uptake and hindering
transmigration (LeMessurier et al, 2013). The in vitro study
presented here is based on A549 cells grown as a monolayer.
Due to the lack of immune cells and their interaction with the
epithelial barrier in our setup, this adverse effect was probably not
observed. Furthermore, A549 cells grown as a monolayer do not
form tight junctions (Carterson et al., 2005). The scarcity of tight
junctions might explain the fact that we did not observe changes in
the expression of tight junction proteins, whether induced by type
I interferons, or by pneumococcal infection, as it was observed in
lung tissue (LeMessurier et al., 2013; Peter et al., 2017).

It can be concluded that IAV and S. pneumoniae D39Acps co-
infection of monolayer grown A549 cells shows additive, but in
the current setup no observable synergistic effects. It would be
interesting to investigate whether this changes in polarized, 3D
grown A549 cells and to determine the impact of the
pneumococcal virulence factor pneumolysin.
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Background/Objective: The frequencies of non-susceptibility against common
antibiotics among pneumococci vary greatly across the globe. When compared to
other European countries antibiotic resistance against penicilin and macrolides has
been uncommon in Sweden in recent years. Multidrug resistance (MDR) is, however, of
high importance since relevant treatment options are scarce. The purpose of this study
was to characterize the molecular epidemiology, presence of resistance genes and
selected virulence genes of extensively drug-resistant (XDR) (n=15) and MDR (n=10)
Streptococcus pneumoniae detected in clinical respiratory tract samples isolated from
patients in a southern Swedish county 2016-2018. With the aim of relating them to global
MDR pneumococci.

Methods: Whole genome sequencing (WGS) was performed to determine molecular
epidemiology, resistance genes and presence of selected virulence factors. Antimicrobial
susceptibility profiles were determined using broth microdilution testing. Further analyses
were performed on isolates from the study and from the European nucleotide archive
belonging to global pneumococcal sequence cluster (GPSC) 1 (n=86), GPSC9 (n=55) and
GPSC10 (n=57). Bacteria were analyzed regarding selected virulence determinants (pilus
islet 1, pilus islet 2 and Zinc metalloproteinase C) and resistance genes.

Results: Nineteen of 25 isolates were related to dominant global MDR lineages.
Seventeen belonged to GPSC1, GPSC9 or GPSC10 with MDR non-PCV serotypes in
GPSC9 (serotype 15A and 15C) as well as GPSC10 (serotype 7B, 15B and serogroup
24). Pilus islet-1 and pilus islet-2 were present in most sequence types belonging to

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

139 March 2022 | Volume 12 | Article 824449


https://www.frontiersin.org/articles/10.3389/fcimb.2022.824449/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.824449/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.824449/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.824449/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.824449/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.824449/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:kristian.riesbeck@med.lu.se
https://doi.org/10.3389/fcimb.2022.824449
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.824449
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.824449&domain=pdf&date_stamp=2022-03-22

Yamba Yamba et al.

MDR pneumococci in Southern Sweden

GPSC1 and in two isolates within GPSC9 but were not detected in isolates belonging
to GPSC10. Zinc metalloproteinase C was well conserved within all analyzed isolates
belonging to GPSC9 but were not found in isolates from GPSC1 or GPSC10.

Conclusions: Although MDR S. pneumoniae is relatively uncommon in Sweden
compared to other countries, virulent non-PCV serotypes that are MDR may become
an increasing problem, particularly from clusters GPSC9 and GPSC10. Since the
incidence of certain serotypes (3, 15A, and 19A) found among our MDR Swedish study
isolates are persistent or increasing in invasive pneumococcal disease further surveillance

is warranted.

Keywords: antimicrobial resistance (AMR), extensive drug resistance (XDR), multidrug-resistant (MDR), global
pneumococcal sequence cluster, mucosal infection, respiratory tract, streptococcus pneumoniae, serotype

INTRODUCTION

Streptococcus pneumoniae is a commensal of the human
respiratory tract and its primary niche is the nasopharynx.
Dissemination from the nasopharynx can lead to different
types of pneumococcal disease including pneumonia, acute
otitis media and sinusitis, of which the bacterial species is
considered the most common etiology (Weiser et al., 2018). S.
pneumoniae also causes invasive pneumococcal disease (IPD),
characterized as meningitis, sepsis, and bacteriemic pneumonia
that contributes to a high morbidity and mortality globally
(Troeger et al., 2018). The most important virulence factor of
the pneumococcus is the capsule and around 100 different
serotypes have been identified (Ganaie et al., 2020). The first
conjugated pneumococcal polysaccharide vaccine PCV7 was
introduced in the year of 2000 in the US (covering serotypes
6B, 7F, 9V, 14, 18C, 19F and 23F). Serotype replacement then led
to the development of higher valency vaccines, and PCV10
(PCV7 serotypes with addition of 1, 4 and 5) and PCV13
(PCV7 serotypes with addition of 1, 3, 4, 5, 6A and 19A) are
mainly administrated. In southern Sweden, PCV7 was
introduced in the child immunization program in 2009.
PCV10 was implemented one year later with a shift to PCV13
in 2014, and a further change back to PCV10 in 2019.

In a meta-analysis performed by (Andrejko et al., 2021) on
312,783 pneumococci isolated from children, it was shown that
the implementation of PCV in child immunization campaigns
has resulted in an absolute significant decrease of penicillin non-
susceptible pneumococci (PNSP). This reduction was mainly
hypothesized to be attributed to reduction of non-susceptible
vaccine serotypes (VT), suggesting the possibility to use vaccines
also in control of antimicrobial resistance. Local changes with
increased antimicrobial resistance due to serotype replacement
is, however, a phenomenon to be aware of as has been observed
in Sweden regarding IPD isolates in the post-PCV era. An
increase of PNSP from 3.3% in 2007 to 5.6% in 2013-2016 has
been observed, primarily due to the increase of non-vaccine types
(NVT) PNSP (Naucler et al., 2017). Serotype switch events in
already multidrug-resistant (MDR; nonsusceptibility to 3 or
more different antimicrobial classes) VT lineages is another

way for new clones to expand after vaccine implementation.
Examples of serotype switch events have been noted in the post
PCV era but the general survival rate of the resulting strains in
the population is to be followed through further studies
(Savinova et al., 2020; Scherer et al., 2021).

In a study by Gladstone et al. (2019) global pneumococcal
sequence clusters (GPSC) were defined as a new tool for
epidemiological analysis of S. pneumoniae in the post PCV era.
It was shown that some GPSCs have an increased accumulation
of MDR isolates as for example GPSCI. Close surveillance of
the GPSCs is of importance for the evaluation of effect of
PCVs on the overall antimicrobial resistance (AMR) within
different lineages.

The pattern of non-susceptibility to common antibiotics
among pneumococci vary greatly across the globe (Andrejko
et al, 2021). In Sweden, AMR to penicillin and macrolides has
been low in later years compared to other European countries.
The European center of disease control (ECDC) estimated that
Sweden, in 2019, had 6.5% PNSP and 6.5% macrolide non-
susceptible invasive S. pneumoniae compared to the EU average
of 12.1 and 14.5% (ECDC, 2020a; ECDC, 2020b). During the
years 2016-2018 S. pneumoniae detected in clinical respiratory
tract samples in Skdne County, southern Sweden, were
investigated regarding serotype distribution and antimicrobial
susceptibility. Of the 2,131 included isolates, 11% were PNSP and
8% macrolide non-susceptible. Furthermore, 7% were MDR and
2% were extensively drug resistant (XDR; nonsusceptibility to 5
or more different antimicrobial classes) (Golden et al., 2015;
Udden et al.,, 2021). MDR and XDR isolates included both VT
and NVT pneumococci (Uddeén et al., 2021).

The purpose of this study was to do whole genome
sequencing (WGS) on pneumococcal MDR isolates detected in
Skéne County between 2016-2018 with the aim of studying their
resistance genes and molecular epidemiology in a global context.
We present data on GPSC, resistance genes and selected
virulence genes. We also show data regarding the virulence
factor zinc metalloproteinase C (ZmpC) and the presence of
PI-1 and PI-2 islets among different MDR GPSC as possible
contributors to virulence or increased transmission
among pneumococci.
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MATERIALS AND METHODS

Streptococcus pneumoniae Isolates

In our recent study, a total of 2,131 pneumococci were detected
among clinical respiratory tract samples during 18 months in
2016-2018 (Udden et al., 2021). Serotyping was performed as
described in (Udden et al., 2018). Briefly a multiplex polymerase
chain reaction (PCR) scheme in combination with latex
agglutination and the Quellung reaction was used. Of the 1,858
isolates that were available for further analyses, 26 isolates were
classified as XDR based on non-susceptibility to =5 antimicrobial
classes during screening with disk diffusion tests (oxacillin,
erythromycin, clindamycin, tetracycline, trimethoprim-
sulfamethoxazole and norfloxacin) and a gradient test for
benzylpenicillin (Etest®; BioMérieux, Marcy-I'Etoile, FR), and
were included in the current study. Minimum inhibitory
concentrations (MIC) of the currently studied isolates were
confirmed with broth microdilution (BMD) (Sensititre
Streptococcus STP6F AST Plate; Thermo Fisher Scientific,
Waltham, MA) and interpreted according to breakpoints
provided by EUCAST 2021 to determine MDR (n=10) or XDR
(n=16) phenotype (Udden et al., 2021). One of 26 isolates was,
however, excluded based on low quality of WGS, and not
included in further analyses.

Whole Genome Sequencing

Mlumina sequencing described by (Kavalari et al., 2019) was used
for WGS. Species identification was performed using ribosomal
multi locus sequence typing (rMLST) provided on PubMLST
(https://pubmlst.org) (Jolley et al,, 2018). Capsular loci were
analyzed to determine capsular genotype using the
PneumoCaT tool (Kapatai et al., 2016).

Molecular Epidemiology and

Resistance Genes

Assembled genomes were uploaded to PathogenWatch (https://
pathogen.watch) to assign MLST and GPSC (Jolley et al., 2018).
Corresponding clonal complex (CC) of the detected sequence
types, and additional epidemiological information regarding
GPSC and MLST were acquired from the Global
Pneumococcal Sequencing Project database (https://www.
pneumogen.net/gps/GPSC_lineages.html, accessed 1-07-2021)
and PubMLST. Clonal complexes were assigned by a single
locus threshold (6/7) (Gladstone et al., 2019). PathogenWatch
was additionally used to screen for antimicrobial resistance genes
(ermB, mefA, tetM) and mutations (folA/folP, gyrA/parC)
conferring resistance to commonly used antibiotics for
pneumococcal disease and mosaic penicillin binding protein
(PBP) profiles conferring resistance to -lactam antibiotics in
pneumococci (Li et al., 2017; Gladstone et al., 2019).

Determination of Virulence Factors

Genes encoding the virulome were screened for using NCBI
Genome Workbench version 3.6.0 and BlastN was performed for
comparison of nucleotide sequences. Selected sequences for
virulence genes of interest related to S. pneumoniae were

collected from the Virulence finder database nucleotide
dataset_B (downloaded 4/8-2021) (Weiser et al., 2018; Liu
et al., 2019). Additional sequences were selected for detection
of pilus islet 1 (PI-1) (GenBank accession numbers: EF560625-
EF560637) and pilus islet 2 (PI-2) (GenBank accession number:
EU311539.1) (Bagnoli et al., 2008; Moschioni et al., 2008). A 95%
identity and 80% coverage were used for identification of a
sequence (Kavalari et al., 2019).

Phylogeny, Resistance Determinants and
Selected Virulome of Isolates Within
GPSC1, GPSC9 and GPSC10

Three phylogenetic trees were constructed with the sequenced
isolates belonging to GPSC1, GPSC9 and GPSC10 together with
additional reference isolates described by Gladstone et al.
(Gladstone et al., 2019) provided from ENA (https://www.ebi.
ac.uk/ena/browser/home) (ENA run accessions in Supplemental
Material). The isolates were selected to represent different
sequence types within GPSC1 (n=79), GPSC9 (n=50) and
GPSC10 (n=52). MinTyper 1.0 were used for the SNP distance
matrices and creation of the phylogenetic trees (Hallgren et al.,
2021). The trees were rooted to concatenated sequences of
different reference strains, which are specified in each figure.
The phylogenetic trees were visualized using Interactive tree of
life (iTol v.5) (Letunic and Bork, 2021). Assembled genomes of
the ENA isolates were downloaded from PathogenWatch
together with metadata including PBP-profiles, resistance genes
(ermB, mefA, tetM) and mutations (folA/folP) for the isolates
(date 8/8-2021). The presence of selected virulence factors
(ZmpC, PI-1 and PI-2) was analyzed as previously described.

RESULTS

Three Different Global Pneumococcal
Sequence Clusters Dominated in the
Catchment Area

Included isolates were serotyped and assigned to MLST, GPSC
and CC by extraction from WGS data (Table 1). All isolates
(n=25) were identified as S. pneumoniae using rMLST. Three
different GPSC dominated among the samples, GPSC1 (n=7),
GPSC9 (n=5) and GPSC10 (n=>5). The dominating serotypes
were 15A (n=4), 19A (n=3), 19F (n=3), 35B (n=3) and in total 10
different serotypes (3, 6B, 7B, 11A, 15A, 15B, 15C, 19A, 19F and
35B) and 1 serogroup (24) were identified and in general
consistent with WGS. Isolates belonging to the same GPSC
often carried identical resistance genes and closely related
PBP profiles.

ZmpC and Pilus Islets Were Present
Among Only a Fraction of Isolates

The isolates were analyzed for virulence factors known to be
important for pneumococcal pathogenesis and colonization.
Selected virulence factors, ZmpC and pilus islets, were present
among only a selection of the isolates (Table 1). The virulence
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TABLE 1 | XDR and MDR isolates were closely related to international MDR lineages.

Isolate Year Age Sample type Serotype GPSC? MLST CC Resistance PCV coverage Virulence
ID Years Phenotype/Genotype Profile PCV10 PCV13 PCVi5 PCV20 PI-1 PI-2 zmpC
1 2017 4 Nasopharynx  19F/19F 1 236° - XDR + + + + + + -
2 2017 34 Nasopharynx  3/3 1 271°  ©C320 XDR - + + + + + -
3 2018 2 Nasopharynx  19A/19A 1 320 CC320 XDR - + + + + + -
4 2018 0 Conjunctiva 19A/19A 1 320 CC320 XDR - + + + + + -
5 2016 1 Nasopharynx  19F/19F 1 2920° - XDR + + + + + + -
6 2018 42 Nasopharynx  19A/19A 1 4768 CC320 XDR - + + + + + -
7 2017 88 Nasopharynx  19F/19F 1 8359 - XDR + + + + + + -
8 2017 37 Nasopharynx — 15A/15A 9 63° CC6e3 MDR-4 - - - - - - +
9 2017 3 Nasopharynx  15A/15A 9 63° CC63 MDR-4 - - - - - - +
10 2017 7 Sputum 15C/15C 9 782°  CC63 XDR - - - - - - +
11 2017 89 Sputum 15A/15A 9 3816° CC63 MDR-4 - - - - - - +
12 2017 32 Sputum 15A/15A 9 3816° CC63 MDR-3 - - - - - - +
13 2018 1 Nasopharynx  24/24 10 230¢ CC230 MDR-4 - - - — _ _ _
14 2017 2 Middle ear 15B/15B 10 42539 ©C230 MDR-4 - - - + - - -
15 2017 9 Sputum 24/24 10 62279 ©C230 MDR-4 - - - - - - -
16 2017 1 Nasopharynx  7B/7B 10 Novell - MDR-4 - - - - - - -
17 2018 27 Nasopharynx  7B/7B 10 Novell - MDR-4 - - - - - - -
18 2017 2 Nasopharynx  15C/15C 16 83° CC8t XDR - - - - - _ _
19 2017 1 Nasopharynx  11A/11A 43 8605 - XDR - - - + - _ _
20 2017 68 Sputum 6B/6E 47 2040' ©C315 MDR-3 + + + + + - -
21 2016 41 Conjunctiva NT/NT 81 4149 - XDR - - - — _ _ _
22 2017 68 Sputum 35B/35B 91 373 - XDR - - - - - - -
23 2017 58 Bronchi 35B/35B 91 373 - XDR - - - - - _ _
24 2017 0O Nasopharynx  35B/35B 91 373 - XDR - - - - - - _
25 2017 0 Nasopharynx  6B/6E 115 135 CC1348 XDR + + + + + - -

20% 36% 36% 44% 36% 28% 20%

The major GPSC identified were GPSCT1 (n=7), GPSC9 (n=5) and GPSC10 (n=5) and 21/25 isolates belong to GPSC known to carry a high degree of resistance. Most of the isolates (13/25) were
PMEN clones or single locus variants (SLV) of PMEN clones. Major clonal complexes identified were CC320 (n=4), CC230 (n=3) and CC63 (n=5). Some isolates were reclassified as MDR due to
changes in resistance pattern upon BMD testing, and updated breakpoints by EUCAST in 2019, but 15/25 showed an XDR resistance profie. PCV coverage of the sequenced solates was low; 20%
for PCV10 and 36% for PCV/13. Major non-PCV serotypes detected include MDR serotype 15A,15C, serogroup 24, 7B and 35B. Additional coverage would not be increased with the use of PCV15
and only slightly with the use of PCV20, 44% with addlition of serotype 11A and 15B. Pilus islet 1 (Pl-1) and pilus islet-2 were present among 36% and 28% of the isolates respectively. Pl-1 and Pl-2 was
carried by all isolates belonging to GPSCT1. Zinc metalloproteinase C (ZmpC) was only present among isolates belonging to GPSC9 20% (n=5/25).

a- Bold - >2.5 in mean no of resistant classes in GPSC.

b- Identical or SLV of PMEN Taiwan19F-14 ST236.

c- Identical or SLV of PMEN Sweden15A-25 ST63.

d- Identical or SLV of PMEN Denmark14-32 ST230.

e- SLV of PMEN Spain23F-1 ST81.

f- SLV of PMEN Poland6B-20 ST315.

GPSC, Global pneumococcal sequence cluster; MLST, Multi locus sequence type; CC, Clonal complex (defined as 6/7 identical alleles); XDR, Extensively drug resistant; MDR, Multidrug
resistant; PMEN, Pneumococcal molecular epidemiology network.

gene zmpC was only carried by the 5 isolates belonging to  amino acid insertion in folP. The genotype correspondence
GPSC9. PI-1 was present in 36% (9/25) of the isolates and PI-2  with phenotype regarding B-lactam resistance was high with
in 28% (7/25) of the isolates. All isolates belonging to GPSC1 ~ 23/25 isolates, having a benzylpenicillin MIC corresponding
carried both PI-1 and PI-2 (n=7). All isolates were equipped with ~ within 1 dilution step to their predicted MIC in relation to
ply, WtA, IytC, cbpE, pavA, hysA, eno, piuA, psaA, cppA, htrAand  their PBP profile. Two isolates harboring ermB were susceptible

tig/ropA that are common virulence genes. to clindamycin upon testing with BMD, and one isolate was

. . . susceptible to tetracycline although harboring tetM. Two isolates
High Correlation Between Genotypic and harbored cat with phenotypic resistance to chloramphenicol.
Phenotypic Antimicrobial Susceptibility None of the included isolates carried mutations within gyrA/
Among MDR Pneumococci parC and were all susceptible to levofloxacin (Supplemental

All the isolates (n=25) were selected for further investigation Material). All included isolates were susceptible to linezolid,
including MIC test using BMD and WGS (Table 2). All isolates vancomycin and meropenem (Supplemental Material). Based
harbored ermB and tetM, and a minority (n=7) also carried mefA ~ upon MICs determined with BMD, 10/25 isolates did not exhibit
belonging to GPSC1. Trimethoprim-sulfamethoxazole resistance ~ XDR phenotypes, because they were reclassified as susceptible to
was observed in 15/25 isolates, although 24/25 carried genes  trimethoprim-sulfamethoxazole following updated EUCAST
related to antibiotic resistance to sulfamethoxazole with an  breakpoints in 2019.
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TABLE 2 | Phenotypic and genotypic antimicrobial susceptibility correspondence was high.

Isolate B-lactam antibiotics Macrolide/Lincosamide Tetracycline Trimethoprim Chloramphenicol
ID PBP profile Benzylpenicillin Cefotaxime Ery Cli Sulfamethoxazole
1a-2b-2x Inferred BMD Inferred BMD ermB/ BMD BMD tetM BMD folA/ BMD cat BMD MIC
MIC MIC MIC MIC mefA MIC MIC MIC folP MIC

1 13-16-47 2 11 1 0258 +/+ >2 R >1 R + >8 R +/+ 4R - 28
2 17-16-47 2 11 1 11 +/+ >2 R >1 R + >8 R +/+ >4 R - 48
3 13-11-16 4 4R 2 21 +/+ >2 R >1 R + >8 R +/+ 4R - 48
4 13-11-16 4 4R 2 21 +/+ >2 R >1 R + >8 R +/+ >4 R - 48
5 13-16-New 4 4R 8 21 +/+ >2 R >1R + >8R +/+ >4 R - 88
6 13-11-16 4 4R 2 21 +/+ >2 R >1 R + >8 R +/+ 4R - 48
7 13-14-20 4 4R 1 11 +/+ >2 R >1R + >8 R +/+ >4 R - 48
8 New-7-138 0.5 051 0.5 058 +/- >2 R >1R + >8 R -/+ 18 - 48
9 24-27-28 0.25 0.121 0.12 0128 +/- >2 R >1 R + >8 R -/- <058 - 48
10 17-53-36 2 051 1 0258 +/- >2 R >1R + >8 R -/+ 4R - 48
iRl 24-27-13 0.25 0.251 0.25 0128 +/- >2 R >1R + >8 R -/+ 18 - 48
12 24-27-13 0.25 0.121 0.25 0.128 +/- >2 R >1 R + <18 -/+ 18 - 48
13 New-15-22 0.5 11 0.12 0128 +/- >2 R >1R + >8 R -/+ <058 - 8S
14 New-15-367 0.25 0.251 0.12 0.128 +/- >2 R >1 R + >8 R -/+ 18 - <18
15 17-15-22 0.5 051 0.12 0128 +/- >2 R >1R + >8 R -/+ <058 - 2S
16 17-144-8 2 21 0.5 11 +/- >2 R >1R + >8 R -/+ 18 - 48
17 17-144-8 2 0.251 0.5 11 +/- >2 R >1 R + >8 R -/+ 18 - 48
18 15-12-18 2 4R 1 11 +/- >2 R >1R + >8 R +/+ >4 R + 16 R
19 7-12-135 0.25 0.251 0.12 0.12S +/- >2 R >1R + >8 R +/+ 4R - 48
20 New-53-35 0.5 0.251 0.25 0258 +/- >2 R 0258 + >8R -/+ 18 - 48
21 25-7-56 2 21 1 11 +/- >2 R >1 R + >8 R +/+ 4R - 48
22 7-1-New 0.25 0.251 0.12 0.128 +/- >2 R >1 R + >8 R +/+ 21 - 28
23 7-1-242 0.25 051 0.12 0128 +/- >2 R >1 R + >8 R +/+ 4R - 48
24 7-1-242 0.25 0.251 0.12 0.128 +/- >2 R >1R + >8R +/+ 4R - 48
25 8-67-103 0.25 0.251 0.25 0258 +/- >2 R >1 R + >8 R +/+ >4 R + 16 R

Similar patterns of resistance were observed based on the GPSC. GPSCT1 isolates (ID 1-7) showed a higher penicillin MIC (1-4 mg/mli), carriage of ermB/mefA/tetM as well as mutations
conferring resistance to co-trimoxazole. GPSC9 isolates (ID 8-12) had a lower grade of penicillin nonsusceptibility (MIC 0.12-0.5 mg/ml) and carried ermB and tetM. One isolate (ID 10) was
also resistant to co-trimoxazole with the folA 1100L mutation and amino acid insertions in folP 57-70. Isolates belonging to GPSC10 (ID 13-17) had a low to high grade of penicillin
nonsusceptibility (MIC 0.25-2 mg/mi) and carried ermB and tetM. Remaining isolates were of varied resistance patterns but were all non-susceptible to penicillin and macrolides.

Related Resistance Genes and Presence
of Selected Virulence Genes Among
Closely Associated Clones Within GPSC1,
GPSC9 and GPSC10

To study selected virulence factors of interest and resistance
genes, GPSC specific phylogenetic trees were constructed
together with metadata. PI-1 and/or PI-2 was present among
all the included isolates belonging to GPSC1 (Figure 1) but was
only found in two isolates (PI-1) belonging to GPSC9 (Figure 2).
No isolates belonging to GPSC10 carried PI-1 or PI-2 (Figure 3).
All isolates belonging to GPSC9 carried zmpC but none of the
GPSC1 or GPSC10 isolates carried the gene. Isolates that were
closely related in the SNP tree carried similar PBP profiles,
serotypes, and resistance genes in all the GPSC.

DISCUSSION

WGS was performed on clinical MDR isolates detected in Skéne
County, southern Sweden during 18 months in 2016-2018. They
belonged to dominant GPSCs that carry high frequencies of

antibiotic resistance, namely GPSCI, GPSC9 and GPSCI10
(Gladstone et al., 2019).

GPSCI is globally dominated by serotype 19A and 19F
(Gladstone et al., 2019). After the introduction of PCV7/
PCV10, including serotype 19F, in child immunization
programs, an increased incidence of IPD caused by MDR
serotype 19A CC320, GPSC1, was observed (Schroeder et al,
2017; Cassiolato et al., 2018). In contrast, introduction of PCV13
has decreased the incidence of IPD related to serotype 19A
CC320 (Isturiz et al., 2017; Schroeder et al., 2017). Serotype 19A
is, however, persisting both in Skdne County and among IPD
cases in Sweden, 11% in 2020 (Public Health Agency of Sweden,
2021; Uddeén et al,, 2021). Of note is also that a variant of
serotype 19A CC320 have been associated with PCV13 failures
and breakthroughs in Ireland (Corcoran et al., 2021).

Serotypes 19A and 19F were the most common serotypes in
GPSCI in our study with one exception: a serotype 3 ST271
isolate. In 2015-2017, three serotype 3 ST271 MDR isolates were
detected in two different states in the US and the serotype switch
within the ST271 was described by Scherer et al. (Scherer et al.,
2021). Two additional serotype 3 ST271 pneumococci are also
described in PathogenWatch, isolated in South Africa 2013.
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GPSC1
ID_Country_Year PBP la-2b-2x
. ERR1065765_South Africa_2014 12134 1oF SN MEEEM 13-New-8 Genes
Lo ERR1756413_India_2015 1396 19F [N 13-11-36
te ID5_Sweden_2016 2020 19F N 13-16-New H ermB
o ERR1422467_Peru_2008 12185 1oF NN 13-14-26
e ERR1453691_China_2012 1464 19F 13-194-318
o ERR1065813_South Africa_2014 12136 19F 13-49-36 m mefA
Fe ERR730802_South Africa_2010 10822 19F 13-New-36
e ERR570446_South Africa_2005 1412 19F 13-94-497 N tetM / tet(S/M)
I ERR632889_South Africa_2006 12536 19F [N EEW 13-New-497
ERR1065915_South Africa_2014 8678 19F MM MMM 13-New-497 1 folA1100L
. ERR568454_South Africa_2005 2920 19F 13-16-47
te ERR730532_South Africa_2007 12560 19F 13-New-47 m folP aa57-70
r ERR600350_South Africa_2007 12537 19F 13-49-8
ERR1066365_South Africa_2014 11129 19F Bl 13-49-8 m Pl
L ERR568541_South Africa_2005 2706 19F Bl 13-49-131
ERR568531_South Africa_2005 12526 19F 13-New-131  m PI-2
ERR1453685_China_2012 271 19F Bl 131133
ERR600235_USA_2012 12712 19F [N EM 13-14-115 = zmpC
ERR433870_Peru_2009 5459 19F [ENM MMM 13-16-20
ID7_Sweden_2017 8350 19F [ENE MMM 13-14-20
ERR505590_Peru_2008 11396 19F [N 13-38-20
ERR433866_Peru_2009 7132 19F 13-76-20
ERR1422546_Peru_2009 12189 19F 13-49-20
ERR1422451_Peru_2008 9906 19F 13-38-20
ERR1422544_Peru_2009 1421 19F 13-16-20
ERR1422492_Peru_2008 12186 19F 13-38-20
ERR570456_South Africa_2005 12533 19F W 13-16-47
ERR1453711_China_2013 06C 13-16-47
ERR730848_South Africa_2010 10825 19F BN 13-New-New
ERR570477_South Africa_2005 12534 19F [EEM M 13-16-488
ERR730875_South Africa_2011 11696 19F [EEM B 13-New-488
ERR568691_South Africa_2005 12228 19F N 13-New-205
e ERR600470_South Africa_2007 12229 19F M 13-New-205
ERR774501_South Africa_2013 12586 19A [N MIEEM New-New-497
E ERR1788199_Russian federation_2013 12827 19F [N MM 13-37-113
ID2_Sweden 2017 Bl 17-16-47
e ERR1065115_South Africa_2013
ERR1788150_Russian federation_2011
ID4_Sweden_2018
ERR600222_USA_2012
ERR2089513_Brazil_2013
ERR742396_USA_2008
ERR586420_USA_2009
ID6_Sweden_2018
ERR884472_Poland_2013
ERR433977_USA_2009
ERR742471_USA_2008
ERR2667128_China_2013
ID3_Sweden_2018
ERR568762_USA_2009
ERR505803_USA_2009
ERR505791_USA_2009
ERR2090565_Israel_2010

ID1_Sweden_2017
ERR1788191_Russian federation_2015
ERR751156_Trinidad and Tobago_2007
ERR2090717_|srael_2012
ERR2090728_lsrael_2012
ERR506057_USA_2009
ERR2091085_lsrael_2007
ERR876468_USA_1999
ERR1214581_China_2000
ERR662296_Peru_2008
ERR505593_Peru_2008
-ERR876688_Trinidad and Tobago_2011
ERR876480_USA_1999
ERR742513_USA_2001
ERR1453540_China_2000
ERR1214658_China_1998
ERR1214579_China_2000
ERR1788322_Belarus_2015
ERR1788528_Brazil_2009
ERR1191888_Morocco_2009
ERR730503_Senegal_2011
ERR870089_The Gambia_1996
ERR1191955_The Gambia_2009
ERR1788547_Brazil_2009

ERR646604_South Africa_2007 2834 19F W 0-16-203
ERR1065912_South Africa_2010 11101 19F New-93-43
ERR568452_South Africa_2005 10683 19F 2-0-2
ERR913496_South Africa_2011 9933 19F 15-New-8
ERR1066120_South Africa_2010 11116 19F Wl 15-New-8
ERR600359_South Africa_2006 10731 19F Ml 15-New-8
ERR900684_South Africa_2009 12501 19F W 15-New-8
ERR600523_South Africa_2007 12543 19F 15-New-8
ERR1066258_South Africa_2010 420 19F N 15-New-8

FIGURE 1 | Dual presence of both Pilus islet 1 and 2 is common within GPSC1. GPSC1 tree including 86 isolates showing ID number, country and year followed by
serotype, MLST, gene presence and PBP-profile (1a-2b-2x). As a reference isolate ID 1 was used. Aimost all isolates (83/86) carry both Pilus islet 1 (PI-1) and Pilus
islet 2 (PI-2). The three isolates that were negative for PI-1 or PI-2 however contained larger fragments of the corresponding pilus islets. All the Swedish isolates and
many of the included (55/86) carry dual macrolide resistance mechanisms with both ermB and mefA. Regarding the PBP profile PBP-1a allele 13 is common as well
as the profile 13-11-16. Zinc metalloproteinase C (ZmpC) was not found among either of the isolates included.

The presence of an additional similar isolate in Sweden 2017,  incidence in Sweden (Naucler et al., 2017; Public Health Agency
carrying identical resistance genes and PBP profile, may indicate ~ of Sweden, 2021). Post PCV13 introduction in many Swedish
global spread of the clone. The finding of this isolate, that is  counties, S. pneumoniae serotype 3 has remained the most
closely related to the widely distributed 19F ST271 clone, is of =~ common serotype causing IPD in Sweden, accounting for 15%
concern since the use of PCV13 has not reduced serotype 3 IPD  of cases in 2020 (Public Health Agency of Sweden, 2021).
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ID_Country_Year

- -ERR316792_Malawi_2009
ERR980090_Nepal_2014

- -ERR980022_Nepal_2014
ERR980176_Nepal_2014
ERR1638457_India_2014
ERR1214428_Bangladesh_2005
- -ERR980067_Nepal_2014
ERR980092_Nepal_2014
-ERR980101_Nepal_2014
ERR1756436_India_2015
-ERR980050_Nepal_2014
ERR742348 USA_2002
ID10_Sweden_2017

- -ERR870271_The Gambia_2009
ERR980030_Nepal_2014
ERR1453632_China_2010
ERR742676_India_2008
-ERR730530_South Africa_2007
- -ERR633067_South Africa_2010
ERR751118_Mozambique_2008
ERR913251_The Gambia_1999
ERR316809_Malawi_2009
ERR1191899_Malawi_2014
ERR869998_Malawi_2014
ERR633118_South Africa_2006
ERR980112_Nepal_2014
ERR1065587_Nepal_2014
ERR730528_South Africa_2006
ERR730371_Ghana_2010
ERR730788_South Africa_2010
ERR600487_South Africa_2007
ERR714350_The Gambia_2008
- -ERR1214405_Egypt_2000
-ERR714499_South Africa_2007
-ERR1066170_South Africa_2010
ERR1065767_South Africa_2010
-ERR751145_Mozambique_2009
ERR751125_Mozambique_2009
ERR1422371_Qatar_2012
ERR774428_Malawi_2012
ERR862485_Malawi_2014
ERR1202386_Malawi_2013
ID8_Sweden_2017
ID9_Sweden_2017
ERR884342_Poland_2009
-ERR774005_South Africa_2012
ERR1066195_South Africa_2014
ERR2090725_lIsrael_2012
ID12_Sweden_2017
ID11_Sweden_2017
-ERR2089840_Israel_2008
ERR2090747_lsrael_2013
--ERR1202594_USA_2009
ERR742657_USA_2009
ERR433636_USA_2009

FIGURE 2 | Zinc metalloproteinase C is highly preserved among isolates belonging

was not found among either of the isolates included.

Year followed by serotype, MLST, gene presence and PBP-profile (1a-2b-2x). As a reference isolate ID 9 was used. All the Swedish isolates and all the included
100% harbor the gene for zinc metalloproteinase C zmpC). Macrolide resistance gene ermB was mostly present in a subclade with serotype 19A, 19F and 15A
isolates. Most of the Swedish isolates (4/5), belonged to this subclade with one exception being the ST782 serotype 15C isolate more closely related to other
pneumococci within GPSC9. This 15C isolate diverged in both serotype and PBP profile from other closely related pneumococci. Regarding the PBP profile PBP-1a
allele 24 is common within the GPSC among our included isolates. Only two isolates carried Pilus islet 1 (PI-1) that are closely related from Mozambique. Pilus islet-2

PBP 1a-2b-2x

0-27-418
24-27-0
24-27-436
24-27-409
24-27-28
24-27-28
2-27-16
24-27-435
24-27-435
24-27-205
24-27-435
24-53-77
17-53-36
24-27-242
24-27-437
13-261-20
24-27-8
24-27-421
24-27-422
24-27-28
24-27-28
24-27-28
24-27-411
24-27-411
24-27-19
24-27-35
24-27-28
24-262-19
12-264-419
24-27-427
24-27-410
24-27-28
24-27-415
19-27-410
24-27-28
24-27-411
24-27-431
24-27-431
17-228-8
17-6-22
2-6-2
2-6-2
New-7-138
24-27-28
8-230-143
34-89-147
34-89-147
24-27-13
24-27-13
24-27-13
147-229-8
24-27-28
24-27-28
24-27-28
24-27-28

Genes

11029
11018
11041

ermB

mefA

tetM / tet(S/M)
folA 1100L
folP aa57-70
PI-1

PI-2

zmpC

9352

4902
7061
2678
12738
10608
12260

to GPSC9. GPSC9 tree including 55 isolates showing ID number, Country and

All currently studied GPSC1 isolates carried both PI-1 and PI-
2, conferring increased adherence to host cells (Barocchi et al.,
2006; Bagnoli et al., 2008). Our findings are in concordance with
other studies in which the presence of PI-1 has been linked to
MDR lineages with penicillin resistance, exemplified by CC320
that was also present among our MDR isolates (Dzaraly et al.,
2020). In addition, GPSC1 and, specifically, CC320 have been
shown to carry both PI-1 and PI-2 (Dzaraly et al., 2020; Nagaraj
et al., 2021). Taken together the presence of MDR GPSCI still
warrants surveillance to follow serotype switch variants and
expansion of MDR following PCV10 reintroduction in 2019 as
previously discussed (Udden et al., 2021).

GPSC10 has been described to be of concern regarding both
multidrug resistance and serotype replacement in the post-PCV

era (Nagaraj et al., 2021). Several isolates in our study belonged
to GPSC10, including some NVTs including 7B, 15B and
serogroup 24. None of these serotypes are included in
currently available PCVs, and to the best of our knowledge
only 15B will be included in a future multivalent PCV
(Greenberg et al., 2018; Essink et al., 2020).

GPSC9 has mostly been dominated by VT 14 but serotype 15A
was the most common serotype found in our study. Serotype 15A
has also increased in several parts of the world following the
implementation of PCV13 (van der Linden et al., 2015; Nakano
et al,, 2016; Wu et al,, 2020), and it is not targeted by any PCV
currently in development to our knowledge (Greenberg et al,
2018; Essink et al., 2020). In both Norway and the US serotype
15A has increased in the post PCV era or been related to MDR
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GPSC10

ID_Country_Year

ERR2089384_Brazil_2012
ERR433546_USA_1999
ERR1756469_India_2015
ERR1202126_Malawi_2014
ERR1065586_Nepal_2014
ERR980046_Nepal_2014
ERR1756450_India_2014
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IPD cases (Beall et al., 2018; Siira et al., 2020). In the US CC63,
belonging to GPSC9, was also found to be the main contributor to
MDR invasive 15A isolates in 2015-2016 (Beall et al., 2018). In
2020, serotype 15A was one of the more common serotypes (7%)
among IPD cases in Sweden and in 2016 serotype 15A together
with 23B were the main contributors to MDR IPD (Naucler et al.,
2017; Public Health Agency of Sweden, 2021). This NVT was also
common among respiratory tract isolates and frequently MDR in
Skane County 2016-2018 (Udden et al., 2021). Although the
currently studied isolates are not from IPD cases, our results
indicate that serotype 15A, GPSC9 MDR pneumococci are present
in the population and is likely of importance regarding invasive
pneumococcal disease also in Sweden.

Of the isolates detected in Skéne County, the zmpC gene was
only present in GPSC9 (n=5/25). The gene was also present

among all GPSC9 isolates included from ENA. The protease
encoded by zmpC cleaves human matrix metalloproteinase 9 and
has, in mouse pneumonia models, been correlated to increased
virulence in comparison to knockout strains (Oggioni et al., 2003)
and inhibit neutrophil influx to the lung by cleavage of P-
Selectin Glycoprotein 1 (Surewaard et al.,, 2013). Other targets
of the protease include syndecan-1 and membrane-associated
mucin MUCI16 that are shed from the epithelium by the
protease, increasing virulence (Chen et al., 2007; Govindarajan
et al,, 2012). ZmpC has in an observational study also been
associated to a more severe clinical presentation among IPD
patients with increased rates of ICU admission (Cremers et al.,
2014). Previously ZmpC has been linked to serotypes 11A, 8
and 33F of ST53 and ST62, both belonging to GPSC3
(Camilli et al., 2006; Gladstone et al., 2019; Hansen et al., 2021).
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In our study, the conservation within GPSC9 is presented. The
protease importance for the success in dissemination and
virulence of different GPSCs is something that can be of further
interest to study due to its conservation in certain lineages
recurring in pneumococcal disease like GPSC9 and most likely
also GPSC3.

Irregularities between genotypic and phenotypic resistance
were present although the concordance in general was high. One
isolate carried tetM while still being sensitive, this has previously
been noted and might be due to mutations within tetM not
addressed in our study (Grohs et al., 2012). Overall B-lactam
resistance showed a high correspondence pointing at the
possibilities of using sequencing as a diagnostic tool for
identifying resistance mechanisms in clinical isolates not
detected by culture. Isolates included in the study were
detected in routine clinical diagnostic testing. Isolated
primarily from the nasopharynx (15/25) with an unknown
indication for sampling. We thus cannot exclude that
pneumococcus isolated might represent carriage strains rather
than disease causing strains. However, they all represent highly
resistant pneumococci that are present in the population of
southern Sweden.

CONCLUSION

The majority of the sequenced XDR and MDR pneumococcal
isolates detected in Skane County belonged to a limited number
of GPSCs, primarily GPSC1, GPSC9 and GPSC10. Many S.
pneumoniae were NVTs belonging to internationally
widespread pneumococcal lineages of which many also cause
invasive pneumococcal disease. The prevalence of XDR and
MDR clones causing disease that are not targeted by current
PCVs is of concern, such as those detected within GPSC10 and
GPSC9. The most prevalent serotypes found are also common or
increasing among IPD cases in Sweden post PCV10/13. Further
surveillance is of importance as this may affect both treatment
and prophylactic measures regarding IPD and mucosal
pneumococcal disease.
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Streptococcus pneumoniae Strains
Isolated From a Single Pediatric
Patient Display Distinct Phenotypes

Hannah N. Agnew, Erin B. Brazel, Alexandra Tikhomirova', Mark van der Linden?,
Kimberley T. McLean, James C. Paton’* and Claudia Trappetti'*

" Research Centre for Infectious Diseases, Department of Molecular and Biomedical Science, The University of Adelaide,
Adelaide, SA Australia, 2 German National Reference Center for Streptoccocci, University Hospital Rheinisch-Westfélische
Technische Hochschule (RWTH) Aachen, Aachen, Germany

Streptococcus pneumoniae is the leading cause of bacterial paediatric meningitis after the
neonatal period worldwide, but the bacterial factors and pathophysiology that drive
pneumococcal meningitis are not fully understood. In this work, we have identified
differences in raffinose utilization by S. pneumoniae isolates of identical serotype and
sequence type from the blood and cerebrospinal fluid (CSF) of a single pediatric patient
with meningitis. The blood isolate displayed defective raffinose metabolism, reduced
transcription of the raffinose utilization pathway genes, and an inability to grow in vitro
when raffinose was the sole carbon source. The fitness of these strains was then assessed
using a murine intranasal infection model. Compared with the CSF isolate, mice infected with
the blood isolate displayed higher bacterial numbers in the nose, but this strain was unable to
invade the ears of infected mice. A premature stop codon was identified in the aga gene in the
raffinose locus, suggesting that this protein likely displays impaired alpha-galactosidase
activity. These closely related strains were assessed by lllumina sequencing, which did not
identify any single nucleotide polymorphisms (SNPs) between the two strains. However, these
wider genomic analyses identified the presence of an alternative alpha-galactosidase gene
that appeared to display altered sequence coverage between the strains, which may account
for the observed differences in raffinose metabolic capacity. Together, these studies support
previous findings that raffinose utilization capacity contributes to disease progression, and
provide insight into a possible alternative means by which perturbation of this pathway may
influence the behavior of pneumococci in the host environment, particularly in meningitis.

Keywords: Streptococcus pneumoniae, virulence, raffinose, clinical isolates, carbohydrate metabolism,
meningitis, bacteremia

INTRODUCTION

Streptococcus pneumoniae (the pneumococcus) is the world’s foremost bacterial pathogen, causing
approximately 1.2 million deaths each year with over 190 million infections (Lavelle and Ward,
2021). This Gram-positive bacterium can asymptomatically colonize the nasopharynx of humans at
a very high rate of up to 95% of infants and 25% of adults (Trimble et al., 2020). However, in a
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number of these carriers, pneumococci can disseminate from this
niche to deeper mucosal sites within the body, such as the middle
ear, to cause otitis media or they can invade sterile sites such as
the lungs, blood, and brain, leading to invasive pneumococcal
diseases (IPDs), such as pneumonia, bacteremia, and meningitis,
respectively. Of the IPDs, meningitis has a high case fatality rate
with 30% of cases in higher-income countries resulting in fatality
and lower-income countries having a case fatality rate of 50%
(Brouwer et al., 2010). Meningitis is caused by inflammation of
the brain and spinal cord following bacterial infection. S.
pneumoniae can disperse from the nasopharynx during
colonization into the bloodstream, resulting in bacteremia. The
bacteria carried in the blood cross the endothelial cell layer of the
blood-brain barrier to invade the brain by receptor-mediated
transcytosis, in which the bacterium binds a specific receptor on
endothelial cells, facilitating the translocation through the barrier
(Iovino et al., 2016). Replication of the pneumococci results in
high levels of inflammation that damages the brain.
Complications include cerebrospinal fluid pleocytosis, cochlear
damage, hydrocephalus, and cerebrovascular complications. If
left untreated, meningitis can result in severe health problems,
including hearing loss, brain damage and death (Mook-
Kanamori et al.,, 2011).

S. pneumoniae is a highly diverse and genetically plastic
species, with at least 100 capsular serotypes superimposed on
at least 16,000 sequence types (STs) (https://pubmlst.org/),
identified by multilocus sequence typing (MLST) (Enright and
Spratt, 1998; Kim and Weiser, 1998). The core genome is
composed of approximately 1500 genes, accounting for ~70%
of the genome, with the remaining ~30% made up of accessory
regions (ARs), leading to increased diversity between STs (Obert
et al., 2006). Capsule switching experiments have displayed that
both serotype and genetic background (i.e. ST) affect virulence
(Kelly et al., 1994; Mcallister et al., 2011), but strain complexity
has made it difficult to determine if there is a link between
ST/serotype and predisposition to cause invasive rather than
localized disease, and the mechanisms by which pneumococci
switch from commensalism to cause localized or invasive disease
remain poorly understood.

Previous studies undertaken in our laboratory have
demonstrated that S. pneumoniae clinical isolates of the same
serotype and ST displayed different virulence phenotypes in
mice, that correlated with their site of isolation in humans.
Intranasal (i.n.) challenge in mice with clinical isolates of
serotype 3 ST180, ST232 and ST233 showed that blood isolates
preferentially spread to the blood, whilst ear isolates spread to the
ear in a significant proportion of mice (Trappetti et al., 2013).
Further studies using clinical isolates of serotype 14 ST15 showed
that ear isolates were able to spread to the ear, whilst the blood
isolates spread to the lungs of mice (Trappetti et al., 2013; Amin
et al, 2015). Subsequent studies uncovered single nucleotide
polymorphisms (SNPs) in matched blood and ear isolates of
serotype 3 ST180 and serotype 14 ST15, including in genes
within the raffinose uptake and utilization pathway for both STs,
rafK and rafR, respectively. These SNPs affected growth when
raffinose was the sole carbon source and influenced the

expression of the raffinose utilization genes aga, rafG and rafK
(Minhas et al.,, 2019). Exchanging these mutations between the
serotype 14 strains showed that these phenotypes were
attributable to the SNPs, uncovering novel and clinically
relevant molecular features that favour distinct lifestyles of
pneumococcal disease.

We have now sought to investigate the bacterial drivers of
meningitis, using clinically relevant serotype 15C S. pneumoniae
isolates obtained at the same time from a single patient, provided
to us by the German National Reference Center for Streptococci
(Aachen). Pneumococci serotype 15C blood and CSF isolates
(designated 60B and 60CSF, respectively) were isolated in 2015
from a child, aged 2, admitted to hospital with meningitis. We
have performed in vitro and in vivo phenotypic characterization
and genome comparisons of these clinical isolates and found
differences in carbohydrate metabolism and gene expression in
vitro, and distinct pathogenic phenotype differences between the
isolates in vivo.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The S. pneumoniae strains used in this study are serotype 15C
clinical isolates 60B (SN69534) and 60CSF (SN69531) (isolated
from blood and CSF, respectively), D39 (serotype 2 ST595), and
Rx1 (unencapsulated). Cells were routinely grown on Columbia
agar supplemented with 5% (vol/vol) horse blood (BA), with or
without gentamicin (40 ug/mL), at 37°C in 5% CO, overnight
(Mclean et al., 2020). Growth assays were performed with
pneumococci grown in a chemically defined medium (CDM)
(Kloosterman et al., 2006) comprising SILAC RPMI 1640 Flex
Media, no glucose, no phenol red (Sigma), supplemented with
amino acids (Table 1A), vitamins (Table 1B), uracil (0.01 mg/
mL), adenine (0.01 mg/mL), choline chloride (0.005 mg/mL) and
catalase (10 U/mL), and either 0.5% glucose, galactose, lactose,
raffinose or melibiose.

MLST

To conduct MLST analysis, the aroE, gdh, gki, recP, spi, xpt and
ddl genes of the blood strains were PCR amplified, purified using
the QiaQuick Purification Kit (Qiagen), and sequenced as
described previously (Enright and Spratt, 1998). Sanger
sequencing was conducted by the Australian Genome Research
Facility (AGRF). The sequence types (ST) of the pneumococci
strains were determined by searching the MLST database
(https://pubmlst.org/) for matching allelic profiles.

Growth Assays

Strains were grown in flat-bottom 96-well microtiter plates
(Costar) with a final volume of 200 pL as previously described
(Minhas et al., 2019). Strains were inoculated at a starting optical
density at 600 nm (ODg) of 0.05 in CDM supplemented with
either 0.5% glucose, galactose, lactose, raffinose or melibiose,
before being incubated at 37°C with 5% CO,. The ODg was
measured every 30 min for a total of 24 h in a SpectroSTAR
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TABLE 1 | Components for the CDM.

Components

Alanine
Glutamine
Asparagine
Arginine
Lysine
Isoleucine
Methionine
Phenylalanine
Serine
Threonine
Tryptophan
Valine
Glycine
Histidine
Leucine
Proline

A) Amino acids

Cysteine hydrochloride

Aspartic acid
Pyridoxal HCI
Thiamine
Pantothenic acid (Ca)
Biotin

Niacinamide
Riboflavin

Folic acid

B) Vitamins

Omega spectrophotometer (BMG Labtech). Assays were
conducted in triplicate with at least three repeated
independent experiments.

Phenotypic Microarrays

Carbon phenotype microarray (PM) analysis using the PM
microplates PM1 and PM2a (Biolog Inc.) was performed on
the strains to test for the catabolism of 190 different carbon
sources as previously described (Minhas et al., 2019). Every well
of the microarrays contained a different carbon source. Briefly,
cells were inoculated to a final ODsg, of 0.06 in the buffer
provided, according to the manufacturer’s instructions. This
suspension was added in 100 pL aliquots to the wells, and the
plate was incubated at 37°C, 5% CO,. The ODsg, was measured
every 15 min for 24 h. Catabolic activity was measured through
colorimetric analysis. During catabolism, NADH is produced
which subsequently reduces a colorless tetrazolium dye, resulting
in a color change. The level of metabolism for each carbon source
was arbitrarily determined by comparison with the
negative value.

Biofilm Assays

The formation of biofilms was measured in real time using the
real time cell analyzer (RTCA) xCELLigence (Agilent
Technologies Inc.) instrument, as described previously for
Streptococcus mutans and Staphylococcus spp. (Gutierrez et al.,
2016). This instrument detects variation in the impedance signal
(expressed as the arbitrary cell index, CI) as bacterial cells attach
and form biofilms on the gold-microelectrodes present in the
bottom of the E-plates (Agilent Technologies Inc.) Briefly, strains
were grown overnight on BA plates at 37°C with 5% CO,. Cells

Concentration in final media (mg/mL)

0.24
0.39
0.35
0.125
0.44
0.215
0.125
0.275
0.34
0.225
0.05
0.325
0.175
0.15
0.475
0.675
0.3
0.3
0.0028
0.0014
0.0014
0.00014
0.0014
0.0014
0.0014

were harvested and resuspended in 200 uL of CDM + 0.5%
glucose or galactose a final ODgg, of 0.2. To the wells of the E-
plate, 150 uL CDM + 0.5% glucose or 0.5% galactose was added
before placing the plate in the cradle of the RTCA-DP system,
within a 37°C incubator without CO, supplementation. An
initial baseline impedance reading was taken before the E-
plates were removed and 50 pL of bacterial suspension was
added to wells for a 1 in 4 dilution, bringing the starting ODgg to
0.05. For control wells, an additional 50 uL of CDM + 0.5%
glucose or 0.5% galactose was added. E-plates were locked into
the cradles of the RTCA-DP platform within the incubator and
biofilm formation was monitored for 24 h by recording the
impedance signal (CI) every 15 min. Assays were conducted in
triplicate with at least two repeated independent experiments.
Statistical analysis was performed using two-tailed Student’s ¢
test; P values < 0.05 were deemed statistically significant.

Adherence Assays

Adherence assays were carried out on the Detroit 562 human
pharyngeal cell line as previously described (Trappetti et al,
2011). Briefly, cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 100 U/mL penicillin and 100 pg/mL streptomycin at
37°C in 5% CO,. Wells of 24-well tissue culture trays were seeded
with 2 x 10° Detroit cells in DMEM with 10% FCS and grown for
24 h before inoculation with pneumococci. These strains were
grown overnight on BA plates, before being resuspended in
CDM + 0.5% glucose or CDM + 0.5% galactose at a final
ODggp of 0.2. 500 pL of each bacterial suspension was added to
the washed Detroit cell monolayers. As a control, each bacterial
suspension was added in the same volume to empty wells. After
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incubation for 2 h at 37°C, wells were washed 3 times with PBS
before cells were detached from the plate by treatment with 100
L 0.25% trypsin-0.02% EDTA and 400 uL of 0.1% Triton X-100
(Sigma). Samples were plated on BA to determine the number of
adherent bacteria. Assays were conducted in triplicate with at
least two repeated independent experiments. Statistical analysis
was performed using two-tailed Student’s ¢ test; P values < 0.05
were deemed statistically significant. Data are presented as
percentage of adherent bacteria, calculated using the colony
forming units per mL (CFU/mL) of adherent bacteria and the
CFU/mL of bacteria from the control wells that underwent the 2
h incubation. Control wells were also used to monitor the growth
of bacteria during the incubation time, ensuring that each strain
had similar rates of growth.

Capsule Assay

A FITC-dextran exclusion assay was used to determine the
capsule thickness of strains based on previous methods
(Hathaway et al., 2012), using FITC-Dextran 2000 kDa
(Sigma). Briefly, pneumococci were grown overnight on BA
plates in 37°C at 5% CO,. Cells were washed in PBS, before
being resuspended to a final ODgg of 0.6 in 1 mL. A volume of
80 pL bacterial suspension was mixed with 20 uL FITC-dextran
(10 mg/ml in MilliQ water). Each bacterial suspension was
pipetted at a volume of 10 pL onto a microscope slide and a
coverslip applied securely. Imaging was conducted on 3 separate
days with freshly prepared bacterial suspensions each time. The
slides were viewed and imaged using an Olympus FV3000 Laser
Scanning microscope with a 60x objective (Adelaide
Microscopy). The images were analyzed using Zeiss Zen
imaging software. Statistical analysis was performed using the
Kruskal-Wallis test; P values < 0.05 were deemed
statistically significant.

Targeted Gene Sequencing (Sanger
Sequencing)

Selected genes of the raffinose operon from the strains underwent
Sanger sequencing through AGRF (Adelaide, Australia). Briefly,
samples were prepared for sequencing by PCR amplification of
the region of interest using the primers listed in Table 2. PCR
products were analyzed by gel electrophoresis, and successfully
amplified products were purified using the QIAquick PCR
Purification Kit (Qiagen) as per the manufacturer’s
instructions. Purified PCR products were evaluated for DNA
quantity and quality using a Nanodrop (Thermofisher). Samples
were diluted in ultrapure nuclease-free water to a final
concentration of either 18 ng/uL or 60 ng/uL depending on the
size of the product, according to the Australian Genome
Research Facility (AGRF) guidelines.

Genome Sequencing

S. pneumoniae strains were grown to mid-exponential phase in
HI broth. Genomic DNA (gDNA) was extracted using the
Promega Wizard® Genomic DNA Purification Kit according
to the manufacturer’s instructions, except the DNA pellet was
rehydrated in ultrapure nuclease-free water. The lytic enzymes
used were lysosome (30 mg/mL), 10 units mutanolysin and 0.1%

sodium deoxycholate (DOC). The gDNA was sequenced at the
South Australian Genomics Centre (South Australian Health &
Medical Research Institute, Adelaide, South Australia) on an
Mlumina MiSeq (250-bp paired-end reads). Genome assemblies
were generated using shovill v1.1.0 (Seemann, 2020a), a bacterial
isolate de novo genome assembly pipeline based on SPAdes
(Prjibelski et al., 2020). The resulting genome assemblies were
annotated using Prokka v1.14.6 (Seemann, 2014). Variant
analysis was conducted using Snippy v4.6.0 (Seemann, 2020b)
by performing all pairwise combination of aligning reads from
one sample to the genome assembly of another sample. Gene
presence/absence analysis was determined with a reciprocal-
best-hit approach applied to the Prokka-derived amino acid
sequences using mmseqs2 v13.45111 (Steinegger and Soding,
2017). A 3-step iterative searching strategy was applied using the
easy-rbh workflow of mmseqs2 using sensitivities of 1, 3 and 7
(command line arguments: —start-sens 1 —sens-steps 3 -s 7) using
a k-mer length of 6 (command line argument: -k 6).

RNA Extraction and gRT-PCR

Strains were initially grown overnight on BA plates at 37°C with
5% CO,. Cells were harvested, washed, and resuspended in 1
mL of CDM + 0.5% glucose or raffinose to a final ODgg of 0.2.
Suspensions were incubated at 37°C with 5% CO, for 30 min.
RNA was extracted using a Qiagen RNeasy Minikit as per the
manufacturer’s instructions. Differences in levels of gene
expression were determined using one-step relative real-time
qRT-PCR in a Roche LC480 real-time cycler, as previously
described (Minhas et al., 2019). The specific primers used for
the different genes are listed in Table 2 and were used at a final
concentration of 200 nM per reaction. Primers specific for gyrA
mRNA were used an internal control. Amplification data were
analyzed using the comparative critical threshold (2°44¢T)
method (Livak and Schmittgen, 2001). Assays were
performed in triplicate with a minimum of two independent
experiments. Statistical analyses were performed using two-
tailed Student’s t test; P values < 0.05 were defined as
statistically significant.

Murine Infection Model

Animal experiments were approved by the University of
Adelaide Animal Ethics Committee. Female outbred 4- to 6-
week-old CD-1 (Swiss) mice were anaesthetized by
intraperitoneal injection of ketamine (8 mg/mL) and xylazine
(0.8 mg/mL), and were challenged intranasally with 50 pL of
bacterial suspension containing 1x 10° CFU in SB as previously
described (Minhas et al., 2019). The challenge dose was
retrospectively confirmed by serial dilution and plating on BA.
At 24 h and 48 h, groups of 6 or 8 mice were euthanized by CO,
asphyxiation before harvesting the blood, lungs, nasal tissue,
ears, and brain. Tissues were homogenized and pneumococci
enumerated as previously described by serial dilution and plating
on BA plates containing 5 pug/mL gentamicin (Trappetti et al.,
2011). Statistical analyses of log-transformed CFU data were
performed using two-tailed Student’s ¢ test; P values < 0.05 were
deemed statistically significant.
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TABLE 2 | Oligonucleotide primers used in this study for PCRs.

OLIGO NAME SEQUENCE (5’ — 3) Reference
seq_rafk_F AGAATCCAGTCAAATGTAGTGGAG This study
seq_rafk_R AAGTCAGTAATCATACGTACGGC This study

rafk_F AACGACGTAGCTCCAAAAGA Minhas et al., 2019
rafk_R GCTGGTTTACGTTCCAAGAA Minhas et al., 2019
seq_rafR_F TGTTTCAAAAGTAAGTAGCCATTTCG This study
seq_rafR_R TTCTTCTAGAATCTCTGGAAGAATAAGG This study
seq_rafEFG_F1 GGCGAAGTTTACTCAGGTGC This study
seq_rafEFG_R1 GCTGAACTCTTCCTCTGTGTC This study
seq_rafEFG_F2 CACCATTTGGAATTGCAGGTG This study
seq_rafEFG_F3 GAAAGCGGATGTGGATTAGGAG This study
seq_rafEFG_f4 GCCTTTGACCAAGTCTTTGC This study
seq_rafEFG_F5 ATTCCAGAAAGTCTGGATGAAGC This study
seq_rafk_f2 TCAAATGTAGTGGAGAATCAGCG This study
seq_rafk_R2 CGAAGAGTATTAAAGAGCATCACAATATAG This study

aga_F1 TTCTATTTTGGAAAGCGATTTCAGG This study

aga_f2 CTTTAGTGACTCATTCAGATCAGGG This study

aga_F3 CCGCAATATCACTAAGCTAGGG This study

aga_f4 GAAGCAGCTGTACAATTTAATTACGG This study

rafF_R AGAAGGTTTGGCCTTTGATT This study
aga_F_RT GTCAGACTAAGTTGAGCCTTAG Minhas et al., 2019
aga_R_RT CCAACTATACAGGTTCAGCA Minhas et al., 2019
rafG_F CCTATGGCAGCCTACTCCATC Minhas et al., 2019
rafG_R GGGTCTGTGGAATCGCATAGG Minhas et al., 2019
rafR_F CCAGCCATTCGTGATACATA This study

rafR_R CCTCCAGTGATTCCTAACCA This study

gyrA RT F ACTGGTATCGCGGTTGGGAT Mclean et al., 2020
gyrA RT R ACCTGATTTCCCCATGCAA Mclean et al., 2020
RESULTS were differentially metabolized by 60B and 60CSF, we analysed the

Initial Characterization of Serotype 15C
Blood and CSF Clinical Isolates

We began characterization of serotype 15C blood and CSF
isolates from the same patient, denoted 60B and 60CSF, by
performing multi-locus sequence typing (MLST) to determine
the sequence type (ST). Both 60B and 60CSF have the sequence
type 8711 (ST8711). Additional information provided by the
German National Reference Center for Streptococci included the
antibiotic sensitivity of the isolates. Both isolates, 60B and 60CSF
had the same MIC values for all the antibiotics tested, with all
MIC:s falling below the clinical breakpoint (European Committee
on Antimicrobial Susceptibility Testing; EUCAST), indicating
full sensitivity for both the isolates (data not shown).

Blood and CSF Isolates Metabolize
Carbohydrate Sources Differently

As previous research undertaken in our lab has shown that isolates
of the same serotype/ST potentially metabolize the carbohydrate
raffinose differentially, we investigated the carbohydrate metabolism
capabilities of 60B and 60CSF. Two types of phenotypic microarray
plates, PM1 and PM2a, with a total of 190 carbon sources were used
to test the isolates’ metabolic ability. A total of 29 of the carbon
sources are metabolized by both 60B and 60CSF, 10 carbon sources
were metabolized by just 60CSF and the remaining 151 carbon
sources were unable to be metabolized (Table 3). In line with prior
research implicating an role for raffinose metabolism in tissue
tropism, raffinose, and one of its derivatives, melibiose, were
metabolized by 60CSF but not 60B. Of the carbon sources that

growth of these strains in chemically defined medium (CDM) with
the clinically relevant sugars: raffinose, melibiose, lactose and
galactose. The growth of 60B and 60CSF were comparable in
CDM + glucose (Figure 1), and the growth pattern was
consistent in CDM + galactose and CDM + lactose (data not
shown). Altought the phenotypic microarray showed that 60CSF
was able to metabolize melibiose, there was no growth for either
strain in CDM + melibiose, implying that melibiose may not be able
to support growth of pneumococci as the sole carbon source in the
present conditions (data not shown). Despite this, 60CSF was able
to grow in CDM + raffinose, whilst 60B displayed an inability to
grow in this medium (Figure 1). This indicates that despite the
strains coming from the same patient and being closely related,
there is a marked difference in their capacity to utilize raffinose as a
carbon source.

Targeted Sequencing of the Raffinose
Operon Reveals That aga Has a Premature
Stop Codon in Both Isolates

Considering that raffinose was only metabolized by and capable of
supporting the growth of 60CSF, and not 60B, we performed Sanger
sequencing targeting the genes, that are part of the core genome,
that are critical for raffinose metabolism to investigate whether they
were functional in both strains (Figure 2). The raffinose uptake and
utilization operon consists of eight main genes encoding an o-
galactosidase (aga), transcriptional regulators (rafS and rafR), an
ABC transporter with solute-binding protein and two cognate
permeases (rafE, rafF and rafG), a sucrose phosphorylase (gtfA),
and a protein of unknown function (rafX). Additionally, further
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TABLE 3 | Phenotype microarray results for 60B and 60CSF in Biolog PM1 and PM2a plates.

CARBON SOURCE 60B 60CSF

L-Arabinose

N-Acetyl-D-Glucosamine

D-Galactose

D-Trehalose

D-Mannose

Glycerol

D-Xylose

D-Ribose

L-Rhamnose

D-Fructose

a-D-Glucose

Maltose

D-Melibiose

o-D-Lactose

Lactulose

Sucrose

B-Methyl-D- Glucoside

Maltotriose

D-Cellobiose

N-Acetyl-B-D-Mannosamine

D-Psicose

L-Lyxose

Chondroitin sulfate ¢

Dextrin +

Inulin +

Pectin +
+
+

Vo o+ o+ o+

+ o+ o+

R S S S S S S S

N-Acetyl-D Galactosamine

N-Acetyl Neuraminic Acid

D-Arabinose -
2-Deoxy-DRibose -
3-0-B-D-Galactopyranosyl-DArabinose -
Palatinose +
D-Raffinose -
Salicin +
D-Tagatose -
Turanose -
D-Glucosamine
5-Keto-DGluconic Acid
Dihydroxy Acetone -

+ o+
B T T T T T S T S . T T T T T T S R

Catabolism was measured through a colorless tetrazolium dye being reduced by NADH produced during catabolism. +, metabolism occurred, -, no metabolism occurred. Metabolism was
determined by calculating the change in ODsqo from the initial to final measurements. These values were then compared with the change in the negative control and an arbitrary value based
on the change in negative control was used to determine if metabolism occurred. Carbon sources which neither strain metabolized are not shown. Bold font indicates carbon sources that
were differentially metabolized by the strains.

2 CDM + glucose CDM + raffinose
©° —_—
8 2.0- 820
o220  60CSF a - B60CSF
Z, . SR
2 ~ 60B 2 ~- 60B
3 210
o 1.0+ 8
2 2 05
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FIGURE 1 | Growth of 60B and 60CSF in CDM + glucose and CDM + raffinose. S. pneumoniae serotype 15C ST8711 blood isolate (60B) and CSF isolate (60CSF)
were grown in 200 uL. CDM supplemented with 0.5% glucose (CDM + glucose) or 0.5% raffinose (CDM + raffinose). ODggo Was measured every 30 min for 24 h.
Data are mean ODgqg + standard error mean (SEM) from three independent assays, each performed in triplicate.
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FIGURE 2 | Arrangement of the genetic loci required for the import and utilization of raffinose by S. pneumoniae. The main locus contains 8 genes: an ABC
transporter with solute-binding protein and two cognate permeases (rafE, rafF and rafG); two transcriptional regulators, rafS (repressor) and rafR (activator), which
control the expression of the gene encoding an a-galactosidase (aga); a sucrose phosphorylase (gtfA), and rafX, encoding a gene of unknown function. Further
upstream is rafK, encoding an ATP-binding protein, essential for raffinose import into the cell (Rosenow et al., 1999). Arrows above the genes indicate locations of

upstream there is a gene encoding an ATP-binding protein (rafK),
which is essential for import of raffinose into the bacteria (Rosenow
etal, 1999) (Figure 2). The aga, rafR, rafE, rafF, rafG and rafK were
sequenced. Each of these genes encode proteins with a critical role in
raffinose uptake and utilization (Figure 3). The sequences of all the
genes investigated were the identical between the 60B and 60CSF
strains. However, for both 60B and 60CSF, there was a SNP in aga
relative to the published D39 and TIGR4 genome sequences that
resulted in an early stop codon, truncating the Aga protein at 213
a.a, compared with 721 a.a. for native Aga (Supplementary
Figure 1). As the gene sequences involved in raffinose uptake and

metabolism were the same between 60B and 60CSF, we investigated
if the expression of these genes correlated with the capacity to utilize
raffinose by performing quantitative real-time reverse transcription-
PCR (qRT-PCR).

The Blood and CSF Isolates Display
Differences in the Transcription of
Raffinose Utilization Genes

To determine if the difference in ability to utilize raffinose between
the blood and CSF isolates corresponded with raffinose operon gene
expression, 60B and 60CSF strains were grown to the same ODgg

Raffinose-family oligosaccharide

=

METABOLISM

)
Voo

\ GtfA )
. Glucose
' Fructose

FIGURE 3 | Import and breakdown of raffinose in S. pneumoniae. A raffinose-family oligosaccharide (RFO) is delivered to the ABC transporter cell membrane

Sucrose

components, Raff and RafG, by the solute-binding protein, RafE. The RFO is imported into the cell using the energy produced from the ATP-binding protein, RafK,
with concomitant ATP hydrolysis. In the cytoplasm of the cell raffinose is sequentially degalactosylated by an a-galactosidase, Aga, releasing galactose, which can
enter other metabolic pathways, and sucrose. A sucrose phosphorylase, GtfA, cleaves sucrose into glucose and fructose, both of which can enter further metabolic
pathways and be utilized by the cell. (Hobbs et al., 2019). Created with BioRender.com.
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(0.2) in CDM + Glucose and then washed and resuspended in
CDM + Raffinose and incubated for a further 30 min. RNA was
then extracted, and levels of rafR, aga, rafK, and rafG mRNA,
representative of each of the three RafR-regulated transcriptional
units, were then measured relative to gyrA mRNA by qRT-PCR.
Although rafR was not expressed at detectable levels in either strain
(data not shown), the expression levels of the o-galactosidase (aga)
and the ATP binding protein component of the transporter (rafK)
were significantly up-regulated in the CSF isolate compared to the
blood isolate (P < 0.05), while the expression level of the putative
permease (rafG) was comparable in both strains (Figure 4). These
results indicate that, while the component of the raffinose ABC
transporter gene (rafG) was equally expressed in both strains, the
uptake of raffinose may be limited by the reduced transcription of
the gene encoding the ATP binding protein rafK required to
energize this transporter.

The Blood and CSF Isolates Display
Altered Tissue Tropism
We next explored whether the two clinical isolates displayed any
differences in disease phenotype using a mouse model of infection.
Mice were intranasally challenged with 10® CFU of each strain and
the bacterial burden in the blood, brain, ears, lungs, and nose were
assessed at 24 and 48 h post challenge. Mice challenged with either
strain showed no detectable bacteria present in the blood at either
time point (data not shown). At 24 h post challenge, there was no
significant difference in the relative bacterial burden between the
mice infected with the 60B or 60CSF isolates in the brain or lungs
(Figure 5). No bacteria for the 60B isolate were detected in the ears
at 24 h post challenge (Figure 5), while bacteria were present in the
ears of over 85% of the mice for the 60CSF strain (Figure 5; P <
0.0001). Conversely, the bacterial burden in the nose was higher for
the 60B strain compared with the 60CSF strain (Figure 5; P <
0.0001). At 48 h post challenge, there were no observed significant
differences between the two strains in any niche (data not shown).
Given the observed niche preferences for the strains at the 24 h
time point, where the 60B strain was higher in the nose, while
60CSF higher in the ear, we investigated whether these strains
produced varied amounts of capsule that may account for these
differences. We analyzed the relative capsule abundance by

0.010 * 0.08 —
o) I | S
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* G o 3 0.06-
" o 0 8
© £ 0.006 o9
SN S § 0.04-]
& © 0.004- 30
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0.000- 0.00 -
60CSF  60B

measuring the FITC-Dextran exclusion area of the two isolates, as
well as D39 and Rxl1 as encapsulated and unencapsulated control
strains, respectively. No significant difference in the mean FITC-
Dextran exclusion area was observed between the 60B and 60CSF
strains (Figure 6). The unencapsulated control strain Rx1 displayed
a significantly lower mean capsule area compared with the D39
strain (P < 0.01), which showed a mean area comparable to that of
the 60B strain, while there was a minor but significant difference
compared with the 60CSF strain (Figure 6; P < 0.01). We next
considered whether the difference in tissue tropism could be due to
an altered capacity of the bacterial strains to adhere to the
nasopharyngeal epithelium. The in vitro adherence of each strain
to Detroit 562 pharyngeal cells was explored in the presence of
glucose or galactose as the sole carbon source, the latter representing
the prevalent sugar present in the nasopharynx (Paixdo et al., 2015).
No significant difference in the total number of adherent cells was
observed between the strains in either carbon source (Figure 7).
Together, these data suggest that the differences in tissue tropism are
not merely a consequence of altered capsule expression or
nasopharyngeal adherence capabilities between the strains. To
determine whether the 60B and 60CSF strains displayed a
difference in biofilm formation capacity, we performed an
assessment of their biofilm formation with the xCELLigence
instrument. An analysis of biofilm formation was performed in
glucose, the preferred carbon source, and galactose, a carbon source
accessible during nasopharyngeal colonization, where biofilm
formation is thought to occur. No significant difference in the rate
of biofilm formation over a 24h period was observed between the
strains (data not shown). Furthermore, although the maximum
biofilm formation in 60CSF appeared higher than in 60B, with
higher biofilm levels in the galactose medium, this difference was
not statistically significant (Figure 8).

Genomic Analyses Identify a Putative
Alpha-Galactosidase That May Contribute
to Phenotypic Differences Between the
Blood and CSF Strains

As we have previously shown niche-adaptation differences between
closely related isolates (Minhas et al., 2019) and isolates from the
same patient (Tikhomirova et al., 2021) to be driven by a SNPs in
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FIGURE 4 | Expression of RafR-regulated raffinose pathway genes by 60B and 60CSF isolates. Strains were grown to ODggo 0.2 in CDM + glucose and then
washed and resuspended in CDM + raffinose and incubated at 37°C for a further 30 min. RNA was then extracted, and levels of aga, rafK, and rafG mRNA were
analyzed by gRT-PCR using gyrA rRNA as an internal control (see Materials and Methods). Data are mean ODgqg + standard deviation (SD) from two independent
assays. Significance of differences in gene expression between isolates was determined using two-tailed Student’s ¢ test; *P < 0.05. ns, not significant.
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FIGURE 5 | Virulence phenotypes of blood and CSF isolates. In 2 separate experiments groups of 6 or 8 mice were infected intranasally with 10® CFU of the indicated
strain. At 24 h, mice from each group were humanely euthanized and pneumococci in the brain, ear, lungs and nasal tissue were enumerated. Viable bacterial counts
are displayed for each mouse in each niche; horizontal bars indicate the geometric mean (GM) CFU for each group; the dotted line indicates the detection threshold.
Significance of differences in bacterial load between groups was determined using two-tailed Student’s t test; ***P < 0.0001. ns, not significant.

loci responsible for uptake and utilization of raffinose, we
performed whole genome sequencing of 60B and 60CSF on the
MMumina platform, to determine whether the phenotypic differences
observed here were a product of similar genomic events. SNP
analysis comparing 60B and 60CSF sequences revealed that no
SNPs were present in the well characterized raffinose locus or in
any other coding regions. However, reciprocal best hit-based
analysis revealed that there may be different fragments of a gene,
encoding a putative glycosyl hydrolase family 36 (GH36) alpha-
galactosidase, present between the blood and CSF isolates. The
nucleotide and amino acid sequences shared no sequence similarity
with the aga gene sequenced at the raf locus of these strains. We
performed a BLASTn search using the nucleotide sequence for the
largest fragment from the CSF isolate. This region showed 100%
sequence identity to the latter 75% of an alpha-galactosidase gene
that was present as part of the accessory genome in 68 out of 9029
other pneumococcal strains (0.75%), including the S. pneumoniae
4559, EF3030, and 947 strains (Junges et al., 2019; Minhas et al.,

2019). Based on the short-read sequencing, obtained with the
Mumina platform, the blood isolate appeared to possess two
fragments spanning a 594 bp and 967 bp region of the alpha-
galactosidase (Supplementary Figure 2), while the CSF isolate
possessed one larger gene fragment encompassing 1680 bp in total
(Figure 9). The sequencing did not identify regions with similarity
to the first 537 bp of this full-length gene in either isolate. However,
the fragments in the CSF isolate encompassed the remainder of the
gene, while the contigs from the Illumina sequencing did not yield
sequences that correspond to the final 132 bp of this gene for the
60B strain. We conducted further analyses of the alpha-
galactosidase gene in the S. pneumoniae 4559 blood isolate. The
alpha-galactosidase gene, depicted as a pink arrow (Protein ID
WP_000158269.1; Figure 10), was present in a ~13 kb region of
DNA that possessed a relatively low GC content (33% GC) to that
of the upstream and downstream DNA (40.4% GC and 40% GC,
respectively), suggesting a possible horizontal gene transfer event
may have occurred. However, there were no other genes or features
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FIGURE 6 | Capsule area of blood and CSF isolates, measured using FITC-dextran exclusion assay. S. pneumoniae D39, Rx1, serotype 15C ST8711 blood isolate
(60B) and CSF isolate (BOCSF) were grown overnight before being resuspended to an ODgqo of 0.6 in 1 mL PBS. 80uL of bacterial suspension was added to 20uL
FITC-dextran (10mg/mL in MilliQ water). A volume of 10 pL of the bacterial FITC-dextran suspension was pipetted onto microscope slides, fixed with a coverslip, and
imaged using a laser scanning microscope. Statistical analysis was performed using Kruskal-Wallis test; ****P < 0.0001. Imaging was conducted on 3 separate days
with fresh bacterial suspensions prepared each time. ns, not significant.

identified nearby that would indicate that this region was a mobile
genetic element. This ~13 kb region of S. pneumoniae 4559
contained nine genes in total, including genes with putative
functions such as a NPCBM/NEW?2 domain-containing glycoside
hydrolase family 27 protein (WP_001813616.1), an additional
alpha-galactosidase (WP_000687798.1), an alpha-L-fucosidase
(WP_000683280.1), two carbohydrate ABC transporter
permeases, (WP_001812774.1 and WP_000057512.1), an ABC

transporter substrate binding protein (WP_001036442.1), and
a rhamnulokinase (WP_000388563.1) (Figure 10). In S.
pneumoniae 4559, this region was situated adjacent to the zinc
acquisition pathway genes, adcCBA. We then examined whether
either the 60B or 60CSF contigs contained the adjacent
gene sequences. Both isolates contained contigs with sequence
identity to the glycoside hydrolase family 27 and alpha-
galactosidase genes.

105_
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FIGURE 7 | Adherence of 60B and 60CSF to Detroit 562 cells. S. pneumoniae strains 60B and 60CSF at ODggo 0.2 were inoculated onto monolayers of Detroit
562 cells in CDM + glucose or CDM + galactose, and incubated for 2 h before being tested for adherent bacteria. Data are mean adherent bacteria + standard error
mean (SEM) from three independent assays, each performed in triplicate. Statistical analysis was performed using two-tailed Student’s t test. No significant
differences were detected between the adherence of the strains in different conditions.
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FIGURE 8 | Maximum biofim formation by 60B and 60CSF. 60B and 60CSF were cultured overnight on BA plates before being diluted to a final ODggo of 0.05 in
CDM + 0.5% glucose or CDM + 0.5% galactose. 200 plL of each bacterial strain in each sugar was placed into wells of a XCELLigence E-plate, with the plate being
placed in the cradles of the RTCA-DP platform, and incubated at 37°C. Biofim formation was determined by measuring cell index (Cl) every 15 min over 24 h using
real-time cell analysis (RTCA) xCELLigence technology. Data are mean maximum Cl + standard error mean (SEM) from three independent assays, each performed in
triplicate. Statistical analysis was performed using two-tailed Student’s ¢ test. No significant differences were detected between the biofilm formation of the strains in
different carbon sources.

DISCUSSION and meningitis remained fairly constant (GBD 2015 Child

Mortality Collaborators, 2016). Notably, the decrease in
Over the past 20 years marked reductions in total death rates = pneumococcal isolates with serotypes covered by currently
were achieved for many of the world’s most important  available conjugate vaccines, which often cause bacteremic
communicable diseases including malaria, tuberculosis and  disease, was counterbalanced by an increase in cases of
diarrhea, but the mortality due to lower respiratory infections = meningitis associated with strains less likely to cause

A /\  Catalytic sites
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N-terminal domain GH36 C-terminal
domain
0 4559_alpha-galactosidase (2217bp) o217
1491 60B (594bp) 2085
537 60B (967bp) 1604
537 60CSF (1680bp) 2217

FIGURE 9 | Alignment of the alternative alpha-galactosidase gene with putative gene fragments. Gene fragments of 60B and 60CSF that correspond to an
alternative alpha-galactosidase (protein ID: WP_000158269.1; locus tag: FJH52_RS10440; gene ID: GI:446080414) found in S. pneumoniae strain 4559. The blood
isolate, 60B, contained fragments that were 594bp and 967bp in length, whilst the CSF isolate, B0CSF, contained a single fragment of 1680bp. Numbers outside of
gene fragments correspond to nucleotide position within strain 4559 alpha-galactosidase. A conserved domain search was performed on using NCBI conserved
domain search (Lu et al., 2020). A glycosyl hydrolase family 36 (GH36) motif was found in strain 4559 alternative alpha-galactosidase. Two aspartic acid residues
have been identified as the catalytic nucleophile and the acid/base, respectively, as indicated by the orange triangles. Active sites within the GH36 motif are indicated
by purple triangles. A glycosyl hydrolase family 36 N-terminal domain, with a beta-supersandwich fold, and a glycosyl hydrolase family 36 C-terminal domain, with a
beta-sandwich structure with a Greek key motif, were also located within the strain 4559 alternative alpha-galactosidase.
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FIGURE 10 | Organisation of the S. pneumoniae 4559 alpha-galactosidase region. The GC content of the DNA is shown as a black line, with the upper and lower
limits for this region as dotted lines. Open reading frames of genes are depicted in the direction of transcription, with genes in the lower GC region shown as colored
arrows and genes adjacent to this region as grey arrows. The protein identification (ID) or name (if known), and putative function are indicated below the genes.

bacteremia (Mukerji and Briles, 2020). The lack of reduction in
death rates of the diseases caused by the pneumococcus, despite
the availability of an effective vaccine and suitable antimicrobial
therapy, indicates that invasive pneumococcal disease is less well
understood than we thought.

Understanding the bacterial features that dictate disease
progression and phenotype is complicated by the high genetic
diversity of S. pneumoniae. Certain serotypes have been
associated with specific disease types, but non-capsular
differences also contribute to disease progression. We have
previously identified genetic and metabolic differences between
clinical isolates of the same sequence type that were derived from
the blood and ear of different patients. While these isolates
exhibited related genetic backbones, these strains were isolated
from distinct patients and possessed many additional gene
alterations. In this study, we explored two clinical strains,
possessing identical serotype, sequence type, and antibiotic
sensitivity profiles, isolated at the same time from the blood
and CSF of a single pediatric patient presenting with meningitis.
These strains provided a unique opportunity to investigate
whether differences may have arisen during the course of
disease that could contribute to a change in lifestyle, such as
permitting transfer across the blood-brain barrier or altered
survival in the brain and CSF environment.

In vitro phenotypic characterization of these strains identified
major differences in the metabolic capacity of the blood and CSF
isolates. Compared with the isolate from the CSF, the blood
isolate was unable to metabolize a range of carbohydrates,
including L-rhamnose, 2-deoxy-D-ribose, D-arabinose,
chondroitin sulfate ¢, D-tagatose, turanose and dihydroxy
acetone and the two alpha-galactoside sugars, raffinose and
melibiose. Importantly, we found that the blood isolate was
unable to grow when raffinose was the sole carbon source.

This is distinct from our previous findings for serotype 14
ST15 strains, in which a pneumococcal blood isolate was able to
grow in raffinose, while an ear isolate displayed perturbed growth
(Minhas et al., 2019). In the current study, the CSF and blood

isolates appeared to possess extensive genomic similarity, with
short-read genomic analyses identifying no SNPs in the coding
regions of genes between these two strains. However, we found
that despite the observed capacity for raffinose to be metabolized
and sustain growth of the CSF isolate, both of the strains
possessed a premature stop codon in the aga gene. The impact
of the premature stop codon on the stability of the aga mRNA is
unclear, but a truncated protein lacking the C-terminal region
that harbors the catalytic and active sites suggest this protein
would lack functionality. While the nucleotide sequence of this
aga gene at the raf locus most closely resembled the D39
(SPD_1678) and TIGR4 (SP_1898) sequences, we also
identified fragments of an alternative alpha-galactosidase gene
region that was differentially present in the two strains. These
fragments shared 100% identity with a portion of a gene
encoding an alternative alpha-galactosidase that was present in
strains including S. pneumoniae strain 4559, EF3030, 947,
and 70585.

We performed a conserved domain search to determine
whether the C-terminal region of this protein, which was not
detected in the blood isolate, might be of functional significance.
The region missing from the larger fragment of the blood isolate
corresponded to a putative glycosyl hydrolase family 36 (GH36)
motif, which contains three out of the eight putative active site
residues, including one of the catalytic aspartic acid residues. By
comparison, the first 538 bp region (~179 N-terminal amino
acids) that were not detected in either isolate did not contain any
of the putative active site residues. The gene regions identified
did not possess significant similarity to any other related
Streptococcal species, but the identification of similarity in
other pneumococcal isolates points to the acquisition of this
gene through a recombination event with another pneumococcal
strain, possibly during nasopharyngeal colonization. In S.
pneumoniae 4559, the sequence of DNA including the adjacent
genes possesses a lower GC content, which suggests that it may
have originally been acquired from another species with a
relatively lower GC%. Despite the absence of features
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consistent with a mobile genetic element, the pneumococcus is
naturally transformable and will readily incorporate DNA from
the environment. However, both the 60B and 60CSF appear to
possess sequences that align with the genes upstream and
downstream of this alpha-galactosidase. As a result, these
findings must be validated by long-read sequencing to have
confidence in the sequence and precise location of this region
in both strains. Nevertheless, as these isolates were obtained from
different sites of the same patient, it is possible that after
transition to the brain, the 60B strain lost the C-terminal
region of this additional alpha-galactosidase gene, resulting in
abolished raffinose utilization capacity.

Notwithstanding the above differences in the aga gene
sequences, the blood isolate also showed reduced transcription
of aga at the raf locus, as well as rafK, which encodes the ATP-
binding component of the raffinose importer. No difference in
expression was observed for the permease component (rafG), but
as RafK is required to energize the transport of raffinose by this
pathway, these data point to a likely reduction in the import of
raffinose in the isolate from the blood compared with the CSF
isolate, which may further compound growth defect and reduced
transcription of the rafK gene observed. Unexpectedly, we found
that the expression of the gene encoding the transcriptional
activator of these operons, rafR, was undetectable in both
isolates. The rafR gene is co-transcribed with rafS, and their
gene products regulate the raffinose-dependent stimulation of a
divergently transcribed second promoter (P,) directing the
expression of aga (Rosenow et al., 1999). As a result,
the regulation of this operon may be largely dependent on the
levels of raffinose in the cell. Thus, the observed reduced
transcription of the raffinose uptake genes in the blood isolate
may be a consequence of increased accumulation of raffinose due
to the potential inactivity of the alpha-galactosidase, whereby
excess uncleaved raffinose may directly interact with the
regulatory protein, leading to repression of these genes in the
blood isolate, compared with the CSF isolate.

In addition to the metabolic differences observed in vitro,
these strains possessed markedly different virulence profiles in
mice. No mice challenged with the blood isolate had detectable
levels of pneumococci in the ears, while we recovered the CSF
isolate from the ears of >85% of the infected mice. In this study,
the blood isolate displayed an inability to transit to the ear after
intranasal challenge. These data are consistent with previous
findings in other serotypes and sequence types, in which bacteria
isolated from the blood typically display lower bacterial loads in
the ears of mice post-challenge, compared with bacteria from
other isolation sites (Amin et al., 2015; Minhas et al., 2019). In
our previous study, increased capacity to metabolize raffinose
correlated with reduced ear titers, but the defect in raffinose
utilization was attributed to SNPs present in the regulator RafR
or the import protein component RafK (Minhas et al., 2019).
Another distinction between this study and the previous is that
the isolates were obtained from the same patient. Although it is
not known whether the blood strain originated from the CSF
isolate or vice versa, this approach resulted in substantially
reduced background genetic differences, including an absence

of detectable SNPs. In this study, the inability of the blood strain
to utilize raffinose is likely a consequence of impaired alpha-
galactosidase activity and is correlated with reduced ear titers.
Together, these data suggest that perturbation of this pathway at
distinct stages may result in substantially different virulence
phenotypes. The burden of bacteria in the nasopharynx was
higher for the blood isolate than the CSF isolate, suggesting that a
defect in alpha-galactosidase activity may favour survival in this
niche, or perturb transit to alternate sites. Overall, these findings
expand our understanding of the pneumococcal factors that may
dictate disease types in humans, pointing to possible new features
of clinical significance.

The basis for the involvement of a raffinose utilization
pathway in pneumococcal virulence remains unclear, but
there are two prevailing hypotheses. First, that pneumococci
may be exposed to raffinose in the oropharynx from dietary
sources (generally plants). Consistent with this, many other
streptococcal species, including Streptococcus mutans, and
lactic acid bacteria possess loci with similar genes and gene
organization to the pneumococcal raffinose locus.
Alternatively, this pathway may function to import and
utilize structurally related human glycans. Aga has been
shown to effectively cleave a galactose unit from a linear
blood group antigen, suggesting a possible alternative
physiological substrate of this pathway, but as recent studies
showed that Aga is localized intracellularly, the role of this
protein in host glycan processing is also dependent on the
efficient uptake of the glycan from the environment (Hobbs
etal., 2019). However, these studies were performed on the Aga
protein from the TIGR4 strain, which possesses limited (44%)
amino acid sequence identity to the alternative alpha-
galactosidase discussed here. While humans lack the capacity
to metabolize raffinose, there is evidence that pneumococci
require this pathway during disease, as detectable expression of
the raf genes was observed in bacteria isolated from the lungs
of mice (Minhas et al., 2020). Further studies of the full-length
and truncated variants of this alternative alpha-galactosidase
enzyme are required to elucidate the potential substrates and
possible role in vivo. It is possible that the alpha-galactosidase
variant described herein displays an altered specificity for an as
yet unidentified substrate that is crucial during disease.

In a previous study, we found that during infection of the
host, S. pneumoniae display two main patterns of gene
expression; one was characteristic of bacteria in blood and one
of bacteria in tissue, such as lungs and brain (Oggioni et al,
2006). In the present study, two clinical strains originated from
the blood (planktonic state) and the brain (biofilm state) of a 2-
year-old child admitted to hospital with suspected meningitis,
showed the same capability to form in vitro biofilm. Biofilm
formation is one of the most important virulence traits for the
bacteria. Biofilms act as a reservoir for organisms, enabling
escape from the action of host antibodies or antibiotics, as well
as facilitating production of toxins and generation of resistant
organisms. Bacteria in biofilms may also detach and cause
bloodstream infections. The biofilm state is often associated
with solid-tissue related infections; in cystic fibrosis, chronic
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lung infections are due to P. aeruginosa, Staphylococcus aureus
and Haemophilus influenzae, which reside in the airway in
biofilms (Smyth, 2006; Starner et al., 2006). Otitis media is
caused by nontypeable H. influenzae and pneumococcus living
within a biofilm (Murphy, 2003; Weimer et al., 2010; Cevizci
et al, 2015) and finally, endocarditis is considered to be a
biofilm-related infection caused by staphylococci or
streptococci (Donlan and Costerton, 2002). However, recent
clinical studies of purpura fulminans, a disease state associated
with meningococcal sepsis, showed that bacteria are mostly
grouped in microcolonies in these lesions (Harrison et al,
2002). Thus, a new aspect of biofilm formation that remains
poorly characterized may explain the unexpected findings for
biofilm capacity obtained with the blood isolate. Importantly, the
CSF and blood strains used in this study, were collected from the
same patient who was admitted to the hospital with suspected
meningitis and it is unknown whether the blood stain originated
from the CSF isolate or vice versa. While the hematogenous route
was for many years believed to be the only mode for the bacteria
to enter the CSF, clinical studies in adult and neonatal human
meningitis have shown that S. pneumoniae can travel directly
from the nasopharyngeal tissue to the brain without any
bloodstream invasion (Garges et al., 2006). Experimental
infections have confirmed that initial nasopharyngeal
colonization could be followed by isolation of high number of
bacteria from olfactory epithelium, brain, olfactory bulbs and
trigeminal ganglia in the absence of bacteremia (Van Ginkel
et al., 2003). In vivo imaging also showed that pneumococci were
able to directly localize in mice to the olfactory bulb and the
brain, in the absence of detectable bacteremia (Marra and
Brigham, 2001).

S. pneumoniae is an important commensal resident of the
human nasopharynx, and like other commensals in this niche,
colonisation is dependent on the capacity to adhere to the
epithelium and exist within the nasal mucus. In our murine
model of infection, we found that the blood isolate was better
able to survive in the nasopharynx of the mice compared to the
CSF strain. However, when the adherence of each strain was
explored using in vitro cultured human nasopharyngeal
epithelial cells, no significant difference in the total number of
adherent cells was observed between the strains. In the
nasopharynx, bacteria are predominantly embedded in the
mucin glycans and pneumococci possess several surface
components, such as surface-located pneumococcal adherence
and virulence protein A (PavA), PavB and enolase (Eno), that
enable persistance in this niche for weeks or months. Thus,
inconsistencies between in vitro and in vivo results are likely due
to the difference in available carbohydrates and the lack of
expression of key pneumococcal surface adhesins in the in
vitro assays. These adhesive interactions with the epithelial
surface may be needed not only for colonization, but also for
the initial step in the invasion process.

The pathophysiology of pneumococcal meningitis is not fully
understood. In this study, we found that strains isolated from the
brain and the blood of a single paediatric patient with meningitis
and bacteraemia, showed remarkable differences in vitro and in

vivo assays. Importantly, we found that the CSF strain could
metabolize raffinose, while the blood isolate lacks this ability.
Progression from carriage to invasive disease exposes the
pneumococcus to markedly different micro-environments to
which the organism must adapt, and this might explain the
loss or the acquisition of one gene or another. The exact role of
raffinose in disease progression, particularly in meningitis, is still
unclear and further studies using comparative genomic and
transcriptomic analyses of other S. pneumoniae serotypes and/
or other meningitis-causing bacteria, are needed.
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Streptococcus pneumoniae upper respiratory infections and pneumonia are often treated
with macrolides, but recently macrolide resistance is becoming an increasingly important
problem. The 13-valent pneumococcal conjugate vaccine (PCV13) was introduced in the
National Immunization Program of Peru in 2015. This study aimed to evaluate the
temporal evolution of macrolide resistance in S. pneumoniae isolates collected in five
cross-sectional studies conducted before and after this vaccine introduction, from 2006
to 2019 in Lima, Peru. A total of 521 and 242 S. pneumoniae isolates recovered from
nasopharyngeal swabs from healthy carrier children < 2 years old (2 carriage studies) and
samples from normally sterile body areas from pediatric patients with invasive
pneumococcal disease (IPD) (8 IPD studies), respectively, were included in this study.
Phenotypic macrolide resistance was detected using the Kirby-Bauer method and/or MIC
test. We found a significant increase in macrolide resistance over time, from 33.5% to
50.0% in carriage studies, and from 24.8% to 37.5% and 70.8% in IPD studies. Macrolide
resistance genes [erm(B) and mef(A/E)] were screened using PCR. In carriage studies, we
detected a significant decrease in the frequency of mef(A/E) genes among macrolide-
resistant S. pneumoniae strains (from 66.7% to 50.0%) after introduction of PCV13. The
most common mechanism of macrolide-resistant among IPD strains was the presence of
erm(B) (96.0%, 95.2% and 85.1% in the 3 IPD studies respectively). Macrolide resistance
was more common in serotype 19A strains (80% and 90% among carriage and IPD
strains, respectively) vs. non-serotype 19A (35.5% and 34.4% among carriage and IPD
strains, respectively). In conclusion, S. pneumoniae macrolide resistance rates are very
high among Peruvian children. Future studies are needed in order to evaluate macrolide
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resistance trends among pneumococcal strains, especially now after the COVID-19
pandemic, since azithromycin was vastly used as empiric treatment of COVID-19 in Peru.

Keywords: Streptococcus pneumoniae, macrolide-resistance, invasive pneumococcal disease, pneumococcal

conjugate vaccine, healthy carrier

INTRODUCTION

Streptococcus pneumoniae, also known as pneumococcus, is the
major cause of bacterial pneumonia in young children and a
common cause of other infections, including sepsis, meningitis,
and otitis media (O’Brien et al.,, 2009; Wahl et al., 2018).
Approximately 300,000 deaths were caused by invasive
pneumococcus worldwide in children less than 5 years old in
2015 (Dadonaite and Roser, 2018). The treatment of
pneumococcal infections has become problematic due to the
increase in antibiotic resistance (Cherazard et al.,, 2017).
Moreover, it is important to consider that pneumococcal
disease is preceded by asymptomatic carriage, which is
especially high in children (Bogaert et al., 2004).

The prevalence of S. pneumoniae carriage in healthy children
less than 5 years old ranges from 20.0% to 93.4% in low-income
countries and is generally higher than rates reported in lower-
middle income countries (Adegbola et al., 2014). Furthermore,
the incidence of invasive pneumococcal disease (IPD) varies
depending on several factors, including vaccine uptake, stages of
life (predominant in childhood and elderly), the geographic
location, and local serotype prevalence (Dion et al, 2021;
Narvaez et al., 2021). In general, the prevalent serotypes
recovered from IPD are also frequently identified in colonized
healthy children (Apte et al., 2021; Kozakova et al., 2021).

The antibiotics of the macrolide family have long been
considered drugs of potential utility in the management of
infections caused by S. pneumoniae. However, with the
emergence of macrolide resistance, their clinical value in
pneumococcal infections is threatened (Doern, 2006). Recent
reports show that macrolide resistance in S. pneumoniae is
geographically variable, ranging from 30 to 50% globally (Sader
et al., 2018; Wang et al., 2019; Sharew et al., 2021). The main
macrolide resistance mechanisms in pneumococci are ribosomal
dimethylation by an enzyme encoded by erm(B), and efflux by an
efflux pump encoded by mef(A), mef(E) or mef(A/E) (Cheng and
Jenney, 2016; Schroeder and Stephens, 2016; Varghese
et al,, 2021).

More than 28 000 cases of pneumonia have been reported
each year in the Peruvian population, with a fatality rate of 1.04
deaths per 100 episodes of pneumonia, and a mortality rate of
10.5 per 100 000 inhabitants among which pneumococcus
remains as the main etiological agent (Ministry of Health of
Peru, 2019). Pneumococcal conjugate vaccines (PCVs) are an
effective intervention in reducing the incidence of disease caused
by macrolide-resistant pneumococcal serotypes covered by the
vaccine (Rodgers and Klugman, 2011). In Peru, PCV was
introduced to the National Immunization Program as PCV7 in

2009, and was replaced by PCV10 in 2012, and PCV13 in 2015
(Davalos et al., 2016).

The aim of this study was to evaluate the variation over time
of macrolide resistance in S. pneumoniae strains isolated as part
of 2 Carriage studies in children < 2 years old and 3 IPD studies
in pediatric patients < 18 years old, conducted before and after
the introduction of PCV13 in Peru.

MATERIAL AND METHODS
Study Design

A temporal evaluation of the increase in macrolide resistance was
conducted using data collected in five periods. We analyzed
isolates of S. pneumoniae from patients with IPD collected
during the years 2006-2008 (IPD-1) (Ochoa et al., 2010), 2009-
2011 (IPD-2) (Luna-Muschi et al., 2019), and 2016-2019 (IPD-3),
and isolates from healthy children (Carriage studies) collected
during the years 2007-2009 (Carriage-1) (Mercado et al., 2012)
and 2018-2019 (Carriage-2). The introduction of the PCV13 into
the National Immunization Program in Peru (2015) was an
important milestone in prevention of IPD. In this analysis, we
considered studies conducted before 2015 as “pre-vaccine studies”
and studies conducted after 2015 as “post-vaccine studies”.

Studies of Invasive Pneumococcal Disease
The study population and case definition of patients with IPD
from the pre-vaccine studies (IPD-1 and IPD-2) have been
described by Luna-Muschi et al. (2019). In IPD-3, as in the
pre-vaccine studies, we only included pediatric patients with
positive cultures for S. pneumoniae from a normally sterile areas
(blood, cerebrospinal fluid [CSF], pleural fluid, synovial fluid, or
peritoneal fluid) or biopsy culture. Pediatric patients were
enrolled from public hospitals and private clinical laboratories
in Lima that participated in the pre-vaccine studies.

Suspected S. pneumoniae isolates were transported on blood
agar plates (Tryptone Soy Agar with 5% sheep blood) to the
Pediatric Infectious Diseases Laboratory (the central laboratory of
the study) on the same day of isolation. Bacterial cultures were
grown on blood agar and re-identified based on colony
morphology, alpha hemolysis, Gram staining, bile solubility, and
optochin susceptibility test (World Health Organization, 2003).
Strains were stored in skim milk at -70°C for further analysis.

Studies of Healthy Carrier Children

Mercado et al. (2012) described the study population for the pre-
vaccine study (Carriage-1) in detail. In this analysis, we only
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included data from patients enrolled in public hospitals in Lima.
In each study we enrolled 1,000 healthy children between 2 and
24 months of age who attended the pediatric outpatient clinics,
or the vaccination clinics of five hospitals in Lima; and whose
family member reported that at the time of enrollment, the
child did not suffer from any important disease or infection.
Although, the child could have had a mild respiratory infection
(rhinorrhea, mild cough, sneezing, temperature up to 38.5°C).
Nasopharyngeal swab samples were taken using Rayon®
(Puritan, sterile rayon tipped applicators). One sample was
taken per patient. Nasopharyngeal swabs were placed in the
STGG-transport-medium (skim milk, tryptone, glucose, and
glycerol) and transported to the central laboratory of the study
and stored at -70°C until processing. Nasopharyngeal swabs were
inoculated on Todd Hewitt enrichment broth with 0.5% yeast
extract for six hours at 37°C with an atmosphere of 5% CO,
(Vidal et al., 2011) and streaked on blood agar. Bacterial cultures
and isolates were analyzed using the same conventional methods
as in IPD studies. Strains were stored in skim milk at -70°C for
further analysis.

Antibiotic Susceptibility Testing

Susceptibility to macrolides were determined using
erythromycin in pre-vaccine studies (IPD-1, IPD-2, and
Carriage-1). In post-vaccine studies (IPD-3 and Carriage-2),
we determined macrolide resistance using azithromycin. The
Kirby Bauer method using antibiotic disks (Oxoid Ltd,
Basingstoke, Hans, UK) for Carriage studies and the MIC test
using E-test® (AB Biodisk, Solna, Sweden) for IPD studies were
performed on Mueller Hinton agar with 5% sheep blood and
incubated for 24 hours at 37°C in an atmosphere of 5% CO,.
Interpretation was carried out according to the Clinical and
Laboratory Standards Institute (CLSI) guidelines corresponding
to the existing edition of the year in which each study was carried
out (Supplementary Table S1) (Clinical and Laboratory
Standards Institute (CLSI), 2008; CLSI, 2015; CLSI, 2019).

DNA Extraction and PCR Detection of
Macrolide-Resistant Genes

DNA isolation was performed using to the Chelex extraction
method reported by Walsh et al. (2011). Each pneumococcal
strain was resuspended in a single tube containing 200 pl of 5%

Chelex-100® solution (Bio-rad, California, United States)
supplemented with 2 pl proteinase K (20 mg/ml), and incubated
them for 60 minutes at 56°C. The suspension was homogenized for
10 seconds and incubated for 15 minutes at 95°C. Tubes with
pneumococcal strains were homogenized and centrifuged at 13 000
rpm for five minutes and stored them at -20°C for further analysis.
Presence of macrolide resistance genes erm(B) and mef(A/E)
was evaluated by conventional PCR using primers previously
reported by Sutcliffe et al. (1996). Amplified products were
separated in 1.5% agarose gel stained with ethidium bromide.

Pneumococcal Serotyping

Pneumococcal isolates from IPD-1 were serotyped by Quellung
reaction at a reference lab in Israel (Soroka University Medical
Center, Beer-Sheva, Israel). Serotyping of S. pneumoniae isolates
from Carriage-1 and IPD-2 was performed by Quellung reaction at
the Center for Disease Control and Prevention (CDC), Atlanta,
USA. Isolates from post-vaccine studies (Carriage-2 and IPD-3)
were serotyped by while genomic sequencing (WGS) in the
reference laboratory, CDC Streptococcus Laboratory, USA.

Statistical Analysis

Statistical analyses of frequency and comparison between the
populations of IPD and Carriage studies were performed with chi-
square test ()2) and Fisher’s exact test in the statistical package Stata/
SE v.17.0 program. The statistical significance level was set at p < 0.05.

Ethical Aspects

This study, as well as all studies included in our analysis, were
approved by the Institutional Review Board of Universidad
Peruana Cayetano Heredia (Lima, Peru).

RESULTS

Macrolide Resistance Phenotype

A total of 763 S. pneumoniae isolates were analyzed from the Carriage
(521) and the IPD (242) studies. A significant increase in the macrolide
resistance phenotype was found over time (Table 1 and Figure 1).
Among carriage studies, the percentage of macrolide resistance
increased significantly from 33.5% in the pre-vaccine study to 50.0%
in the post-vaccine study (p < 0.001). Furthermore, in IPD studies, the

TABLE 1 | Macrolide susceptibility in 5 studies conducted from 2006 to 2019 before and after the introduction of PCV13 in Peru.

Study Study Period Susceptibility Number of strains S | R P
Method Antibiotic n (%) n (%) n (%)

Carriage-12 2006-2008 Disk diffusion Erythromycin 313 195 (62.3) 13 (4.2) 105 (33.5) < 0.001

Carriage-2° 2018-2019 Disk diffusion Azithromycin 208 88 (42.3) 16 (7.7) 104 (50.0)

IPD-12 2006-2008 MIC Erythromycin 101 76 (75.2) 0 (0.0) 25 (24.8) < 0.001

|PD-2% 2009-2011 MIC Erythromycin 56 34 (60.7) 1 (1.8) 21 (37.5)

IPD-3° 2016-2019 MIC Azithromycin 85 12 (14.1) 6 (7.1) 67 (78.8)

13-valent conjugate vaccine (PCV/13) was inserted into the National Immunization Program in 2015.

#Pre-vaccine studies (Pre PCV13).

Ppost-vaccine studiies (Post PCV13).

S, susceptible; 1, intermediate; R, resistant.

Statistical significance among carriage studies and among IPD studies.
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FIGURE 1 | Proportion of macrolide resistance in S. pneumoniae isolates in Carriage and IPD studies conducted from 2006 to 2019 in Peru. Carriage-1 (105/313),

Carriage-2 (104/208), IPD-1 (25/101), IPD-2 (21/56) and IPD-3 (67/85). Statistical significance among carriage and among IPD studies is p<0.001.

percentages of macrolide resistance increased significantly from 24.8%
(IPD-1) and 37.5% (IPD-2) to 78.8% in IPD-3 (p < 0.001). Global
macrolide resistance in pre-vaccine studies (including IPD-1 and IPD-2
pneumococcal isolates) was 29.3% (46/157).

Macrolide Resistance Genes

Among S. pneumoniae strains resistant to macrolides from
carriage studies, a total of 80% (84/105) of the strains from the
pre-vaccine period and 100% (104/104) of the strains from the
post-vaccine period were analyzed to determine the presence of

macrolides resistance genes, erm(B) and mef(A/E). 21 strains
from the Carriage pre-vaccine period were not recovered.

In Carriage studies, the most common macrolide resistance
gene was mef(A/E), and its prevalence was significantly lower in
the post-vaccine period than in the pre-vaccine period (Table 2).
In Carriage post-vaccine study, erm(B) and mef(A/E) were
present with similar frequency. There were 2 macrolide-
resistant isolates without any of the evaluated genes in pre-
and post-vaccine studies, respectively.

The erm(B) gene represents the most common mechanism of
macrolide resistance among IPD strains. This gene was detected

TABLE 2 | Distribution of macrolide resistance genes.

Study erm(B) mef(A/E) only erm(B) only mef(A/E) erm(B) + mef(A/E)
N Positive P Positive P Positive P Positive P Positive P
n (%) n (%) n (%) n (%) n (%)

Healthy carrier children’s 1.000 0.022 0.953 0.026 0.892
Carriage-12 84 42 (50.0 56 (66.7) 26 (30.9) 40 (47.6) 16 (19
Carriage-2° 104 52 (50.0 52 (560.0 33 (31.7) 33 (31.7

Invasive pneumococcal disease 0.296 0.070 0.103 0.435 0.134
IPD-12 25 24 (96.0) 12 (48.0) 12 (48.0) 0 (0.0 12 (48.0)
IPD-22 21 20 (95.2) 17 (80.9) 4(19.1) 1(4.8 16 (76.2)
IPD-3° 67 57 (85.1) 42 (62.7) 20 (29.8) 5(7.5 37 (65.2)

13-valent conjugate vaccine (PCV'13) was inserted into the National Immunization Program in 2015.

APre-vaccine studies (Pre PCV13).
bpost-vaccine studies (Post PCV13).
Statistical significance among carriage studies and among IPD studies.
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in 96.0% of isolates from IPD-1, 95.2% in IPD-2, and 85.1% in
IPD-3 (not statistically different) (Table 2). None of these genes
were detected in one and five macrolide-resistant isolates from
IPD-1 and IPD-3 respectively.

Macrolide Resistance of 19A Serotype
Pneumococcal Isolates

We were able to serotype 472/521 pneumococcal isolates from
Carriage and 236/242 pneumococcal isolates from IPD studies.
Table 3 shows the 5 most prevalent serotypes from each study,
with macrolide resistance rates and resistance genes. We found
that the 19A serotype was significantly associated with macrolide
resistance in comparison with non-19A serotypes, 80.0% vs.
35.5%, respectively, among carriage strains, and 90.0% vs.
34.4%, respectively, among IPD strains. Macrolide-resistant
19A isolates from carriers were associated with the presence of
the erm(B) gene (p=0.002), while macrolide-resistant 19A

isolates from IPD patients were associated with mef(A/E)
genes (p<0.001).

DISCUSSION

Our results show a significant increase in macrolide resistance
through time in S. pneumoniae strains isolated in 2 Carriage
studies in healthy carrier children, and 3 IPD studies in ill
pediatric patients, conducted before and after the introduction
of PCV13.

In the post-vaccine Carriage study, 50.0% of pneumococcal
isolates were macrolide-resistant. A nasopharyngeal carriage
study conducted in Cajamarca, an Andean region of Peru,
reported that the frequency of erythromycin-resistant isolates
before the introduction of PCV7 was 13.6% (among 125
pneumococcal strains in children < 3 years old) and 22.4%
(among 125 pneumococcal strains in children < 3 years old)

TABLE 3 | Most prevalent pneumococcal serotypes, macrolide resistance and genes in carriage and IPD.

Most prevalent serotypes Susceptibility erm(B) mef(A/E)
n (%) N Resistant N Positive Positive
n (%) n (%) n (%)
Carriage-1 (N=280)*
19F 59 (21.1) 59 30 (50.9) 30 17 (66.7) 28 (93.3)
6B 33(11.8) 33 12 (36.4) 12 10 (83.3) 2 (16.7)
23F 24 (8.6) 24 7 (29.2) 7 2 (28.6) 5(71.4)
14 13 (4.6) 13 0 - - -
19A¢ 9 (3.2 9 4 (44.4) 4 4 (100.0) 0
Carriage-2 (N=208)°
15C 24 (11.5) 24 9 (37.5) 9 1(11.1) 7(77.8)
19A 21 (10.1) 21 20 (95.2) 20 15 (75.0) 11 (65.0)
6C 21 (10.1) 21 15 (71.4) 15 3(20.0) 12 (80.0)
23A 17 (8.2) 17 16 (94.1) 16 11 (68.8) 3(18.8)
158 15 (7.2) 15 0 - - -
IPD-1 (N=99)*
14 26 (26.3) 26 3(11.5) 3 3(100.0) 2 (66.7)
6B 20 (20.2) 20 8 (40.0) 8 8 (100.0) 0
19F 11 (11.1) 11 7 (63.6) 7 7 (100.0) 6 (85.7)
23F 6 (6.1) 6 1(16.7) 1 0 0
19A° 4 (4.0) 4 3(75.0) 3 3(100.0) 2 (66.7)
IPD-2 (N=58)°
14 11 (19.0) 11 3(27.9) 3 2 (66.7) 3 (100.0)
19F 9 (15.6) 9 8(88.9) 8 8 (100.0) 8 (100.0)
23F 6 (10.3) 6 4 (66.7) 4 4 (100.0) 4 (100.0)
6B 6 (10.3) 6 3(50.0) 3 3(100.0) 0
19A 5 (8.6) 5 1(25.0) 1 1(100.0) 1(100.0)
IPD-3 (N=81)°
19A 42 (51.9) 42 41 (97.6) 4 36 (87.8 38 (92.7)
24F 19 (23.5) 19 18 (94.7) 18 15 (83.3 0
16F 2 (2.5) 2 0 - - -
23B 2(2.5) 2 1(50.0) 1 1(100.0) 1(100.0)
35B 2 (2.5) 2 0 - - -

13-valent conjugate vaccine (PCV'13) was inserted into the National Immunization Program in 2015.

@Pre-PCV7 introduction.

bpost-PCV7 introduction.

°Post-PCV13 introduction.

9Serotype 19A was number 9 among the most prevalente serotypes in Carriage-1.
“Serotype 19A was number 6 among the most prevalente serotypes in IPD-1.
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after the introduction of PCV7, a lower prevalence than our
study (Hanke et al, 2016). In this vaccination period, the
frequency of macrolide resistance was evaluated in 4
surveillance studies in Greece; they reported no significant
change through time: 22.0% in 2005; 33.3% in 2006; 23.7% in
2007; and 20.5% in 2009 (Grivea et al., 2012). Furthermore, our
prevalence is higher than the one reported in Cyprus after the
introduction of PCV10 and PCV13, where 20.7% of all S.
pneumoniae isolates were erythromycin-resistant (Hadjipanayis
et al., 2016). A similar study conducted in carrier children
Although our results show a significant increase, it is lower
than the reported by Hashida et al. (2011) before PCV7 was
introduced in the Japan’s routine immunization program, with
almost 69.4% macrolide-resistant pneumococcal isolates from
children who attended daycare centers.

In IPD studies, the percentage of macrolide-resistant strains
increased significantly and progressively: 24.8% in IPD-1, 37.5%
in IPD-2, and 78.8% in IPD-3. There no other IPD studies in
Peru to compare with our data. However, in other countries the
results are different. For example, in the United States, the
proportion of erythromycin-resistant isolates have not changed
significantly after the introduction of PCV7: 19.4% in 1999, and
18.1% in 2004 (Kyaw et al., 2006). This prevalence is similar to
the one described by Farrell et al. from American pediatric
patients (< 14 years old) with IPD between 2000 and 2004.
Additionally, they observed a decrease in the cases of IPD caused
by vaccine serotypes and an increase in the cases of IPD by non-
vaccine serotypes. In this study, the macrolide resistance did not
change (from 40.6% to 38.7%), but the rate of resistance to
macrolides in the non-vaccine serotypes increased from 21.0% to
27.0% (Farrell et al., 2007). In Brazil, before and after
introduction of PCV10 the frequency of macrolide-resistant
isolates was 12.0% and 21.0% respectively (Almeida et al,
2021). In Germany, the frequency of macrolide-resistant
pneumococcus after the introduction of PCV7 decreased from
24.7% to 17.2%, and it continued decreasing after the
introduction of PCV13 (8.2%) (Imohl et al., 2015). However, it
has been observed that the frequencies of macrolide-resistant S.
pneumoniae from IPD patients changed temporally and
geographically, before and after the introduction of PCVs.
Probably the reason why macrolide resistance has not
decreased in Peru after the introduction of PCVs is because
some resistant serotypes, such as 19A, are still very common,
especially among invasive diseases, mainly due to recent
introduction of PCV13.

On the other hand, a current meta-analysis, conducted by
Andrejko et al. in 2021, evaluated the impact of the introduction
of PCVs on antibiotic resistance in more than 300,000
pneumococcal strains worldwide, isolated from carriers and
IPDs, but they did not find a significant change in the
proportion of non-susceptible isolates after the introduction of
PCVs (Andrejko et al,, 2021). This is different from our study,
where we reported an increase in macrolide resistance in
both groups.

In Carriage studies, mef(A/E) was the most common gene,
and its frequency decreased significantly from 66.7% to 50.0%

after the introduction of PCV13. This frequency was comparable
with the proportion found in Greece after the introduction of
PCV7, where mef(A/E) genes were detected in 47.1% of total
macrolide-resistant isolates from 2005 to 2009. Even though, in
that country, unlike in Peru, the frequency of these genes
increased after the introduction of PCV7 in the National
Immunization Plan (41.6% one year before the introduction
and 78.0% four years after the introduction) (Grivea et al., 2012).
Other studies showed a decrease in the frequency of mef(A/E) in
macrolide-resistant S. pneumoniae isolates in post-vaccine
studies in countries with low immunization coverage, such as
Russia, where PCV7 was marketed in 2009 but has never been
offered for mass vaccination. In 2006, before the introduction of
PCV7 in Russia, mef(A) was found in 43.8% of pneumococcal
isolates (Vorobieva S Jensen et al., 2020), but after PCV7 the
frequency of mef genes decreased to 13.0% (Mayanskiy et al.,
2014). The decrease in the prevalence of mef(A/E) in S.
pneumoniae from nasopharyngeal carrier children could be
affected by other factors different than the introduction of PCVs.

In the post-vaccine Carriage study, erm(B) gene and, erm(B) +
mef(A/E) were detected in 50.0% and 18.3%, respectively, but a
statistically significant association was not found. In Jordan, after
the introduction of PCV, erm(B) and [erm(B) + mef(A/E)] genes
were detected in 50.0%, and 1.7% of macrolide-resistant S.
pneumoniae (Al-Lahham et al., 2018). Furthermore, post-
introduction of PCV7 in Jordan, Swedan et al. (2016) found
that 43.8% of pneumococcal isolates in carrier children under 5
years, presented erm(B), and 6.3% both genes. Even though the
erm(B) + mef(A/E) prevalence is lower, the erm(B) frequencies
are similar to ours, despite the fact that these studies were
conducted in years of low vaccination rates in Jordan.

In pre and post vaccine IPD studies, erm(B) was the most
frequent gene (85.0% - 96.0%) in macrolide-resistant isolates but,
as well mef(A/E), the presence of this gene was not found
significantly associated with the introduction of PCVs. Our erm
(B) frequency was similar that reported in Colombia before
PCV13 (98.0%) (Ramos et al., 2014). On the other hand, in
Brazil before the introduction of PCV13 erm(B) was detected in
an lower frequency, 10.0% of intermediate or resistant
erythromycin S. pneumoniae isolates and 7.0% of those isolates
had both genes (Almeida et al.,, 2021). In the United States, after
the introduction of PCV7, was found an increase in 18.0% the
proportion of strains positive for both genes between the first and
last year of surveillance study, with a corresponding decrease in
the prevalence of positive isolates for only mef(A) (72.0% to
58.0%) and only erm(B) (15.8% to 11.2%) (Farrell et al., 2007).
In Germany the mef(A) gene decreased in the post vaccine period
(13.3% to 3.9% to 0.6%) but the presence of the erm(B) gene
remained stable (between 3.9% and 5.4%); in addition, an increase
in the prevalence of isolates with both genes mef(A) and erm(B)
(0.0% to 0.8% to 1.7%) was observed (Imohl et al.,, 2015). On the
other hand, in Asia, their antibiotic resistance surveillance system
reported that after PCV7 introduction, the macrolide-resistant
pneumococcal isolates from IPD patients presented different
genotype frequencies among the countries evaluated (Kim et al,
2012). This information support that the distribution of genotypes
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among macrolide-resistant S. pneumoniae isolates is specific to
each country and it is difficult to predict (Kim et al.,, 2012). We
recommend the implementation of a specific surveillance plan to
monitor the circulation of drug-resistant pathogens in each
country and antimicrobial use.

Before the introduction of PCV13, mef(A/E)-encoded efflux
pumps were the most common mechanism of macrolide
resistance in North America, the United Kingdom, and some
European countries (Schroeder and Stephens, 2016). However,
in most countries in Europe, Asia and Latin America, erm(B)
remained the most frequent mechanism. In 2012, the dual
macrolide resistance genotype was reported with frequencies
up to 52% (Bowers et al., 2012). Among isolates with this dual
genotype, Tn2010 was identified as the main mobile element
containing erm(B) and mef(E)/mel (Del Grosso et al., 2007). Due
to the pressure exerted by the first PCV (PCV7), the Tn2010
“replacement” serotype 19A (ST320) emerged (Del Grosso et al.,
2007; Schroeder and Stephens, 2016). ST320 is a multi-drug
resistant strain that represents a “capsule switch” from serotype
19F; 19A (ST320) quickly became one of the most prevalent
serotypes (Moore et al., 2008; Schroeder and Stephens, 2016;
Agudelo et al,, 2018). We believe that this replacement is related
to the decreased presence of mef(A/E) genes and increased
macrolide resistance. Further studies by WGS are need in our
strains in order to confirm the presence of ST320 strains in Peru.

Serotype 19A was the predominant serotype in our IPD post-
vaccine study and the second most common in healthy carrier
children, the most common serotype was 15C (Abstract
submitted to ISPPD 2022), and in both cases was associated
with macrolide resistance. Additionally, the presence of only erm
(B) and the presence of both genes were associated with this
serotype (79.2% and 37.5%, respectively). In Jordan, a study in
healthy carrier children reported that among serotype 19A
isolates, 50.0% had erm(B) gene, 44.9% mef(A) and 1.7% both
genes, in all cases, lower than the frequencies reported by us (Al-
Lahham et al,, 2018). In Spain, 71.5% of the serotype 19A strains
presented resistance to erythromycin, similar to our findings
(Alfayate Miguelez et al,, 2020). However, there is still not
enough evidence on the distribution of serotypes and their
resistance patterns in isolates of pneumococcal carriage children.

S. pneumoniae serotype 19A has emerged as one of the
leading causes of invasive disease in many countries, regardless

of whether conjugate pneumococcal vaccines are used (Isturiz
et al,, 2010). Among serotype 19A pneumococcal isolates from
patients with IPD, 90.0% were resistant to macrolides (Table 4),
higher than proportion detected in the United States (45.5%)
(Farrell et al., 2007), and the average frequency in countries from
Latin America (Bolivia, Brasil, Chile, Costa Rica, Republica
Dominicana, Ecuador, El Salvador, Guatemala, Nicaragua,
Panama, Paraguay y Uruguay) (43.3%) (Moreno et al., 2020).
Additionally, our study reports that the presence of only mef(A/
E) and both genes [erm(B) + mef(A/E)], was associated with
serotype 19A (91.1% and 84.4% respectively). In Brazil, 44.0% of
pneumococcal carriers presented the mef(A) gene, 36.0% erm(B)
and both 20.0%, in contrast to our study, serotype 19A was not
associated with erythromycin resistance (Caierdo et al., 2014). In
2014, the results of the System of Surveillance Networks for
Agents Responsible for Bacterial Pneumonia and Meningitis
(SIREVA) revealed that serotype 19A prevalence varies from
0% in Nicaragua, Guatemala, and El Salvador to 36.7% in Peru
(Pan American Health Organization, 2017). Due to the high
prevalence of resistance to macrolides in this serotype, active
surveillance is needed to evaluate its temporal and geographical
evolution, which will allow better public health actions to control
the spread of this serotype among healthy carrier children, who
are vulnerable to developing pneumococcal disease (Lovlie
et al., 2020).

Our study had some limitations. The focus of our study was
on the most common macrolide-resistance mechanisms and we
did not test the presence of the less common macrolide-
resistance mechanisms, such as erm (A), erm (TR), mef (I),
msr (D), rpID and rpIV (Schroeder and Stephens, 2016). Also, we
used different methods of antibiotic susceptibility testing in the
pre and post vaccine studies. Additional studies are needed to
elucidate the potential impact of PCVs on the distribution of mef
(A/E). Despite these limitations, this is the first report of the
increase in macrolide-resistance in Streptococcus pneumoniae
strains after the introduction of the PCV13 vaccine in Lima,
Peru. We strongly recommend a new study to evaluate the
frequency of macrolide resistance among pneumococcal strains
after the COVID-19 pandemic, since this family of antibiotics,
especially azithromycin, was widely used for empiric treatment
against SARS-CoV-2 in Peru, which could greatly affect the
prevalence and mechanisms of macrolide resistance.

TABLE 4 | Macrolide resistance and genes among 19A pneumococcal isolates in carriage and IPD strains.

Serotype Susceptibility
N Resistant p N
n (%)
Carriage studies < 0.001
19A 30 24 (80.0) 24
Another serotype 442 157 (35.5) 156
IPD studies < 0.001
19A 50 45 (90.0) 45
Another serotype 186 64 (34.4) 64

Statistical significance among carriage studies and among IPD studies.

erm(B) mef(A/E) erm(B) + mef(A/E)
Positive p Positive P Positive P
n (%) n (%) n (%)
0.002 0.163 0.012
19(79.2) 11 (45.8) 9 (37.5)
71 (45.5) 95 (60.9) 25 (16.0)
0.767 < 0.001 < 0.001
40 (88.9 41 (91.1) 38 (84.4
58 (90.6 28 (43.8 26 (40.6
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Streptococcus pneumoniae is an opportunistic pathogen that causes over 1 million
deaths annually despite the availability of several multivalent pneumococcal conjugate
vaccines (PCVs). Due to the limitations surrounding PCVs along with an evolutionary rise in
antibiotic-resistant and unencapsulated strains, conserved immunogenic proteins as
vaccine targets continue to be an important field of study for pneumococcal disease
prevention. In this review, we provide an overview of multiple classes of conserved surface
proteins that have been studied for their contribution to pneumococcal virulence.
Furthermore, we discuss the immune responses observed in response to these
proteins and their promise as vaccine targets.

Keywords: Streptoccoccus pneumoniae, PspA, pneumolysin (PLY), PsrP, PhtD pneumococcal histidine triad
protein D, conjugate vaccine, pneumococcal protein vaccine, CbpA

INTRODUCTION

Streptococcus pneumoniae is a Gram-positive bacterial pathogen that lives as a commensal in the
host upper respiratory tract but becomes invasive in the lung, ear, or blood (Bogaert et al., 2004;
Weiser, 2010). Due to its high infectivity, S. pneumoniae (Spn) can commonly cause invasive
pneumococcal diseases (IPDs) such as community-acquired pneumonia (CAP), and sepsis (Kumar
et al., 2008; Weiser et al., 2018). Pneumococcal pneumonia is responsible for approximately 14% of
all deaths of children under 5 years old worldwide, with the latest World Health Organization
metrics reporting 740,180 deaths in 2019 (WHO, 2019; Cilloniz et al., 2016). Acute otitis media
(AOM) remains the most common bacterial infection with high incidence rates and the possibility
of re-infection for children <5 (Damoiseaux et al., 2006; Liese et al., 2014).

A major virulence factor of Spn is the capsular polysaccharide (CPS), which primarily acts as a
shield for the bacterium against the host immune system (Geno et al., 2015). The structural identity
of repeat units found within the capsular polysaccharide also distinguishes Spn into different
serotypes, of which there are now over 100 identified (Ganaie et al., 2020; Ganaie et al., 2021). The
pneumococcal conjugate vaccines that exist today have been generated utilizing the CPSs, as the
immunogens, of the most prevalent serotypes globally associated with IPD and have been very
successful at reducing the rates of IPDs for those included serotypes (Wantuch and Avci, 2018;
Woantuch and Avci, 2019). However, factors such as geographic distribution of serotypes, serotype
replacement or switching, and an increase in antibiotic-resistant strains all contribute to the
persistence of IPD as one of the world’s deadliest diseases (Wantuch and Avci, 2018). A first-of-its-
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kind global assessment of bacterial antimicrobial resistance
associated Spn with ~600,000 deaths (Murray et al., 2022).
Antibiotic resistance is particularly augmented among
serotypes included in the vaccines (Gladstone et al., 2019).
Another factor to consider is that PCVs cannot protect against
the emergence of non-encapsulated S. pneumoniae (NESpn)
strains found among non-typeable clinical isolates (Park et al.,
2012; Park et al., 2014; Mohale et al., 2016). While NESpn’s are
yet to be significantly correlated with IPD, they can still result in
infections through AOM (Hotomi et al., 2016) or conjunctivitis
(Valentino et al., 2014).

In recent years, studies on molecular mechanisms of
glycoconjugate vaccine-induced immune responses have shed
light on the knowledge-based vaccine design (Avci et al., 2011;
Avci et al,, 2012; Middleton et al., 2017; Sun et al.,, 2019).
Researchers have found new therapeutic approaches such as
capsule-degrading enzymes (Middleton et al., 2018a; Middleton
et al., 2018b; Paschall et al., 2020; Wantuch et al., 2021), capsule-
specific protective antibodies (Babb et al., 2021; Ozdilek et al.,
2021; Huang et al, 2021), or improved conjugation strategies
(Duke et al., 2021). However, identifying and testing vaccine
candidates employing conserved Spn surface protein
immunogens remain an important area of research with the
goal of serotype-independent coverage. Recognition of a
conserved immunogen across pneumococcal isolates,
commonly referred to as a serotype-independent vaccine,
would allow for a wider breadth of coverage against
pneumococcal pneumonia but would also provide better
options for protection against AOM or meningitis. Herein, we
describe an up-to-date view on four different classes of the well-
studied pneumococcal surface proteins by their function and
virulence mechanisms, procured immune response in the host as
an immunogen, and potential as vaccine targets (Table 1).

CHOLESTEROL-DEPENDENT
CYTOLYSIN (CDC)

The CDCs are a family of pore-forming toxins expressed by a
multitude of bacterial species and have been shown to have
additional and important effects besides their primary activity as
beta-hemolytic toxins (Tweten, 2005). The only CDC expressed
by Spn is pneumolysin (PLY).

PLY

Like other CDCs, PLY contains the threonine-leucine amino acid
motif that mediates cholesterol recognition and membrane
binding (Farrand et al., 2010). Multiple PLY monomers
congregate at cholesterol lipid rafts of a cell to form the pre-
pore complex before inserting themselves into the lipid bilayer
(Nishimoto et al., 2020). PLY is unique among the CDCs because
it has lost its signal peptide for the type II secretion pathway and
it incorporates a domain that can activate the classical
complement pathway and promote inflammation (Paton et al.,
1984). PLY induces necroptosis (Gonzalez-Juarbe et al., 2015;
Riegler et al., 2019), apoptosis, and direct cell toxicity (Nishimoto
et al,, 2020) acting on a plethora of cell types (Beurg et al., 2005;
Braun et al,, 2007). Another function of PLY is binding to the
host receptor, mannose receptor C type-1 (MRC-1), to
downregulate inflammation and enhance bacterial survival in
the airways (Subramanian et al., 2019). A detailed discussion of
PLY pathogenicity can be found here (Nishimoto et al., 2020).
PLY has been studied as a potential vaccine candidate going
back decades (Paton et al., 1983; Anderson and Feldman, 2017),
as it is present in practically all infectious strains (Kanclerski and
Mollby, 1987). In mice, monoclonal antibodies against PLY
decreased bacterial burden in the lung and protected against
invasive disease (Garcia-Suarez Mdel et al., 2004). There is

TABLE 1 | Major Spn surface protein immunogens.

Protein Class Major Virulence Mechanisms

Representative references

(Gonzalez-Juarbe et al., 2015; Riegler et al., 2019; Subramanian et al., 2019; Nishimoto et al.,

(Tu et al., 1999; Hammerschmidt et al., 1999; Hakansson et al., 2001; Senkovich et al., 2007;
Mukeriji et al., 2012; Park et al., 2021a)

(Hammerschmidt et al., 1997; Haleem et al., 2019; Park et al., 2021a)

Sanchez-Beato et al., 1998; Glover et al., 2008)
Canvin et al., 1995; Ramos-Sevillano et al., 2015)
Ramos-Sevillano et al., 2011; Bai et al., 2014)
Ramos-Sevillano et al., 2011)

Kausmally et al., 2005)

Molina et al., 2009)
Afshar et al., 2016)
Ogunniyi et al., 2009)

Ogunniyi et al., 2009)

PLY CDC  Cell Death, MRC-1 binding
2020)
PspA CBP  Inhibits complement, binds to lactoferrin, can bind
lactate dehydrogenase
CbpA  CBP  Inhibits complement, binds to secreted IgA, can bind
lactate dehydrogenase
PcpA CBP  Pneumococcal adhesion, biofilm formation (
LytA CBP  Facilitates release of PLY, inhibits complement (
LytB CBP  Biofilm formation, adherence (
LytC CBP  Biofilm formation, adherence (
CbpD  CBP  Assists LytA in cell wall degradation (
CbpE CBP  Binds human plasminogen (Attali et al., 2008a)
CbpF CBP  Unclear, associated with cell wall hydrolases (
CbpG  CBP  Pneumococcal adhesion, secreted form can cleave (Mann et al., 2006)
host extracellular matrix
CbpM  CBP  Binds fibronectin
PhtA PHT  Inhibits complement
PhtD PHT  Inhibits complement
PhtE PHT  Inhibits complement
PsrP SRRP  Biofim formation, lung cell adherence

(
(
(Ogunniyi et al., 2009)
(
(

Rose et al., 2008; Sanchez et al., 2010)
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evidence for anti-PLY antibodies helping delay pneumococcal
carriage in high-risk infants (Francis et al., 2009) and protecting
healthy individuals against pneumococcal infections (Huo et al.,
2004). In mouse immunization experiments, PLY first showed
promise when it protected against multiple Spn serotypes
(Alexander et al., 1994). However, PLY still exhibited
hemolytic activity in host cells, even when constructed to have
a reduced cytotoxicity (Baba et al., 2001). Different derivatives of
a detoxified PLY mutant (dPLY), a recombinant pneumolysoid
with the intrinsic cytolytic functionality removed, have shown
reactivity to IgGs against the crucial PLY epitopes and have been
used successfully as an immunogen for specific serotypes in mice
and rhesus macaques (Garcia-Suarez Mdel et al., 2004; Kirkham
et al., 2006; Denoel et al, 2011; Salha et al, 2012). Further,
chemically detoxified PLY is another derivative that induced
anti-PLY IgG response with no sign of tissue damage in host
histopathology exams and protected against intranasal challenge
across three distinct serotypes (Hermand et al, 2017). More
recently, multiple studies have successfully used dPLY or
immunogenic regions of PLY as a standalone vaccine
candidate to confer protection from Spn isolates (Thanawastien
etal., 2021). dPLY has also been tested in conjunction with other
immunogenic proteins as broadly protective vaccines that have
made it up to phase II trials (Feldman and Anderson, 2014; Chen
et al., 2015)(Clinical Trial Number, NCT01262872) (Table 2), or
as a complementary immunogenic boost for the PCVs (Rowe
et al., 2019).

In light of the past and current preclinical research and
clinical phase trials, PLY—specifically the recombinant
pneumolysoid—has shown significant promise as an important
member of the multicomponent protein vaccine approach. PLY’s
multitudinous detrimental functions on the host (Figure 1A)
indicate its potential value as a vaccine target.

CHOLINE-BINDING PROTEINS (CBPS)

CBPs are a major class of Spn surface proteins (Perez-Dorado
et al,, 2012). Phosphorylcholine residues in repeating units of
teichoic and lipoteichoic acids on the cell wall allow CBPs to bind

and localize on the surface of Spn (Perez-Dorado et al.,, 2012).
CBPs are especially interesting because many orthogonal
approaches have unbiasedly reached the same conclusion: most
CBPs contribute to bacterial virulence, and are immunogenic
targets in human sera exposed to pneumococcal pneumonia
(Giefing et al., 2008). Recent advances have been made toward
CBPs as candidate antigens in vaccine design as well as expanded
knowledge on pathogenicity and virulence mechanisms
(Sempere et al., 2021). Here, we review CBPs that have shown
contributions to Spn pathogenicity and are utilized in preclinical
vaccine studies and clinical trial vaccine formulations.

PspA

Pneumococcal surface protein A, PspA, is one of the most well-
studied CBPs. Its vaccine potential was initially identified over
three decades ago as a protein expressed in all clinically relevant
serotypes (Crain et al., 1990). PspA contains an N-terminal alpha-
helical domain (otHD), a proline-rich domain (PRD), and the
choline-binding domain at the C-terminus (Hollingshead et al.,
2000). PspA is, however, highly variable between serotypes and
strains in its 0HD, being branched into six different clades based
on sequence diversity and organized into three families due to
sequence homology between clades (Hollingshead et al., 2000).
Although there are two main families (Family 1 and Family 2) that
encompass the majority of PspA variability, there is also a Family 3
of more uncommon PspAs as well as clinical isolates that do not
express PspA. This has made it a challenge to resolve PspA as a
conserved protein. PspA is known to bind to lactoferrin
(Hammerschmidt et al., 1999; Hakansson et al., 2001; Senkovich
et al, 2007) and has been implicated in both pneumococcal
carriage as a colonization factor (McCool et al, 2002) and in
invasive disease due to its ability to inhibit complement activation
and opsonophagocytosis, the main clearance mechanism by the
host immune system (Tu et al., 1999; Ren et al., 2003; Mukerji
et al,, 2012). However, in a serotype 3 strain and a serotype 19F
strain, PspA had the added ability as an adhesin to bind GAPDH
present on the surface of dying host cells (Park et al., 2021b).
Similarly, PspA has recently demonstrated the ability to bind host
lactate dehydrogenase (LDH) to enhance pneumococcal virulence
through co-opted metabolic activity (Park et al., 2021a). These

TABLE 2 | Representative candidate protein-based vaccine formulations and trials.

Protein Phase Identifier Status Representative References
PhtD Phase | NCT01767402 Completed (Leroux-Roels et al., 2015)
dPLY, PhtD-dPLY +- PCV10 Phase | NCT00707798 Completed (Leroux-Roels et al., 2014)
PhtD-dPLY Phase Il NCT00896064 Completed -
PlyD1 Phase | NCT01444352 Completed (Kamtchoua et al., 2013)
PhtD Phase | NCT01444001 Completed (Seiberling et al., 2012)
PcpA, PcpA + PhtD Phase | NCT01444339 Completed (Bologa et al., 2012)
PhtD + PcpA + PlyD1 Phase | NCT01764126 Completed (Brooks et al., 2015)
NCT01446926

PcsB, StkP, PsaA Phase | NCT00873431 Completed -
dPLY + PsaA + 24 CPS Phase I/1l NCT03803202 Completed -

Phase | NCT04525599 Active -
PspA + PlyD Phase la NCT04087460 Active -
PHID + dPLY + PhtD Phase Il NCT01262872 Completed (Odutola et al., 2016; Odutola et al., 2017; Odutola et al., 2019)
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FIGURE 1 | Interactions of pneumococcal factors representative of classes within the host respiratory epithelium. (A) PLY is released from Spn. It is pro-
inflammatory in the environment and PLY monomers aggregate to form ring complexes that can trigger host cell death. It can interact with MRC-1 to promote
bacterial survival. (B) CBPs impair complement-mediated killing by the host. PcpA influences biofilm formation and pneumococcal adhesion. CbpA binds its main
receptor, pIgR, to promote adherence. PspA binds lactoferrin for critical iron uptake for the bacterium from the host and inhibits apolactoferrin. Both CbpA and PspA
can bind lactate dehydrogenase to enhance virulence. (C) The PHTs are well-conserved surface proteins on the pneumococcus and maintain metal homeostasis
through Zn and Ni binding. (D) A model showing PsrP’s SRR1-BR region extending past the CPS. While the SRR1 glycans potentially interact with another host
ligand (1), the basic region binds Keratin-10 (2). Alternatively, as previously hypothesized, the glycans may be employed as important interactors with the CPS to
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findings have culminated in new forms of pathogenicity for PspA
and unexplored potential as a vaccine candidate (Lane et al., 2022).

PspA has been investigated for more than three decades as an
immunogen and potential vaccine candidate. In a phase I clinical
trial, immunizations with a recombinant family 1 PspA
produced in E. coli and administered to humans showed that
PspA was immunogenic, and it passively protected mice against
a pneumococcal challenge from serotypes 3, 6A, or 6B (Briles
et al,, 2000). Later on, a mouse monoclonal antibody specific for
PspA induced a robust deposition of complement on the
pneumococcal surface indicating a mechanism for PspA
specific antibody responses (Ren et al., 2004). Because of its
high variability, there was concern that many PspA variants
would not be covered by a vaccine; however, recent research has
elucidated the proline-rich domain (PRD) of PspA, which is far
more conserved, could be used for uncommon strains outside of
family 1 or family 2 (Mukerji et al., 2018). Thus, a strong
collaboration between a subset of studies has culminated in a
trivalent version of PspA that aims to redundantly cover all
families and clades of PspA (Nakahashi-Ouchida et al., 2021).
Macaques immunized with this trivalent PspA vaccine had high
IgG titers towards family 1 or 2 strains and had reduced bacterial

load in the lungs compared to control macaques following an
intratracheal challenge from a family 1 and a family 2 PspA
strain. PspA is in an active clinical trial as a multicomponent
vaccine with PlyD (Clinical Trial Number, NCT04087460)
(Table 2). While the variability in PspA remains a challenge, it
continues to be a strong candidate with decades of research
behind it.

CbpA/PspC

Choline-binding protein A, CbpA, was first identified through its
homology with PspA (McDaniel et al., 1992), but unconnectedly
found as a pneumococcal protein that binds secretory IgA (SpsA)
(Hammerschmidt et al., 1997) and as a novel CBP for its role in
adherence and immunogenicity (Rosenow et al., 1997). Because
of its unique set of roles, it is viewed as the major adhesin in the
pneumococcus. It is also highly polymorphic, with 11 different
group classifications based on homology and protein sequence
among pneumococcal isolates (Brooks-Walter et al., 1999). This
antigenic variation in the protein has recently been indicated as
an immune evasion mechanism for the bacterium (Georgieva
et al,, 2018). CbpA has established roles in nasopharynx
colonization and pneumococcal pneumonia (Balachandran
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et al., 2002), but is more notably associated with meningitis
(Orihuela et al., 2009). CbpA can bind polymeric
immunoglobulin receptor (pIgR), which enables the bacterium
to translocate across human nasopharyngeal epithelial cells
(Figure 1B) (Zhang et al., 2000). The binding of CbpA to host
protein factor H inhibits the alternative complement pathway
(Weiser et al., 2018).

CbpA, similar to PspA, diminishes the effects of complement-
mediated killing (Haleem et al,, 2019), however, antibodies
against CbpA have been shown to activate complement
deposition and increase opsonophagocytosis (Ricci et al,
2011). CpbA and PspA have also recently been shown to have
similar potential for binding lactate dehydrogenase released from
dying host cells enhancing virulence of the bacterium in
damaged tissues (Park et al., 2021a). As a vaccine candidate,
CbpA has shown the ability to confer protection as the sole
immunogen (Ogunniyi et al., 2007; Cao et al., 2009). Anti-CbpA
antibodies are induced through help from CD4+ T lymphocytes
following immunization with CbpA (Cao et al., 2009). However,
CbpA has also been coupled with many other pneumococcal
immunogens and the responses are additive and longer-lasting
(Ogunniyi et al., 2007). One of the combinations involves the
above-mentioned pneumolysoid and CbpA combined as a fusion
protein, which has shown promise as a vaccine with broad
protection potential in mouse models of immunization,
colonization, and infection (Mann et al., 2014).

PcpA

Pneumococcal choline-binding protein A, also sometimes
referred to as CbpN, is another promising vaccine candidate
that has emerged. First elucidated as a pneumococcal adhesion
protein due to its leucine repeat regions (LRRs) (Sanchez-Beato
et al., 1998), it was a hit in the genome-wide mutagenesis screen
for lung virulence factors (Hava and Camilli, 2002) and
subsequently shown to provide protection in lung infection
and sepsis (Glover et al., 2008). Importantly, PcpA is present
in all clinically relevant strains tested so far which encompassed
25 different strains (Glover et al., 2008). It has also been shown to
be present in over 90 percent of pneumococcal clinical isolates
ranging from non-complicated pneumonia to meningitis (Selva
et al., 2012).

The virulence of PcpA is attributed to its pneumococcal
adhesion and biofilm formation functionalities (Glover et al.,
2008). Interestingly, while PcpA elicits protection in the lower
respiratory tract, it does not impede colonization of the upper
respiratory tract (Glover et al., 2008). PcpA-specific mAbs
promote complement C3 deposition and are macrophage-
dependent, as removal of either complement or macrophages
compromised protection in mice (Visan et al., 2018). For these
reasons, there have been multiple vaccination studies involving
PcpA (Verhoeven et al., 2014; Verhoeven et al., 2014; Xu et al,,
2015; Brooks et al., 2015; Ochs et al., 2016). In one study, PcpA
was a component of a trivalent pneumococcal protein vaccine in
a mouse model of immunization. PcpA-specific booster serum
responses contributed to the clearance of pneumonia and
reduced inflammation and tissue damage in the lungs (Xu
et al, 2015). These IgG and IgA boosts from the trivalent

protein vaccine, specifically, have also shown a significant
reduction in AOM in children (Xu et al., 2017). Due to its
demonstrated safety and immunogenic potential against IPD
and AOM, PcpA continues to be a mainstay in pneumococcal
vaccine formulations in preclinical and clinical studies. PcpA is
tested as a vaccine candidate in multiple clinical trials (Table 2).

LytA, LytB, LytC

N-acetylmuramoyl-L-alanine amidase (LytA), N-
acetylglucosaminidase (LytB), and LytC, an autolytic lysozyme
involved in polysaccharide cleavage on N-acetylmuramoyl-N-
glucosaminyl residues, comprise a family of cell wall hydrolases
(CWH) with established roles in virulence and observed
potential for protection.

LytA is the more well-studied of the three enzymes due to its
role in lysis being associated with the release of the cytotoxin PLY
(Canvin et al., 1995). LytA, independent of its linkage to PLY, has
shown an ability to inhibit activation of the alternative and
classical pathways of the complement system (Ramos-Sevillano
etal., 2015). The same study shows that LytA can cleave the C3b
and iC3b components of complement-mediated
opsonophagocytosis, indicating its role in evasion of the host
immune response (Ramos-Sevillano et al., 2015). Following
intranasal immunization with LytA, mice elicited both IgG and
IgA antibodies that conferred protection against intranasal and
intraperitoneal challenges from strains in serotypes 23F, 19F, 6A,
14, and 6B (Yuan et al., 2011).

LytB has been characterized as a CWH that positions itself at
the polar regions on the surface of Spn and facilitates localized
peptidoglycan hydrolysis and distinct cell separation after
multiplying (De Las Rivas et al, 2002). It contributes toward
biofilm formation and attachment to host epithelial cells, helps
avoid complement-mediated immunity, and is well-conserved
(Moscoso et al., 2005; Ramos-Sevillano et al.,, 2011; Bai et al,,
2014). Immunizations with LytB in mice showed a strong IgG
response in subclasses IgGl, IgG2b, and IgG3 (Corsini et al.,
2016). This study also showed that antibodies against LytB
increased recognition towards Clq and C3b to assist classical
complement pathway activation and LytB-immunized mice were
significantly better protected after challenge with strains in
serotypes 23F and 3 (Corsini et al., 2016).

LytC was independently discovered through the same
genome wide identification effort of proteins that protected
mice from lethal sepsis challenge in which LytB was found
(Wizemann et al., 2001). It has been established in similar
roles to LytB for nasopharynx colonization and biofilm
formation (Gosink et al., 2000; Ramos-Sevillano et al., 2011).
However, direct immunization with LytC or antibodies directed
against LytC have not as yet been published.

CbpD, CbpE, CbpF, CbpG, CbpM

CbpD has been previously described as a murein hydrolase that
works with LytA to degrade the pneumococcal cell wall of cells
during the competence (Kausmally et al., 2005). CbpE
has been reported as an important receptor for human
plasminogen, the precursor of plasmin, and this interaction is
intrinsic for pneumococcal dissemination into host tissues
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(Attali et al., 2008a; Attali et al., 2008b). CbpF is one of the more
abundant proteins of the Spn surface, is associated with CWHs like
LytA, LytB, and LytC, and has been successfully crystallized
(Molina et al,, 2007; Molina et al., 2009). These crystal structure
studies have resulted in a molecular understanding of esters of
bicyclic amines (EBAs) and how they may be used to compete
with CBP binding to teichoic acid as a new generation of drugs
aimed at limiting pneumococcal growth (Silva-Martin et al., 2014).
CbpG was previously identified as a CBP involved in
pneumococcal virulence with multifunction as a surface protein
for adhesion and as a secreted form that can cleave host
extracellular matrix (Gosink et al,, 2000; Mann et al., 2006;
Attali et al, 2008a). CbpG has been assessed as a protective
antigen, where vaccinated mice developed antibodies against
CbpG and showed resistance to pneumococcal colonization and
statistically significant protection against bacteremia (Mann et al.,
2006). CbpM has recently been shown to interact with fibronectin
and was recognized in the sera acquired from ten patients with
pneumococcal pneumonia (Afshar et al., 2016). CbpG and CbpM
also worked well recently as immunogens to protect mice from a
serotype 19F challenge (Kazemian et al.,, 2018).

To sum up, CBPs discussed above have shown vaccine
potential in mouse immunization studies and/or human
clinical trials. A diverse array of host interactions has been
elucidated through pneumococcal adhesion properties
associated with different CBPs (Figure 1B). PspA virulence has
long been linked to its binding to lactoferrin. More recently, it
has also been shown to bind host GAPDH and LDH. CbpA binds
pIgR and sIgAs. PcpA is an important pneumococcal adhesion
protein. Antibodies against any of these targets to neutralize
these interactions can serve to weaken the virulence of the
bacterium and allow the host immune response to take effect.
Difficulties of CBPs as candidate vaccines may come from their
sequence variability towards the N-termini, the region that is
surface-exposed. While important for pneumococcal virulence,
currently none of the proteins discussed in the ‘Other CBPs’
category have been included in any clinical trial (Table 2).

PNEUMOCOCCAL HISTIDINE TRIAD
PROTEINS (PHTS)

The pneumococcal histidine triad proteins (PHTSs) are a set of
surface proteins in the Streptococcus genus with a role in metal
ion homeostasis and a category-defining HxxHxH protein motif
(Plumptre et al.,, 2012). They were first discovered based on their
putative hydrophobic leader sequences, which indicate they were
transported across the cytoplasmic membrane and thus were
surface-exposed (Adamou et al.,, 2001). Large-scale mutagenesis
screenings for in vivo lung infection also showed reduced fitness
in bacteria with mutations in phtA, phtB, or phtD (Hava and
Camilli, 2002). Including phtE, another member of this group,
these four gene products redundantly bind and transport zinc
(Plumptre et al., 2014). More recently, they have been observed
to be highly upregulated in the presence of nickel (Manzoor et al.,
2015) and a peptide-based approach revealed a strong binding

potential to nickel as well (Miller et al., 2018). All four PHT's are
necessary components for pneumococcal survival and
proliferation in the nasopharynx (Plumptre et al.,, 2014). Like
PspA above, PHTs inhibit the complement pathway (Figure 1C)
(Ogunniyi et al., 2009).

PhtA, PhtB

Pneumococcal histidine triad protein A (PhtA) was the first
identified histidine repeat protein in Spn. Its sequence was then
used to find homologous ORFs, which resulted in the
characterization of the PHT family (Adamou et al,, 2001).
PhtA is highly conserved among the 23 serotypes tested that
comprise the PPSV23 multivalent polysaccharide vaccine.
Interestingly it was noted that for certain serotypes, PhtA and
PhtB have gone through recombination events that have resulted
in the resemblance of a fusion protein (Adamou et al., 2001).
This has been observed again recently as a PhtA/PhtB fusion
protein and a PhtA/PhtD fusion protein (Kawaguchiya et al,
2019). PhtB is also well conserved when it is on its own and not
fused with PhtA, sharing 87% sequence homology with PhtD
(Adamou et al,, 2001). Immunizations with full-length PhtA or
full-length PhtB have shown reactive mouse antisera to specific
pneumococcal isolates. However, only full-length PhtA bound to
all PPSV23 serotype bacterial isolates observed by flow cytometry
and conferred protection in mice sepsis challenge with serotype
6A (Adamou et al, 2001). Furthermore, PhtA was present when
tested in convalescent sera of 5 infants (Adamou et al., 2001).
These findings convey the immunogenicity of this protein as
natural to the host response. Immunization in mice with
recombinant PhtB conferred protection against serotype 3
intranasal pneumococcal challenge (Zhang et al., 2001).
Although they are well conserved and immunogenic, PhtA and
PhtB or their fusion proteins have not yet been tested in
clinical settings.

PhtD

Pneumococcal histidine triad protein D (PhtD) is the most
studied of the PHTs. In one study, immunizations with PhtD
protected mice against a serotype 6A sepsis challenge, as well as
against a serotype 4 strain and the highly virulent serotype 3
strain, WU2 (Adamou et al,, 2001). Purified human serum IgG
antibodies recognizing PhtD have been further described,
causing a significant reduction of pneumococcal adherence to
human airway epithelial cells (Khan and Pichichero, 2012).
Furthermore, intranasal immunization with PhtD generated
robust antiserum and protected mice against pneumococcal
colonization (Khan and Pichichero, 2013). PhtD has gone
through phase I trials as a standalone immunogen or in
combination with PcpA, showing efficacy at all dosages with
no observed adverse reactions (Table 2) (Seiberling et al., 2012;
Bologa et al., 2012). Recently, it was shown that antibodies
against PhtD facilitated pneumococcal clearance through a
complement- and macrophage-dependent opsonophagocytosis
(Visan et al., 2018). In another study, immunizations of mice
with PhtD and a C-terminal fragment of PhtD induced robust
humoral immunity protecting mice against pneumococcal
challenge (Andre et al,, 2021). In sum, PhtD has emerged in
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serotype-independent vaccine design due to its robust immune
response and feasibility for inclusion in multicomponent
vaccine trials.

PhtE

Pneumococcal histidine triad protein E (PhtE) differs from the
other PHTSs in the family because it has an extra histidine repeat
region and it only shares 32% homology with its other family
members (Adamou et al., 2001). Immunoblotting with antibody
against recombinant PhtE recognized a full-length version as
well as a potential mature, truncated version of PhtE in Spn
whole cell lysates (Adamou et al., 2001). Further work has
observed similar results to PhtD, with antibodies against PhtE
reducing pneumococcal adherence and protecting mice against
colonization (Khan and Pichichero, 2012; Khan and Pichichero,
2013). PhtE, also known as BVH-3, was used to immunize mice
and confer protection against pneumococcal challenge (Hamel
et al, 2004). PhtE has not yet been evaluated in clinical
phase trials.

Of the PHTs, PhtD has shown high promise as a vaccine
candidate with efficacy in preclinical animal studies and early
human trials. Although immunizations of mice with PhtA, PhtB
and PhtE have conferred variable degrees of protection against
Spn challenge, PhtD had a significantly stronger and larger
serotype coverage for the same protection, and it showed
significantly higher reactivity against convalescent human sera
collected from infants with culture-proven pneumococcal
bacteremia (Adamou et al., 2001). Because the C-terminal
region of PhtD is sufficient as a robust immunogen, it adds to
its potential for inclusion in multicomponent vaccine design.
This has been evident in multiple clinical trials (Table 2).

SERINE-RICH REPEAT
PROTEINS (SRRPS)

SRRPs are a unique group of very large, glycosylated, surface-
exposed proteins in Gram-positive bacteria and are commonly
found within the Streptococcus genus (Lizcano et al., 2012). They
fall in the category of LPXTG proteins, a motif that anchors the
protein to the cell wall (Siegel et al., 2017). Because of their large
size and abundant glycosylation, they require a dedicated
accessory Sec system for transportation and export (Rigel et al.,
2009). They are usually categorized as cell adhesins and have
been strongly implicated in bacterial virulence from their
functional binding (Wu et al., 1998; Siboo et al., 2005; Xiong
et al., 2008; Sanchez et al., 2010).

PsrP

In S. pneumoniae, the Pneumococcal Serine-Rich Repeat Protein
(PsrP) was first identified through large-scale mutagenesis
screenings for lung infection (Hava and Camilli, 2002) and
subsequently studied as a pathogenicity island (Obert et al,
2006). The PsrP locus is a 37 kB region that contains the protein
itself as well as a multitude of specific glycosyltransferases and the

associated Sec transportation machinery (Obert et al., 2006). It has
a basic region (BR) between two serine-rich repeat regions (SRR1
and SRR2) that binds to Keratin 10 on lung cells (Shivshankar et al.,
2009). S. pneumoniae mutants deficient in PsrP are unable to
establish lung infection in murine mouse models (Rose et al., 2008).
Keratin-10 as a ligand is elevated in cellular senescence of lung cells
and these keratin-10/PsrP interactions have been linked to
increased susceptibility to pneumococcal pneumonia in the
elderly (Shivshankar et al., 2011; Lizcano et al., 2012).
Importantly, PsrP is also integral for biofilm formation (Sanchez
et al,, 2010; Schulte et al., 2016), a major factor in the bacterium’s
ability to colonize a host and aggregate (Sanchez et al, 2010;
Blanchette-Cain et al., 2013).

The mature glycan of an SRRP has been discovered in a
different Streptococcus species but has yet to be completely and
directly elucidated for PsrP (Zhu et al., 2016). Like other SRRPs,
PsrP is predicted to be heavily O-glycosylated due to the plethora
of serine and threonine residues in the SRR1 and SRR2 regions.
GtfA, the glycosyltransferase responsible for adding the first
GIcNAc moiety in many SRRPs, was documented to function
similarly for PsrP (Shi et al., 2014). GtfA deficient mutants also
demonstrated an attenuation of biofilm formation, lung adhesion,
and virulence in mice (Lizcano et al., 2017). The second, third, and
fourth steps of the PsrP glycosylation pathway have also been
elucidated and a proposed model of the complete glycosylation
pathway was established (Zhou et al., 2010; Jiang et al., 2017).
Recently, however, multiple glycosyltransferases (GTs), including
some as-of-yet uncharacterized, were shown to significantly
impact PsrP’s biofilm formation and adhesion properties as well
as lung infection in mice by intratracheal challenge (Middleton
et al., 2021).

PsrP is predicted to be present in approximately 50% of all
clinical isolates of Spn (Munoz-Almagro et al., 20105 Selva et al.,
2012). Antibodies against a recombinant portion of PsrP
containing the SRR1 and BR regions (rPsrP) were able to
neutralize bacterial adhesion to lung cells in vitro and passive
immunization with rPsrP rabbit antiserum provided protection
in vivo to mice against challenge (Rose et al., 2008). Although
antibodies and passive immunization have shown protection
against bacterial lung infection, there isn’t established work on
PsrP as a vaccine for direct immunizations. It is possible that the
glycosylation of PsrP in its native state is an important
component of its antigenicity to be understood and
harnessed (Figure 1D).

DISCUSSION

When discussing pneumococcal protein vaccine candidates, it is
important to emphasize the success of the PCVs in drastically
reducing mortality from pneumococcal disease. For a large
amount of IPD associated with the serotypes included, the
PCVs are a major success story (Avci et al., 2019). However, it
is also important to recognize the challenges and complexity of
continuing this empirical, serotype-specific approach for
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emerging serotypes and unencapsulated isolates (Duke and Avci,
2018; Avci et al, 2019). As the diversity of Spn serotypes in
clinical isolates continues to increase, higher valency of PCVs
will be required. In addition, the possibility of carrier-induced
epitope-specific suppression and the known variable humoral
response elicited among serotypes included in multivalent
preparations represent some of the challenges in the
development of conjugate vaccine preparation (Di John et al,
1989; Avci et al., 2019). Thus, current research is exploring many
forms of protein vaccine candidates as individual elements,
together as multi-component protein vaccines, and a hand-in-
hand complementary approach with the PCVs. A conserved
pneumococcal vaccine or (to put it ambitiously) a universal
pneumococcal vaccine goal has fueled protein-based vaccine
research for many decades.

While this review focuses on surface protein candidates
isolated from pneumococcus, there are two alternative
approaches that have made considerable progress. The first is
an inactivated whole-cell vaccine of a non-encapsulated
pneumococcal strain that has progressed through pre-clinical
trials, showing protection against nasopharyngeal carriage as
well as IPD (Keech et al., 2020). Currently, forty-two human
patients had safe responses and demonstrated antigen-specific
antibodies and T-cell cytokine responses (Keech et al., 2020). The
second approach uses a modified, live-attenuated S. typhimurium
strain as a carrier to deliver the pneumococcal antigen PspA
(Zhang et al.,, 2011). This vector system has shown significant
protection in mice with high levels of sIgAs in the nasal mucosa,
high IgG levels in serum, and is moving into phase I trials (Zhang
et al., 2011; Liu et al., 2020).

Spn surface protein immunogens reviewed have shown variable
degrees of protection capacity in preclinical and clinical studies
making them candidates for next-generation pneumococcal
vaccine formulations. Interestingly, the problems with serotype
distribution based on geographical location can impact a protein-
based vaccine too. A study using PCR detection of many of the
discussed pneumococcal surface proteins observed non-uniform
presence of multiple proteins originally expected to be conserved
(Blumental et al.,, 2015), while another study showed
downregulation of PcpA and PhtE and no changes in PLY,
PspA, or PhtD when comparing serotypes 15A and 35B, two
serotypes with increasing incidence rates and outside of PCV
coverage (Fuji et al., 2021). Partly due to these reasons, a
growing effort has developed for a multi-component approach as
opposed to individual proteins in vaccine design (Table 2). A
multi-component vaccine target comprised of PLY and PhtD
together with 10 serotype-specific polysaccharide conjugates as
an exciting prospect, is evaluated in phase II trials (Odutola et al.,
2017). A trivalent version of three PspA variants has been
generated to provide coverage across all families and clades
(Nakahashi-Ouchida et al., 2021), while PspA has also been
coupled with CbpA and PLY (Chen et al,, 2015). Completed and
ongoing trials of protein-based vaccines are listed in Table 2. Of
note, most recently new formulations have shown success in mice,
and/or macaques, indicating potential future clinical trials to be
initiated. A recent study analyzed 100 pneumococcal proteins for

their predicted CD4" T cell immunogenicity, and the prediction
results were validated by stimulating human PBMCs (van de Garde
et al, 2019). Based on the results of this study, PspA, PLY, and
PhtD were indicated as vaccine candidates of interest. The study
also noted pneumococcal surface adhesin A (PsaA) and PcsB, a
peptidoglycan hydrolase, as potentially important immunogens
(van de Garde et al., 2019). While these proteins do not fall into
the classes discussed in this review, they are notably present in a
unique clinical trial (Clinical Trial Number, NCT00873431). These
constructs have all been shown to protect against many clinical
isolates, and ongoing preclinical studies and clinical trials will shed
light on whether they will reach a similar threshold of efficacy and
coverage to PCV13 or the recently launched PCV15 and PCV20.

Considering the virulence mechanisms and current
representation in clinical trial vaccine formulations (Table 2),
dPLY and PhtD show high promise. Stimulating an antibody
response against PLY can protect the host from tissue damage
that would result in enhanced virulence and sensitive tissue
access for the bacterium, specifically in the lung and heart. It
also is present in all pneumococcal strains without variability
that some of the other proteins display. Similarly, PhtD has a
good prevalence among clinical pneumococcal isolates and has
demonstrated strong immunogenic properties in convalescent
human sera. Besides these two protein immunogens, PspA has
shown to be highly immunogenic and protective albeit with its’
high degree of sequence variability in clinical Spn isolates. PspA
is moving into clinical trials in combination with PLY (Table 2)
and has shown potential as a trivalent PspA vaccine in macaques.

PsaA—while not a member of any of the classes reviewed
above—is a well-studied, conserved lipoprotein expressed by all
Spn clinical isolates (Rajam et al., 2008). PsaA is highly
immunogenic and it contributes to the pathogenicity of Spn
(Rajam et al., 2008). It is a surface-exposed zinc binding member
of an ABC-type transport system (Lawrence et al., 1998). It also
exhibits adhesin properties and binds to human Annexin A2 on
airway epithelial cells (Hu et al., 2021). As an immunogen, PsaA
has shown vaccine potential, inducing robust immune responses
(Johnson et al., 2002; Oliveira et al., 2006; Whaley et al., 2010). In
a murine model of colonization with an Spn serotype 19A,
concomitant administration of recombinant PsaA and PCV7
reduced colonization (Whaley et al., 2010). In a separate study,
nasal inoculation of mice with recombinant lactic acid bacteria
expressing PsaA induced a systemic and mucosal immune
response and decrease in Spn colonization (Oliveira et al.,
2006). Antibodies against PsaA showed a significant reduction
in nasopharyngeal colonization in a mouse nasal colonization
model (Johnson et al., 2002). PsaA was included in a promising
clinical trial vaccine formulations with two other proteins, StkP
and PcsB, that were prevalent in human sera of patients
recovered from pneumococcal pneumonia (Giefing et al., 2008)
(Clinical Trial Number, NCT00873431) (Table 2). PsaA is also a
vaccine component in two other clinical trials (Clinical Trial
Numbers, NCT03803202 and NCT04525599) (Table 2).

Sitting mostly on the outside of the pneumococcal protein
vaccine conversation has been PsrP. While lung adhesion and
biofilm formation are highly important functions for
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pneumococcal infection and PsrP has a proven link to these
functions, vaccination efforts have not been reported. This may
be due to the lower overall prevalence of PsrP in clinical isolates
compared to PLY and PspA or the molecular difficulties
associated with the size and glycosylation state of the protein.
The PCVs have brought significant attention to the possibilities
involving glycosylation in vaccine design, but PsrP as a
glycoprotein has yet to be considered. The potential role of
PsrP glycans as part of B and T cell epitopes (Avci et al,, 2011;
Sun et al,, 2016) may indicate PsrP as a protective vaccine target.

In conclusion, there are many attempts ongoing to achieve a
serotype-independent, conserved pneumococcal protein vaccine
while the serotype-dependent conjugate vaccines keep IPDs
under control on a global scale. A serotype-independent
protein vaccine has many potential advantages: a potentially
lower-cost alternative for children in developing countries,
higher coverage of geographical serotypes that can lead to IPD,
or a new/alternative line of defense against AOM infection/
recurrent infections. Cutting-edge approaches and innovative
knowledge-based vaccine designs are making their way through
preclinical research and clinical trials. These stepwise
advancements from mice to macaques to humans highlight the
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Many respiratory pathogens compromise epithelial barrier function during lung infection by
disrupting intercellular junctions, such as adherens junctions and tight junctions, that
maintain intercellular integrity. This includes Streptococcus pneumoniae, a leading cause
of pneumonia, which can successfully breach the epithelial barrier and cause severe
infections such as septicemia and meningitis. Fluorescence microscopy analysis on
intercellular junction protein manipulation by respiratory pathogens has yielded major
advances in our understanding of their pathogenesis. Unfortunately, a lack of automated
image analysis tools that can tolerate variability in sample-sample staining has limited the
accuracy in evaluating intercellular junction organization quantitatively. We have created
an open source, automated Python computer script called “Intercellular Junction
Organization Quantification” or 1JOQ that can handle a high degree of sample-sample
staining variability and robustly measure intercellular junction integrity. In silico validation of
IJOQ was successful in analyzing computer generated images containing varying degrees
of simulated intercellular junction disruption. Accurate IJOQ analysis was further confirmed
using images generated from in vitro and in vivo bacterial infection models. When
compared in parallel to a previously published, semi-automated script used to measure
intercellular junction organization, IJOQ demonstrated superior analysis for all in vitro and
in vivo experiments described herein. These data indicate that IJOQ is an unbiased, easy-
to-use tool for fluorescence microscopy analysis and will serve as a valuable, automated
resource to rapidly quantify intercellular junction disruption under diverse
experimental conditions.
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1 INTRODUCTION

A growing area of research has documented how pathogens
damage the respiratory epithelium, an important physical barrier
that prevents infectious microbes that enter the airways from
disseminating into the bloodstream and gaining access to the
deeper host tissues. Integral to the success of this barrier function
are different intercellular junctions (IJs) such as adherens
junctions (AJs) and tight junctions (TJs) (Campbell et al.,
2017). An important feature shared by AJs and TJs is their
distinct localization pattern between the borders of epithelial
cells (Garcia et al., 2018). Both AJs and TJs form extracellular
connections between adjacent cells and play important roles to
maintain the structural and functional integrity of the respiratory
epithelium (Ganesan et al., 2013). AJs mediate cell-cell adhesion
and consist of several proteins, including E-cadherin, nectin,
catenins, and afadin (Takeichi, 2014). Meanwhile, tight junctions
regulate the passage of small molecules between cells, establish
cell polarity, and are comprised of occludins, claudins, and
junctional adhesion molecules (Zihni et al.,, 2016). Therefore,
accurate and repeatable quantification of the integrity of AJs and
TJs under various experimental conditions is an important
aspect to many fields of study.

One area where the characterization of IJ integrity has had a
large impact has been in understanding virulence strategies of
respiratory bacterial pathogens that disrupt IJs as an important
aspect of the disease process using fluorescence microscopy
analysis. This is well documented by investigations of the
Gram-positive pathogen, Streptococcus pneumoniae, which
remains the leading cause of pneumonia mortality worldwide
(Troeger et al., 2018). Investigation of IJ disruption during S.
pneumoniae infection has revealed evidence of TJ disruption
(Rayner et al., 1995), including fluorescence microscopy analysis
of pneumococcal infection of human cells, which revealed
reduced levels of the TJ proteins occludin, ZO-1, and claudin-5
(Peter et al., 2017; Jacques et al., 2020). Similar results were found
after infection with the Gram-positive pathogen Bordetella
pertussis, which led to decreased levels of ZO-1, occludin, and
TJ organization, all of which were exacerbated by the production
of adenylate cyclase toxin-hemolysin (Hasan et al., 2018). These
studies demonstrate how qualitative and quantitative
fluorescence microscopy analysis can provide important
insights on how respiratory bacteria invade the host epithelium.

While qualitative assessments of IJ disruptions to the
respiratory epithelium offer some insight into the pathogenesis
of a disease, quantitative measurements of the arrangement of IJs
can provide more comprehensive assessments of perturbations
during infections. An image analysis metric commonly used to
assess IJ disruption is mean fluorescence (McNeil et al., 2006;
Hasan et al., 2018). While this metric can serve as a proxy
measurement for IJ health, this analysis assumes that the
expression of IJ proteins always has a strong linear correlation
with the arrangement of IJs. However, depending on the context
of the infection, IJ disruption can be observed as a rearrangement
of IJ proteins rather than the destruction of these proteins. For
instance, Helicobacter pylori infection of host cells recruits ZO-1

to extrajunctional sites of bacterial attachment (Amieva et al.,
2003). Likewise, Neisseria meningitidis infection of brain
endothelial cells recruited AJ and TJ proteins to bacterial
attachment sites and induced what were termed “ectopic early
junction-like domains” (Mathieu et al., 2009). In these cases,
even though IJ disruption was qualitatively observed, this
disruption is not captured by mean fluorescence, alone, thus
limiting the application of this quantitative metric.

To circumvent the reliance on using mean fluorescence in
image analysis, other methods have been developed which
quantify the arrangement of IJs. Several methodologies utilize a
semi-automated approach where the measurement and analysis
protocols are augmented with computer scripts (Terryn et al.,
2013; Brezovjakova et al., 2019; Gray et al.,, 2020). These
methodologies usually require moderate human input for
parameter set-up or data formatting, with the remainder of the
analysis being completed by automation. Successful application
of these methodologies requires proficiency in 1) using the
automated scripts, 2) interpreting script readouts, and 3)
adjusting script-specific parameters when quantitative and
qualitative sample readouts do not match. Thus, semi-
automated analysis methodologies are still relatively low-
throughput and subject to human error and bias, especially if
the user is inadequately trained.

Fully automated image analysis algorithms improve upon
semi-automated methodologies as they dramatically increase the
speed of analysis and minimize the opportunity for human bias.
However, one major challenge that fully automated algorithms
must overcome when analyzing microscopy images is how to
successfully control for the variation in brightness for a signal of
interest. These variations in brightness can occur when there are
minor deviations in the optimal z-plane to detect a signal (i.e. a
sample is not perfectly flat) and is particularly relevant when
attempting to quantify IJs that are not present along the entire
vertical border of lung epithelial cells. For example, TJs only
occupy the most apical position along the vertical border
between lung epithelial cells. Likewise, AJs are located
immediately underneath the TJs in the basolateral direction of
this vertical border. Because these IJs localize to specific vertical
planes in a sample, the presence of even minor z-plane deviations
can result in substantial variations in signal brightness.
Therefore, finding a way to normalize this signal variability
prior to quantifying IJ disruption is crucial for a fully
automated image analysis algorithm to function reliably.

Here we describe a novel, fully automated, image analysis
Python script for the quantification of IJ integrity. Notably, this
script performs a normalization step prior to quantification,
which facilitates the reliable analysis of IJ disruption. Due to
this normalization step, the predetermined parameters for
quantification are more consistently optimal, and artifacts are
minimized. The Python script was designed to quantify the
organization of AJs and TJs that form on polarized epithelial
monolayers and as such we term this script “Intercellular
Junction Organization Quantification” or IJOQ. In this study
we will discuss the development process of this script and
demonstrate its applications to in vitro and in vivo models of
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S. pneumoniae infection and B. pertussis infection of human
bronchial epithelial cells.

2 MATERIALS AND METHODS

2.1 Preparation of Epithelial Monolayers
Human pulmonary mucoepidermoid carcinoma-derived NCI-
H292 (H292) cells were prepared as previously described
(Adams et al., 2020). Briefly, H292s were grown on the
underside of collagen-coated Transwell filters (0.33-cm?,
Corning Life Sciences) in RPMI 1640 medium (ATCC) with
2 mM L-glutamine, and 10% FBS.

2.2 Bacterial Strains and

Growth Conditions

S. pneumoniae strain TIGR4 (serotype 4) was grown in Todd-
Hewitt broth (BD Biosciences) supplemented with 0.5% yeast
extract in 5% CO, and Oxyrase (Oxyrase, Mansfield, OH) and
used at late log phase. For mice experiments, bacteria were grown
to log phase and diluted in PBS to appropriate concentrations, as
required. Bacterial number in stocks was confirmed by plating
serial dilutions on blood agar.

2.3 Handling of Animals

Wild type BALB/c] mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Mice were matched for age and
sex and maintained in a specific pathogen-free facility at Tufts
University. All procedures were performed in accordance with
Institutional Animal Care and Use Committee approved protocols.

2.4 Disruption of H292 Monolayer With
Adherens Junction Inhibitor

H292 monolayers were treated with 10 mM 1,4-dithiothreitol
(DTT) (Millipore Sigma) and incubated for 3 hours at 37°C.
After incubation, monolayers were washed in PBS+Ca/Mg. To
prepare samples for confocal imaging, monolayers were fixed in
4% paraformaldehyde and stored at 4°C. Monolayers were
permeabilized with 0.1% Triton X-100 in PBS plus 3% BSA.
Then, the monolayers were stained with DAPI, phalloidin, and
primary anti-E-cadherin antibody (24E10, Cell Signaling),
followed by a secondary a-rabbit-FITC antibody (Molecular
Probes). The monolayers were then excised from the transwell
inserts and mounted onto glass slides with ProLong Gold
(ThermoFisher). Samples were visualized with confocal
microscopy (Zeiss LSM 700).

2.5 H292 Monolayer Treatment and
Sample Preparation

The apical surfaces of H292 monolayers were infected with 1 x
10° or 1 x 107 bacteria and incubated for 2.5 hours at 37°C. After
incubation, monolayers were washed in PBS+Ca/Mg.
Monolayers were fixed in 4% paraformaldehyde and stored at
4°C, then were permeabilized with 0.1% Triton X-100 in PBS
plus 3% BSA. The monolayers were stained with DAPI,
phalloidin, and primary anti-E-cadherin antibody (24E10, Cell

Signaling), followed by a secondary o-rabbit-FITC antibody
(Molecular Probes). The monolayers were then excised from
the transwell inserts and mounted onto glass slides with ProLong
Gold (ThermoFisher). Samples were visualized with confocal
microscopy (Leica SP8).

2.6 Mouse Treatment and

Sample Preparation

Mice were challenged intratracheally with 1 x 107 bacteria or
mock-infected with PBS. At 3- and 6-hours post-infection, mice
were sacrificed, and their lungs were harvested. Lung tissues were
fixed in 4% paraformaldehyde and sectioned to a thickness of 250
pum with a Leica vibratome (0.145 mm/s, 70 Hz, blade angle 5°).
Lung sections were permeabilized with 0.1% Triton X-100 in PBS
plus 3% BSA, then stained with the primary anti-E-cadherin
antibody (24E10, Cell Signaling) overnight. Following this, the
lung sections were stained with DAPI, phalloidin, and secondary
o.-rabbit-FITC antibody. Samples were mounted with
Vectashield Antifade Mounting Medium (Vector Laboratories)
and visualized with confocal microscopy (Leica SP8).

2.7 Computer Simulation of Intercellular
Junction Disruption

To assist in the in silico validation of the IJOQ Python script, a
separate Python script, termed the “Simulator” script, was
written to create simulations of IJ disruption. The script is
open access, downloadable and has been deposited in the IJOQ
project repository on GitHub (GNU General Public License
version 3.0; https://github.com/DevonsMo/IJOQ/blob/main/
Simulator.py) When executed, the simulator script produces
simulated images of cell monolayers under various degrees of
IJ disruption. To simulate IJ disruption, a probability is applied
to each line to remove the line from the simulated image.
Probabilities of 0, 0.1, 0.2, 0.3, 0.5, and 0.7 were used to
simulate varying degrees of IJ disruption. Because a random
number of lines are removed for each simulated image, the
degree of removal is recorded as a sum of the lengths of the
remaining lines, or the total junction length. The image is then
saved as a completed simulated image.

2.8 Development of a Python Script to
Measure Adherens Junction Health

A novel Python script called “Intercellular Junction Organization
Quantification” or IJOQ was developed in order to automate the
measurement of IJ disruption in epithelial cells. This script was
designed to accept an image or a batch of images, process each
image, measure the IJ organization, and then save the data in
a.csv file. A flowchart summarizes the steps used by the script to
analyze each image (Figure 1).

2.8.1 Importing the Image

After each image is imported, the image is resized such that the
average of the height and width of the image is 512 pixels. This
compression step reduces processing time in later steps, as well as
ensures that the resulting IJOQ value is standardized. The aspect
ratio of the image is conserved during compression.
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Import the image

Convert to
black and white

Apply blur

Draw lines

Normalize brightness [—

Perform IJOQ

Because there is a potential for the imported image to be a
composite that contains multiple pseudo-colored fluorescent
channels, the green color channel is extracted and used for
further image processing. The script may be instructed to extract
blue, red, or white color channels instead during calibration.

A mild Gaussian blur with a radius of 5 pixels is applied to
the extracted channel in order to remove the effects of noise on
later steps. The script may be instructed to use a different blur
radius during calibration, depending on the extent of the
noise present.

2.8.2 Normalizing the Brightness

To control for the substantial variations in brightness that exist
in confocal microscopy images due to minor deviations in the z-
plane, a normalization step was created to equalize the brightness
within and across confocal microscopy images.

2.8.2.1 Measuring Background Brightness

To correct for within-image brightness variations, the image is first
divided into equally sized sections. A larger section size, due to
sampling a wider area, decreases the ability to normalize the
within-image variation; however, a smaller section size, due to
its limited coverage, decreases the ability to discriminate between
the background and the IJs. Furthermore, smaller sections increase
the computational time, as more pixels must be sampled overall.
Dividing the image (Figure 2A) into 4 x 4 sections (Figure 2B)
was qualitatively determined to be most optimal.

For a given section (i.e. Figure 2B, the upper leftmost square,
highlighted in blue) the brightness values of 8 x 8 equally spaced
pixels are recorded (Figure 2C), then arranged in order of
increasing brightness (Figure 2D). The 35™ pixel was
determined to be an adequate threshold of background
brightness for H292 cell monolayers during calibration (See
2.10 Calibration of the IJOQ Script), and the brightness value
of this pixel is recorded as the normalization threshold value of

FIGURE 1 | Flowchart which depicts the steps used to analyze the image for AJ health.

its section. Because there are 16 sections this results in a total of
16 normalization threshold values.

2.8.2.2 Removing Background Brightness

The 16 normalization threshold values can be used to estimate
the brightness value of the background in each section. However,
because normalization threshold values are not necessarily
similar, when normalization threshold values are applied
uniformly to all pixels in their sections, there will be noticeable
discrepancy in brightness along the borders of adjacent sections,
leading to artifacting. To remove the potential for artifacting, the
expected background brightness value of each pixel is calculated
individually by taking into consideration the normalization
threshold values of all nearby sections.

First, because the sampled pixels are distributed uniformly
across a section, it is assumed that the normalization threshold
value of a given section best applies to the center pixel of that
section. Therefore, the center pixel of each section is given the
expected background brightness value equivalent to the
normalization threshold value of its section.

Then, the remaining pixels are considered. For all pixels
which do not lie at the center of their section, there can be up
to four section centers which are both within a section’s height
vertically and a section’s width horizontally from that pixel: to
the upper left, upper right, lower left, and lower right (Figure 2E,
See blue pixel connected to four red pixels). The estimated
background brightness value of a given pixel is calculated by
linearly scaling the normalization threshold values of the four
sections, based on the pixel’s horizontal and vertical distance to
the centers of those four sections. The equations used to calculate
the expected brightness value of a given pixel are shown below:

Displacement, = Positionyye x — PoSitioNe tion center, top left.x

Dzsplacementy = Positionp;ye, — POSitioNgec tion center, top lefty
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FIGURE 2 | An example of image processing. (A) The initial image after
resizing and blurring. The green channel has been extracted. (B) The image
is divided into 4 x 4 equally sized sections. (C) Depicted is the top left
section of (B), highlighted in blue. 8 x 8 evenly spaced pixels, highlighted in
blue, are sampled for their brightness values. (D) The brightness values of
the sampled pixels are arranged in increasing order. The brightness value of
the 35™ pixel is taken as the normalization threshold value of the section.
(E) Example pixels are highlighted in blue. Orange lines are drawn between
each example pixel and their nearby section centers, marked in red. (F) The
expected brightness map is created by calculating the distance-based
weighted average of the normalization threshold values of nearby sections
for each pixel in the image. The map predicts the background brightness
value of a given pixel. (G) The brightness map in (F) is enhanced in Adobe
Photoshop CC 2021 to improve visibility. The enhanced version is not used
for analysis and is shown to highlight the differences in brightness in the
image. (H) Pixels that are brighter than their expected brightness values are
set to white, while all other pixels are set to black. () IJOQ analysis
generally traces 10 horizontal and 10 vertical lines through the prepared
image. An example line is shown on the image. (J) The brightness values of
the pixels traced through the example line in (I) are measured. Each color
change (i.e. vertical line) increments the cell border frequency by 0.5.
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This final calculated value, which effectively takes a horizontal
displacement- and vertical displacement-based weighted average
of the normalization threshold values of the nearest four sections,
provides the expected brightness value of a pixel if that pixel does
not contain an IJ.

Pixels which are near the border of the image will have fewer
than four section centers that are near enough to be considered
for calculation (Figure 2E, see blue pixels connected to one or
two red pixels). Therefore, if fewer than four section sections are
detected for a given pixel, the normalization threshold values of
the missing sections are substituted by those of the sections
nearest to the missing section centers.

Figure 2F depicts the brightness map, an image which shows
the expected background brightness values when the process is
repeated for every pixel in the image. Because the differences
present in the brightness map are subtle to the human eye,
Figure 2G depicts an equivalent brightness map enhanced with
Adobe Photoshop CC 2021 using the Brightness/Contrast
adjustment feature with a brightness setting of +150 and a
contrast setting of +50. While this enhanced brightness map is
not part of the normalization process, it highlights to the
observer the areas in which brightness variations exist. To
remove the background, the expected background brightness
value of each pixel is subtracted from the brightness value of that
pixel. To reduce noise, an extra value, calculated by taking 10% of
the expected background brightness value, is further subtracted
from the brightness value of the pixel. This value can be adjusted
during calibration, depending on the extent of the noise present.
An additional filtering step is then performed to increase the
contrast of the resulting image. Pixels whose brightness values
remained positive after normalization are set to white, while
pixels whose brightness values became 0 or negative are set to
black, resulting in the final prepared image that is now ready for
analysis (Figure 2H).

X Thresholdyergge, top)

Displacement

Height ) X ThreShOZdavemge,bottom>

2.8.3 Performing 1JOQ

IJs are expected to lie at cell borders, so they should resemble a
mesh-like structure when intact and healthy. Therefore,
quantifying the organization of IJs should revolve around
confirming this mesh-like appearance. To this end, the IJOQ is
calculated by considering the number of color changes - from
black to white and from white to black - that are detected when a
path is traced through the image. For example, a single line
traced horizontally through an image that has been prepared for
analysis will encounter several color changes across the pixels
present in the path (Figure 2I). Correspondingly, these color
changes across pixels are represented as changes in percent
brightness (Figure 2J). Any time there is a change in percent
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brightness is detected, the IJOQ script assumes that the path is
either entering a border or exiting a cell border. Therefore, the
IJOQ script increments the “cell border frequency” value of the
line by 0.5. As a result, should a line cross an entire intact cell
border, which is detected as a color change from black to white to
black, the value of the cell border frequency of the line will
increase by 1. An organized network of IJs is expected to have a
greater cell border frequency than a disorganized or disrupted
network because any path traced through an image is expected to
detect more cell borders in an intact network.

10 evenly spaced horizontal lines are traced across the width
of the image and 10 evenly spaced vertical lines are traced across
the height of the image. The cell border frequencies of all 20
paths are summed and divided by the total length of all lines. The
resulting number, the IJOQ, expresses the number of expected
intact cell borders that are crossed per pixel traced through the
image. If a single image was imported, this value is then printed
to the user; otherwise, if a batch of images was imported, the
IJOQ values of all images are saved into a.csv file at the
conclusion of analysis.

2.9 Installation and Setup of the

IJOQ Script

The IJOQ script and all relevant scripts are open access,
downloadable, and have been deposited in Github (GNU
General Public License version 3.0; https://github.com/
DevonsMo/IJOQ/releases). First, the latest version of Python 3
should be installed and the latest version of IJOQ should be
downloaded. Following this, Python libraries required for the
IJOQ computer script are installed by executing the “IJOQ
Setup.py” script. Upon execution, the IJOQ setup script will
update the Python package installer, pip, then install Pillow,
NumPy, and Tkinter. The IJOQ script is compatible to run on
Windows and Mac.

2.10 Calibration of the 1JOQ Script

Before analysis, a calibration is performed to ensure that the
parameters of the IJOQ script are adequate for the samples.
Calibration is performed once, and the parameters derived
during calibration can be re-used for later samples, given that
the same cell type and imaging settings are used.

Calibration can be performed by executing the “IJOQ
Calibration.py” script. The script will prompt for three
negative control images, as well as for analysis settings. The
calibration script applies a blur to the images, then uses Otsu’s
Method to determine a valid threshold for background
brightness. The settings can be saved to a.txt file for later usage.

2.11 Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(GraphPad Software, San Diego, CA). Pearson’s Correlation
was calculated for the simulated image analysis. Comparison of
the DTT treatment was performed using an unpaired t-test. All
other comparisons between two groups were performed using
ANOVA with Tukey’s post-hoc. P values < 0.05 were considered
significant in all cases. Cohen’s d was calculated for the effect size

of the DTT treatment, while N was calculated for the effect size
of all other comparisons between groups.

3 RESULTS

3.1 IJOQ Robustly Analyzes In Silico
Disruption of IJs

We first sought to determine whether IJOQ analysis is capable of
accurately assessing IJ health under optimal, simulated
conditions. Therefore, a separate Python script called the
“Simulator” (See Materials and Methods) was developed to
produce simulated images of IJs in a monolayer under varying
degrees of disruption (Figures 3A-F). Because this script
produces randomized simulations, precise IJ damage is not
necessarily equal in all simulated images. As a result, the script
records the total length of the IJs as a more precise measure of
IJ health.

We produced 60 simulated images, with 10 images each
corresponding to an IJ disruption value of approximately 0%,
10%, 20%, 30%, 50% and 70%. The IJOQ script was then used to
analyze the simulated images. The IJOQ metric showed
significant (r* = 0.975, P < 0.0001) correlation with the total
junction length (Figure 3K). These findings demonstrate that
IJOQ can precisely measure IJ health in a simulated monolayer
across a broad range of IJ damage.

In the previous in silico experiment, IJOQ analysis was
performed on individual simulated monolayers that had
varying degrees of IJ disruption, but each monolayer was
generated to mimic an ideal circumstance where there is no
noise in the image (Figure 3G). Because most microscopy images
contain various levels of noise we assessed the capacity for the
IJOQ script to filter IJ signal from noise by applying IJOQ
analysis to images containing suboptimal signal-to-noise ratios.
To this end we applied an additive white Gaussian noise to the 60
simulated images and performed IJOQ on the resulting images.
The IJOQ metric showed significant correlation (r* = 0.989, p<
0.0001) with the total junction length at a signal-to-noise ratio of
10, which is the approximate signal-to-noise ratio of our images
based on preliminary data (Figures 3H, L). IJOQ continued to
maintain a strong correlation (r* = 0.963, p < 0.0001) at a signal-
to-noise ratio of 2 (Figures 31, M), while the strength of the
correlation began to decrease at signal-to-noise ratios of less than
0.5. Such signal-to-noise ratios may occur when examining
tissues which exhibit high amounts of autofluorescence. For
instance, murine renal tissues have previously been reported to
display intense autofluorescence at a broad range of excitation
wavelengths, including those for DAPI, FITC, and Texas Red
(Sun et al., 2011; Zhang et al., 2018). Furthermore, fixatives such
as aldehydes are known to increase autofluorescence of fixed
tissues and impede histological observation (Baschong et al,
2001). Although IJOQ still exhibited a strong correlation (
0.579, p <0.0001) at a signal-to-noise ratio of 0.5 (Figures 3], N),
we recommend using images with a signal-to-noise ratio of at
least 2 because a signal-to-noise ratio of 0.5 could require an
impractical number of technical replicates. More crucially,
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FIGURE 3 | IJOQ versus total junction length in simulated images. Examples of simulated cell monolayer images. IJ disruption was simulated at (A) 0%, (B) 10%,
(C) 20%, (D) 30%, (E) 50%, and (F) 70%, respectively. (G) An example of the original simulated image with no noise applied. Additive noise was applied to reach
(H) a signal-to-noise ratio of 10, (I) a signal-to-noise ratio of 2 and (J) a signal-to-noise ratio of 0.5. IJOQ shows a strong linear correlation under (K) ideal conditions
(r* = 0.975), (L) a signal-to-noise ratio of 10 (> = 0.989), (M) a signal-to-noise ratio of 2 (* = 0.963) and (N) a signal-to-noise ratio of 0.5 (r* = 0.579) as determined

however, because the extent of noise filtering required is
determined during calibration, it is important to ensure that
the signal-to-noise ratio remains consistent across images for
successful application of the IJOQ script.

3.2 IJOQ Accurately Detects Chemically
Disrupted AJs

We next asked whether the IJOQ script would be appropriate
for measuring IJ disruption in an established in vitro system
(Bhowmick et al., 2013; Adams et al., 2020). To address this
question, we generated polarized H292 lung epithelial cell

monolayers, which express E-cadherin and form AJs (Heijink
et al,, 2010). The polarized H292 monolayers were then treated
for 3 hours with 10 mM DTT, a reagent that has previously
been shown to disrupt AJs in cell monolayers by interfering
with E-cadherin cell-cell connections (Briickner and Janshoff,
2018). H292 monolayers were stained for E-cadherin and
imaged by confocal microscopy to visualize the presence of
AJs in the untreated and DTT treated samples (Figures 4A, B).
Qualitatively we observed substantial disruption to E-cadherin
localization and subsequent IJOQ analysis revealed that DTT-
treated monolayers exhibited significantly lower A]
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FIGURE 4 | DTT-treated monolayers show significant damage to Ads on a
polarized monolayer. Representative images of (A) untreated and (B) DTT-
treated monolayers, respectively. (C) IJOQ analysis or (D) TiJOR analysis of
untreated or DTT-treated monolayers from one experiment performed in
quadruplicate. Asterisk indicates intercellular junction organization is
significantly greater with mock treatment as determined by an unpaired two-
tailed t-test than DTT treatment. Statistical analysis was performed using an
unpaired two-tailed t-test. *p < 0.05. ns, not significant.

organization compared to untreated monolayers (Figure 4C, d
= 1.15, p < 0.05). These data demonstrate that the IJOQ script
successfully detects established chemical methods of
AJ disruption.

To assess whether the IJOQ script improved upon semi-
automated fluorescence microscopy analysis tools that are
already available we reanalyzed our in vitro data with one such
tool that is commonly used by the research community called
Tight Junction Organization Ratio (TiJOR) (Terryn et al., 2013).
TiJOR was originally used to quantify T] organization in
response to Pseudomonas aeruginosa infection, but has since
been used under a diverse range of experimental conditions
(Terryn et al., 2013; Putt et al., 2017; Hasan et al., 2018; Schilpp
et al., 2021). Briefly, TiJOR operates by having a polygon
arbitrarily drawn onto an image of a monolayer. The TiJOR
script measures the number of brightness maxima when the
drawn polygon is traced. Brightness maxima lower than an
arbitrarily chosen threshold value are ignored to remove the
effects of noise. Then, the TiJOR value of this polygon can be
calculated by dividing the number of brightness maxima by the
length of the perimeter of the polygon. The polygon can be
expanded by an arbitrary step size, and the new polygon is
analyzed similarly. This expansion can be arbitrarily repeated.
The final TiJOR value is calculated by averaging the TiJOR values
of all analyzed polygons. We performed TiJOR analysis on a set
of identical images with a final polygon count of 100 and an
expansion step size of 1. In contrast to our IJOQ, TiJOR failed to
find a significant difference in AJ organization between the

untreated and DTT-treated samples and produced a smaller
effect size (Figure 4D, IJOQ: d= 1.15 vs. TiJOR: d = 0.91),
indicating that IJOQ provides a stronger and more sensitive
assessment of chemically induced AJ disruption.

3.3 S. pneumoniae Infection Causes Dose-
Dependent AJ Disruption in Lung Epithelial
Cells When Assessed by IJOQ

Previous research has shown that S. pneumoniae infection of lung
tissue compromises TJs in lung epithelial cells and AJs in lung
endothelial cells; however S. pneumoniae-dependent disruption of
AJs in lung epithelial cells has yet to be described (Rayner et al.,
1995; Peter et al., 2017). To address this question we infected H292
monolayers with S. pneumoniae strain TIGR4, a capsular serotype
4 clinical isolate, at low (1 x 10° CFU) and high (1 x 107 CFU)
doses. Upon visualizing the monolayers via fluorescence
microscopy we observed moderate disruption of E-cadherin at
the low dose infection and severe disruption of E-cadherin at the
high dose infection (Figures 5A-C). We quantified these
observations by analyzing the images using IJOQ and found that
both low and high dose infections exhibited significant AJ
disruption (Figure 5D, p < 0.001 and P < 0.0001, respectively).
Furthermore, IJOQ discriminated between the two infectious
doses as the analysis revealed that the high dose disrupted AJs
significantly more than the low dose, accurately recapitulating our
qualitative observations (Figure 5D, p < 0.01). These findings
establish that S. pneumoniae infection disrupts AJs in lung
epithelial cells in vitro and underscores the capacity for IJOQ to
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FIGURE 5 | Quantifying AJ health during S. pneumoniae infection.
Representative images of (A) untreated, (B) low-dose infection, and (C) high-dose
infection monolayers, respectively. (D) IJOQ analysis or (E) TiJOR analysis of
untreated or infected monolayers (n = 3). Asterisk(s) indicate intercellular junction
organization is significantly greater with mock infection or 1 x 10° as determined
by one-way ANOVA with a post hoc Tukey test. “p < 0.05, *p < 0.01,

p < 0.001, **p < 0.0001. ns, not significant.
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identify distinct levels of damage between different
treatment conditions.

To determine if IJOQ offered greater quantitative resolution
of S. pneumoniae-mediated AJ disruption than TiJOR analysis,
the identical set of images was reanalyzed by TiJOR. Consistent
with IJOQ, TiJOR found significant AJ disruption in the low-
dose infection (p < 0.05) and high-dose infection (p < 0.01).
Importantly, and in contrast to IJOQ, TiJOR failed to discover a
significant difference between the low- and high-dose infections
(Figure 5E, p = 0.40). Additionally, IJOQ analysis offered
improved effect sizes when compared with TiJOR analysis
(IJOQ: n* = 0.97 vs. TiJOR: n* = 0.85, respectively). These
results highlight that compared to TiJOR, IJOQ analysis
discriminates between more levels of S. pneumoniae-dependent
AJ disruption and provides a more robust quantitative
assessment of this damage.

3.4 S. pneumoniae Infection Causes
Time-Dependent AJ disruption In Vivo

by IJOQ Analysis

To determine if our in vitro findings of S. pneumoniae-
dependent AJ disruption extend to an in vivo system BALB/cJ
mice were challenged intratracheally with 1 x 10” CFU of TIGR4
and the mice were sacrificed 3 hours and 6 hours post-infection.
Uninfected and infected lung sections were stained for E-
cadherin and then visualized by fluorescence microscopy.
Qualitatively, the mock-infected lungs exhibited well
maintained AJ structure and were clearly defined (Figure 6A).
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FIGURE 6 | Analysis of in vivo effects of S. pneumoniae infection on AJs.
Representative images of (A) untreated, (B) 3-hour post-infection, and (C) 6-hour
post-infection from murine lung alveoli respectively. (D) IJOQ analysis or (E) TiJOR
analysis of lung images (n = 3). Asterisk(s) indicate intercellular junction organization
is significantly greater with mock infection or 3hr infection as determined by one-
way ANOVA with a post hoc Tukey test. *p < 0.05, **p < 0.001, “**p < 0.0001.
ns, not significant.

In contrast, partial disruption of AJs was observed at 3 hours
post-infection and complete loss of AJ signal was observed at 6
hours post-infection (Figures 6B, C). To assess whether our
IJOQ script was capable of identifying these qualitative degrees
of AJ disruption in an in vivo setting, we calibrated the IJOQ
script to the new sample parameters (See Materials and
Methods) and then performed IJOQ analysis on the lung
sections. IJOQ analysis was consistent with our qualitative
observations, revealing significant disruption at both the 3
hour (P < 0.001) and 6 hour (p < 0.0001) time points. As with
previous experiments, IJOQ analysis identified a significant
difference between the two infection conditions with the 6
hour time point exhibiting a significant decrease in A]
organization compared to the 3 hour time point, a direct
reflection of the qualitative observations (Figure 6D, p < 0.001).

To assess if [JOQ outperformed TiJOR analysis in an in vivo
context, the lung sections were reanalyzed using the TiJOR
program. Strikingly, while TiJOR was able to detect AJ
disruption at the 6 hour time point (p < 0.05), it failed to
detect AJ disruption at the 3 hour time point (Figure 6E, p =
0.179). Furthermore, TiJOR was unable to discriminate between
the 3 hour and 6 hour time points (Figure 6E, p = 0.670) and
compared to IJOQ, TiJOR had a smaller effect size (IJOQ: 1> =
0.96 vs. TiJOR: * = 0.55, respectively). Together, these findings
indicate that IJOQ quantifies discrete levels of AJ disruption
across in vivo samples and provides a stronger assessment of
these differences compared to TiJOR.

3.5 IJOQ Outperforms TiJOR by Identifying
CyaA-Dependent and Independent
Disruption of TJs During B. pertussis
Infection

While our previous experiments demonstrate that S. pneumoniae-
dependent AJ disruption can accurately be assessed by IJOQ under
in vitro and in vivo conditions, AJs are only one type of IJ. To
explore the breadth of potential IJOQ applications we investigated
whether IJOQ would be suitable for the analysis of a different type
of IJ (i.e. TJs) in a different experimental system (i.e. B. pertussis
infection). To this end, we obtained experimental data from a
previously published study investigating B. pertussis infection of
human bronchial epithelial cells cultured using an air-liquid
interface model (Hasan et al., 2018). The authors observed that
infection with wildtype (WT) B. pertussis or an adenylate cyclase
toxin mutant (AcyaA) disrupted ZO-1, a major component of TJs.
Notably, after performing TiJOR analysis of entire images the
authors demonstrated that while TJ] organization was lower in
both infectious conditions, only infection with WT bacteria
resulted in a significant level of disruption (Hasan et al.,, 2018,
See Figure 1C). We calibrated our IJOQ script to the new sample
parameters (See Materials and Methods) and analyzed a subset of
the original images (Supplemental Figure 1 and Table 1). In
agreement with the original study we confirmed that WT B.
pertussis infection causes significant T] disruption (Figure 7A,
N’ = 0.93, p < 0.05). Surprisingly, our IJOQ analysis also revealed
that the AcyaA infection causes a significant level of TJ disruption
(Figure 7A, n* = 0.93, p < 0.05), a finding that is consistent with
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TABLE 1 | 1JOQ Calibration settings of a B.
epithelial cells.

pertussis infection on bronchial

Parameter Type Parameter Compressed

image size 512
Channel 1
Blur radius 3
Section size 4
Pixels sampled 8
Normalization cutoff 56
Noise cutoff 0.1
Lines 10

the original qualitative observations from Hasan et al., but one that
they were unable to detect quantitatively with TiJOR. Because we
only applied IJOQ to a subset of the original images, we wanted to
determine if this subset was still representative of the full data set
that was analyzed in the Hasan et al. paper by seeing if we could
obtain similar results to the original study using TiJOR. After
reanalyzing the same subset of original images with TiJOR we
found that WT B. pertussis infection decreased T] organization
significantly (p < 0.05, ANOVA with Tukey’s post-hoc), while a
AcyaA mutant strain infection did not significantly decrease TJ
organization (p = 0.95), recapitulating the original findings of the
paper (Figure 7B, > = 0.89, p < 0.05). Taken together, these
findings indicate that IJOQ can accurately measure TJ
organization in a different experimental system by confirming
CyaA-dependent T] disruption and identifying CyaA-
independent T7J disruption during B. pertussis infection.

4 DISCUSSION

In this study we created an open-source, fully automated, image
analysis Python script for the quantification of I health. Through a

combination of in silico, in vitro, and in vivo assays, IJOQ
consistently identified discrete levels of IJ disruption across
different experimental systems. This is in part a direct reflection
of its core design features which enable it to handle a low signal-to-
noise ratio and substantial variations in signal brightness.

The capacity for IJOQ to normalize signal brightness within and
across samples through its extensive image pre-processing
algorithm is one of the most important properties of the script.
Many sources can give rise to variations in signal brightness
including minor deviations in the optimal z-plane (e.g. the
sample is not perfectly flat), subtle differences in staining
protocol, and signal degradation during imaging, among others
(Waters, 2009). To accurately account for these variations, IJOQ
executes a normalization step to each image prior to quantification
(Figure 2), which allows for the consistent optimization of
thresholding parameters, a substantial reduction in false positive
signals, and ultimately a high level of accuracy when assessing IJ
disruption. This extensive image pre-processing step distinguishes
IJOQ from several of the other semi-automated fluorescence
microscopy tools currently available for junction analysis which
either have a limited amount of image preprocessing or no
preprocessing at all (Terryn et al., 2013; Brezovjakova et al., 2019;
Grayetal.,2020). Asaresult, this could impact the capacity for these
scripts to handle high levels of sample-sample variation and detect
different levels of IJ disruption. For example, TiJOR mostly refrains
from image pre-processing beyond applying a mild Gaussian blur
with a radius of 2 pixels (Terryn et al., 2013). Meanwhile, in our
study’s comparison between IJOQ and TiJOR across in vitro and in
vivo experiments we found that IJOQ and the corresponding
statistical analysis revealed at least one to two discrete levels of IJ
disruption in response to infection dose and time that were not
detected by TiJOR (Figures 4-7). Furthermore, IJOQ achieved
larger effect sizes than TiJOR in every direct comparison of statistical
tests performed (Figures 4-7). Incorporation of more extensive pre-
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FIGURE 7 | 1JOQ outperforms TiJOR analysis of IJ disruption during B. pertussis infected bronchial cells. A subset (n = 2) of previously published data from (Hasan
et al., 2018) of a B. pertussis infection on bronchial epithelial cells was analyzed with (A) IJOQ or (B) TiJOR. Asterisk indicates intercellular junction organization is
significantly greater with mock infection as determined by one-way ANOVA with a post hoc Tukey test. *p < 0.05. The original data and analysis can be found in
Figure 1C from the following publication: Hasan et al. (2018). Bordetella pertussis Adenylate Cyclase Toxin Disrupts Functional Integrity of Bronchial Epithelial Layers.
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processing steps into currently available semi-automated
fluorescence microscopy tools may allow users to enhance their
dataset analysis and have increased success with more technically
challenging assays.

Because IJOQ was originally designed to assist in our analysis
of S. pneumoniae-dependent disruption of AJs in vitro, we were
unsure whether it would be able to handle a more challenging in
vivo experimental system. While successful application of I[JOQ
to lung sections required the development of a calibration script,
IJOQ accurately detected significant E-cadherin disruption in
vivo, consistent with our in vitro results (Figures 5, 6). The
finding that S. pneumoniae disrupts AJs in lung epithelial cells
builds upon a growing body of literature documenting how S.
pneumoniae infection of lung tissue results in the targeted
disruption of IJs (Rayner et al., 1995; Peter et al., 2017; Jacques
et al., 2020). Because IJ manipulation is a strategy that is
prevalent across a variety of respiratory infections, we assessed
whether IJOQ was capable of analyzing IJ disruption caused by a
different airborne pathogen in a new experimental system
(Hasan et al,, 2018). We found that IJOQ analysis of the major
TJ protein ZO-1 in bronchial epithelial cells grown using an air
liquid interface model was successful in detecting CyaA-
dependent and independent pathways of TJ disruption
(Figure 7). Notably, this finding is consistent with the
qualitative observations from the original paper and suggests
that multiple B. pertussis virulence factors contribute to the
disruption of TJs (Hasan et al., 2018). Furthermore, this
demonstrates that IJOQ is not limited to the analysis of S.
pneumoniae-dependent E-cadherin disruption, but rather that it
can be broadly applied to assess the health of A] and T] components
following infection by different respiratory pathogens.

Because IJOQ operates under the assumption that IJs should
resemble a mesh-like structure, we expect that this script will
accurately quantify the organization of AJ and TJ proteins that are
consistent with this localization pattern. As such, we predict that
IJOQ can successfully be applied to measure the organization of
many AJ proteins (e.g. nectin, catenins, and afadin) and TJ proteins
(e.g. occludins, claudins, and junctional adhesion molecules). By
extension, IJOQ analysis should be robust across different cell types
(e.g. epithelial and endothelial), different tissues (e.g. lung, gut,
corneal), and after infection by different pathogens that disrupt
this mesh-like pattern (e.g. B. pertussis, S. aureus, P. aeruginosa)
(Inoshima et al., 2011; Reboud et al., 2017; Hasan et al,, 2018). By
the same token, we expect IJOQ to struggle quantifying IJs that
violate this assumption. For example, gap junctions, another
important IJ, are clusters of membrane channels that exhibit a
localization pattern that is distinct from a mesh-like structure and
thus, not appropriate for IJOQ analysis. Correspondingly, IJOQ
does not attempt to measure IJ organization beyond confirming the
presence of this mesh-like structure. As a result, it may not detect
changes to the phenotype of individual junctions (e.g. continuous,
punctate, perpendicular) or of individual gaps in the junctions (e.g.
length). Furthermore, while IJOQ is capable of measuring changes
to IJs across discrete timepoints (i.e. Figure 6), it was not designed
to track very rapid dynamic changes of IJs over time (i.e. changes
that might be observed across seconds in a video). Lastly, while

IJOQ can accept samples that have been co-stained with multiple
fluorescent dyes, it is unable to analyze multiple fluorescent
channels at once. Based on these design constraints, we do not
envision IJOQ as an appropriate image analysis tool to accurately
measure very rapid disruptions to IJ organization or to analyze
colocalization patterns of IJ proteins. Fortunately, semi-automated
fluorescence microscopy analysis programs such as Junction
Mapper and Junction Analyzer Program (JAnaP) provide an
excellent solution to execute these more detailed types of analysis
(Brezovjakova et al, 2019; Gray et al, 2020). These programs
provide users with a high level of accuracy for assessing a range
of parameters that include individual junction phenotypes, as well as
the length, area, and intensity of junction markers (Brezovjakova
et al,, 2019; Gray et al, 2020). Thus, these programs may offer
additional insights into the nature of I localization. However, one
important limitation of these programs is that they often have more
stringent requirements with regard to image quality. For example,
Junction Mapper recommends a signal-to-noise ratio above 22, a
standard that would exclude many of the images analyzed in this
study, which largely range between 10-12 (Figure 3H). In contrast,
JOQ efficiently processed all of our images and is capable of
accurately analyzing data with a signal-to-noise ratio as low as 0.5
(Figures 3], N). Other important considerations include the
opportunity for user bias and speed of analysis. Semi-automated
scripts require moderate levels of human input, which creates
substantial opportunity for human bias as well as slower analysis
speeds. For example, when we performed TiJOR analysis for this
study, it could take up to several minutes per image. Conversely,
because IJOQ is a fully automated script, human bias is greatly
minimized, and it is capable of analyzing an image in 5-10 seconds.
Furthermore, the user does not need to be present for the duration
of the analysis, as the script automatically parses through the input
folder, searches for images to analyze, and saves the measurements.
The steady increase in the use of fluorescence microscopy to
describe biological phenomena has created an urgent demand for
quantitative image analysis tools to help researchers rigorously
assess their data. Our successful creation and application of a
fully automated image analysis script to quantify IJ health has
identified discrete levels of IJ disruption across different time
points, inocula, cell types, and experimental systems. We
envision IJOQ and other quantitative imaging methodologies
as important resources that will help researchers uncover novel
insights in the field of pathogenic microbiology and beyond.
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Immune Memory After Respiratory
Infection With Streptococcus
pneumoniae |Is Revealed by in

vitro Stimulation of Murine
Splenocytes With Inactivated
Pneumococcal Whole Cells:
Evidence of Early Recall Responses
by Transcriptomic Analysis

Isabelle Franco Moscardini’, Francesco Santoro?*, Monica Carraro?, Alice Gerlini,
Fabio Fiorino?, Chiara Germoni?, Samaneh Gholami?, Elena Pettini2, Donata Medaglini?,
Francesco lannelli? and Gianni Pozzi?

" Microbiotec sri, Siena, Italy, 2 Laboratory of Molecular Microbiology and Biotechnology (LAMMB), Department of Medical
Biotechnologies, University of Siena, Siena, Italy

The in vitro stimulation of immune system cells with live or killed bacteria is essential for
understanding the host response to pathogens. In the present study, we propose a model
combining transcriptomic and cytokine assays on murine splenocytes to describe the
immune recall in the days following pneumococcal lung infection. Mice were sacrificed at
days 1, 2, 4, and 7 after Streptococcus pneumoniae (TIGR4 serotype 4) intranasal
infection and splenocytes were cultured in the presence or absence of the same
inactivated bacterial strain to access the transcriptomic and cytokine profiles. The
stimulation of splenocytes from infected mice led to a higher number of differentially
expressed genes than the infection or stimulation alone, resulting in the enrichment of 40
unique blood transcription modules, including many pathways related to adaptive
immunity and cytokines. Together with transcriptomic data, cytokines levels suggested
the presence of a recall immune response promoting both innate and adaptive immunity,
stronger from the fourth day after infection. Dimensionality reduction and feature selection
identified key variables of this recall response and the genes associated with the increase
in cytokine concentrations. This model could study the immune responses involved in
pneumococcal infection and possibly monitor vaccine immune response and
experimental therapies efficacy in future studies.

Keywords: Streptococcus pneumoniae, in vitro stimulation, Transcriptomic Analysis, Recall immune responses,
lung infection, cytokines/chemokines

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 203

June 2022 | Volume 12 | Article 869763


https://www.frontiersin.org/articles/10.3389/fcimb.2022.869763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.869763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.869763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.869763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.869763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.869763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.869763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.869763/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:santorof@unisi.it
https://doi.org/10.3389/fcimb.2022.869763
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.869763
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.869763&domain=pdf&date_stamp=2022-06-20

Moscardini et al.

Recall Responses After Pneumococcal Infection

1 INTRODUCTION

Streptococcus pneumoniae is a major human pathogen
responsible for various diseases, including life-threatening
conditions such as pneumonia, sepsis, and meningitis (Weiser
etal., 2018). Current vaccines have been very efficient in reducing
the death toll caused by this pathogen. However, strains not
covered by the available vaccines represent a growing concern,
demanding new serotype-independent strategies (Kaplan et al.,
2013; Pichichero, 2017; Briles et al., 2019). Models to assess the
response to new vaccine candidates would be of great use.

In vitro stimulation with live or killed bacteria has been used
for decades for understanding the host’s response to different
pathogens, including S. pneumoniae (Zhan and Cheers, 1995;
Schultz et al.,, 1998; Wu et al,, 2011; de Stoppelaar et al., 2016).
This technique has also been applied in vaccine studies,
characterizing the immune response after a second stimulus
(Paranavitana et al., 2010; Moffitt et al., 2011; Shao et al,,
2015). Changes in gene expression and in cytokine
concentration were metrics assessed by some of these works to
study the immune profile of pneumococcal infection. In the
present work, we propose the combination of transcriptomic and
cytokine assays from murine splenocytes to assess the immune
memory built in the days following pneumococcal infection.

The spleen plays a vital role in host defenses against
encapsulated blood-borne pathogens due to its elevated
perfusion and efficient immune surveillance of the circulatory
system (Cerutti et al., 2013). In a pneumococcal bacteremia
model, bacteria present a tropism to the spleen, and
macrophages present in the splenic Red Pulp (RP) are
responsible for an initial binding and subsequent clearance of
S. pneumoniae mediated by mature neutrophils present on the
RP (Deniset et al., 2017; Ercoli et al., 2018). Moreover, the splenic
Marginal Zone (MZ) is a crucial area of antigen presentation to
MZ B cells that are capable of rapidly differentiating into
plasmablasts, secreting low-affinity IgM and IgG (Cerutti
et al., 2013).

RNA sequencing technologies permit us to gain insights into
the host’s response due to the possibility of analyzing the changes
in gene expression in different conditions. The transcriptomic
information can be integrated with other biological layers or
clinical data, permitting a more comprehensive understanding of
biological processes in response to perturbations such as
infection and vaccination.

In the current work, we propose the study of the host systemic
responses to a pneumococcal lung infection by assessing gene
expression and cytokine profiles of splenocytes, identifying
biological pathways and the key features involved in this process.

2 METHODS

2.1 Animals and Animal Infection

Seven-week female C57BL/6 mice (Charles River Italia, Italy)
were treated according to national guidelines (Decreto
Legislativo 26/2014) utilizing the three R’s principles. Animals

were maintained under specific pathogen-free conditions in the
animal facility of the Laboratory of Molecular Microbiology and
Biotechnology (LA.M.M.B.), Department of Medical
Biotechnologies at University of Siena, at 20-24°C, with 55 +
10% of humidity, with food and water ad libitum. The study was
approved by the Italian Ministry of Health with authorization n°
304/2018-PR. As previously described (Kadioglu et al., 2011)
male and female mice respond differently to pneumococcal
infection and, therefore the use of only female mice can be
considered a limitation of this study.

Mouse-passaged TIGR4 strain of S. pneumoniae (Gerlini
et al, 2014) was inoculated 1:50 in TSB (Tryptic-Soy Broth,
Becton Dickinson, USA) supplemented with 0.1% of glucose
(PanReac, Applichem, Italy), 1% of yeast extract (Oxoid, UK)
and 0.016 M K,HPO, (Sigma-Aldrich, USA) (TSB-GYP). The
bacterial culture in mid-exponential phase (=ODsgq - 0.6), was
centrifuged at 2,000 x g for 10 minutes and resuspended in an
appropriate volume of saline. Before the centrifugation, the
culture was Gram-stained and bacterial vital counts were
performed using the multilayer plating method (Iannelli et al.,
2021). Each mouse was anesthetized by intraperitoneal
administration of 15 mg/kg tiletamine hydrochloride/
zolazepam and 4 mg/kg xylazine and intranasally infected by
instillation of 10A7 CFU of TIGR4, prepared as described above,
in the volume of 25 pl/nostril in TSB. Mice were euthanized at
different time points with overdose of anesthesia and cervical
dislocation, as shown in Figure 1. Non-infected mice composed
the baseline group. Each group included 6 animals.

2.2 Sample Collection

After aseptic removal at different time points (days 0, 1, 2, 4, and
7 after infection), spleens were meshed onto 70 um nylon screens
(Sefar Italia, Italy) using a scalpel and scraper. Cells were washed
two times in RPMI (Sigma-Aldrich) supplemented with 10% of
fetal bovine serum (FBS, Gibco, USA) and 1% of penicillin-
streptomycin (Sigma-Aldrich)(cRPMI), treated with red blood
cells lysis buffer according to manufacturer instruction
(eBioscience, USA), and resuspended in cRPMI for cell
counting by an automatic cell counter (Bio-Rad, USA). Lungs
were aseptically removed, meshed onto 40 um nylon screens
(Sefar Italia, Italy), suspended in 1 ml of TSB containing glycerol
at a final concentration of 10% and frozen at -70°C.

2.3 Bacterial Cells Counts in Lungs

Bacterial colony forming units (CFUs) were determined by
plating appropriate dilutions of frozen lungs using a multilayer
plating procedure (Iannelli et al., 2021). The lower limit of
detection was 10 CFU/ml. CFUs were counted at 1, 2, 4, and 7
days after intranasal infection and in the mock infected
control group.

2.4 Preparation of Inactivated Whole Cells
of S. pneumoniae

TIGR4 was inoculated 1:1000 (v:v) in 1 L of pre-heated (37°C)
TSB-GYP in a GLS80 1 liter bottle (Duran, USA). Temperature
was maintained constant at 37°C, the pH was continuously
measured with a probe (InPro3030, Mettler Toledo) and kept
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FIGURE 1 | Experimental design. Seven-weeks old C57BL/6 female mice were infected intranasally with a dose of 1027 CFU/mouse of pneumococcal serotype 4,
TIGR4 strain. After 1, 2, 4, and 7 days post-infection each group of mice (n=6) was euthanized and their spleens were collected for the isolation of splenocytes.
Splenocytes from each single mouse were stimulated with formalin-inactivated TIGR4 (cell:bacteria 1:10), or maintained in cRPMI medium alone. The incubation was
performed at 37°C in 5% CO. in a period of 6 hours for samples used in the RNA-sequencing experiment or 72 hours for samples used in the Bio-Plex Multiplex
immunoassay. Non-infected mice were euthanized at day O, splenocytes were collected and maintained in the same in vitro conditions of the unstimulated group and

at 6.9 by peristaltic pump controlled addition of 3M NaOH.
Agitation was set at 100 rpm. Growth was monitored by
aseptically drawing aliquots and measuring their ODsqq in a
Spectronic 200 spectrophotometer (ThermoFisher). At the peak
ODsq (about 2.5, corresponding to 1009 CFU/ml) bacteria were
harvested by centrifugation, resuspended in PBS/10% glycerol
and frozen at -70°C. TIGR4 bacteria were then thawed and
inactivated by treatment with 1.5% formalin for 2 hours on a
roller mixer at room temperature, then washed twice and
resuspended in water.

2.5 Splenocyte Stimulation and Cytokine
Secretion Assay
Splenocytes were cultured in a U-bottom 96-well plate in
triplicate for 72 hours at 37°C with 5% CO, in cRPML

Splenocyte cultures were incubated in the presence or not of
inactivated TIGR4, at a cell:bacteria ratio of 1:10. Unstimulated
control splenocytes were cultured in cRPMI alone, and positive
control splenocytes were stimulated with 50 ng/ml of phorbol
12-myristate 13-acetate (PMA) and 1 pM of Ionomycin (both
from Sigma-Aldrich). After stimulation, cells were harvested
and centrifuged at 500 x g for 15 minutes at 4°C. The
supernatant was recovered and frozen at -70°C for subsequent
Luminex immunoassay.

A broad screening panel consisting of a biologically-relevant
collection of adaptive immunity cytokines, pro-inflammatory
cytokines, and anti-inflammatory cytokines was used. In

particular, IL-1o, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10,
IL-12p40, IL-12p70, IL-13, IL-17, G-CSF, GM-CSF, IFNg, and
TNF-0, and of the chemokines Eotaxin, KC, MCP-1 (MCAF),
MIP-1ct, MIP-1f, and RANTES production by in vitro stimulated
splenocytes was assessed with the BioPlex pro mouse cytokine
group 1 - panel 23-plex immunoassay (Bio-Rad, USA) according
to manufacturer guidelines, and analyzed by Bio-Plex Magpix
Multiplex reader (Bio-Rad). Cytokine and chemokine
concentration was expressed as picograms per milliliter (pg/ml)
and were calculated using Bio-Plex Manager 6.1.

2.6 Splenocyte Stimulation for RNA-
Sequencing

In a U-bottom plate, 1 x 1076 splenocytes/well were seeded in
quintuplicate and cultured for 6 hours at 37°C with 5% CO, in
cRPMI in the presence of inactivated TIGR4 at a cell:bacteria
ratio of 1:10. Unstimulated control splenocytes were cultured in
cRPMI alone. Upon stimulation, cell replicates were centrifuged
at 500 x g for 10 minutes at 4°C. The supernatant was discarded,
the pellet resuspended in 50 pl of lysis buffer RA1 (Macherey-
Nagel, Germany), flash-frozen in liquid nitrogen, and stored at
-70°C for subsequent RNA extraction.

2.7 RNA Extraction, Library Preparation,

and Sequencing
The RNA purification was performed with the NucleoSpin®
RNA kit (Macherey-Nagel) following manufacturer’s
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instructions, and, before DNAse treatment, the extracted RNA
was quantified by the Qubit® 2.0 Fluorometer (Invitrogen by
Thermo Fisher Scientific, USA), using the Qubit RNA BR
(Broad-Range) Assay Kit.

Contaminating DNA was removed from the extracted RNA
by adding 10X TURBO DNase Buffer (TURBO DNase, Ambion
by Thermo Fisher Scientific) and 1 ul of TURBO DNase
(Ambion), and samples were incubated at 37°C for 30 minutes.
After purification by the RNA Clean & Concentrator Kit (Zymo
Research, USA), the obtained RNA was quantified using the
Qubit® RNA BR Assay Kit.

Library preparation was performed as described in a previous
publication (Santoro et al, 2021), using the Ion AmpliSeq'
Transcriptome Mouse Gene Expression Kit from AmpliSeq
(Thermo Fisher Scientific), allowing the amplification of 23,930
target genes. Libraries were diluted to 50 pM and pooled in
equal volumes (7 ul), with eight individual samples per pool and
loaded onto Ton PI'™ Chip v3 using the Ion Chef " Instrument.
Sequencing was performed using Ion Proton' " Sequencer.

All described steps were performed according to the
manufacturer’s instructions.

2.8 RNA-Sequencing Data Analysis

R software in version 3.6.3 was used for transcriptomic data
analysis. The DESeq2 package (Love et al., 2014), performs
differential expression analysis and multiple test correction,
returning values of LogFC, and adjusted p values. Genes with
an adjusted p-value smaller than 0.05 and an absolute value of
log2 Fold Change greater than 0.5 were classified as differentially
expressed and then used in the enrichment analysis performed
by the hypergeometric test from the tmod package (Weiner 3rd
and Domaszewska, 2016) using the Blood Transcription
Modules (BTM) database (Li et al., 2014).

2.9 Cytokine Data Analysis

R software in version 3.6.3 and the software GraphPad Prism 8.0
were used to perform the statistical analysis. The cytokine
concentrations between stimulated and unstimulated samples
were compared using the Wilcoxon signed-rank test, a non-
parametric test used to compare two related samples. Samples
from different time points were analyzed using the Mann-
Whitney test, a non-parametric test for non-matched samples.
A p-value <0.05 was considered statistically significant.

2.10 Biomarker Analysis

The DaMiRseq (Chiesa et al., 2018) package was used to find
possible biomarkers of the host response to the second stimulus,
the inactivated bacteria. Stimulated samples were selected and
divided into three groups: baseline, infected samples at days 1
and 2 (early time points), and infected samples at days 4 and 7
(late time points). Following a pipeline that permits
normalization, data adjustment, and feature selection, the
DaMiRseq package ranked the most important features to
distinguish the three classes. The number of selected genes was
chosen based on the importance established by the package;

genes with a scaled importance score higher than 0.5 were chosen
(Supplementary Image 1).

2.11 Data Integration

To integrate RN A-sequencing results and the Cytokines Bioplex,
we selected the concurrent samples from both experiments, and
we performed the sparse version of Partial Least Squares (sPLS),
provided by the MixOmics package. The PLS is a multivariate
method to integrate two high dimensional matrices, maximizing
the covariance between components from two data sets, in our
case, the transcriptomic and cytokines assay data. The sparse
version, sPLS, applies LASSO penalization in each pair of loading
vectors from PLS, performing feature selection and providing the
correlation values between the main features in each data set (Lé
Cao et al., 2008).

According to the Q7 criterion, two components would be
sufficient to run the model (Q* of 0.33931900 and 0.08639437).
As suggested by the tune.spls function, the optimal variable
number was chosen in each component resulting in 16 genes
for component 1 and 25 from component 2.

3 RESULTS

Groups of six C57BL/6 mice were intranasally inoculated with
10A7 CFUs of TIGR4 S. pneumoniae to generate lung infection.
To study the systemic response induced at early time
points afterinfection, we sacrificed animals after 1, 2, 4, and 7
days andisolated their splenocytes. We then stimulated
splenocytesfrom each single mouse with formalin-inactivated
whole pneumococcal cells and investigated the host responses by
transcriptomic analysis and assessment of cytokine
production (Figure 1).

3.1 Evidence of Pneumococcal Lung
Infection in Mice

The weight loss of animals after infection is a critical clinical
parameter of disease in the mouse model of infection, evaluated
in different challenge murine models with different pathogens
(Trammell and Toth, 2011; Pettini et al., 2015; Fiorino et al.,
2021). Mouse body weight was measured every 24 hours for a
period of seven days. Uninfected mice increased their body
weight over time, which reflected their health status.
Compared to naive mice, infected mice experienced a
significant decrease in body weight soon after infection, and
the average difference in the weight between the classes increased
over time, being 1.07 grams at day 2 after infection and 1.52
grams at day 7 (Figure 2A).

The significance of these findings was assessed using the
Mann-Whitney test, which showed significant differences in
the weight from day 2 to day 7 after infection, indicating a
long-lasting effect of the infection.

Pneumococcal cells were counted in the lungs of infected
mice. Cell counts had a peak at day 4 after infection (Figure 2B).
It is worth to note that, for each time point assayed, 2-5 mice had
no detectable pneumococcal cells, suggesting that mice are able
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FIGURE 2 | Evidence of pneumococcal lung infection. Comparison of body weight variation of infected versus baseline (A). Infected (n=36) and uninfected (n=5)
mice were weighed every 24 hours for a period of 7 days. Values were obtained subtracting the pre-inoculum body weight from the body weight at each time-point,
and then subtracting the mean in the control group from mean of the infected group in each time point. The average differences are expressed in grams and the gray
shade represents the 0.95 confidence interval. From days 2 to 7 there were significant differences between the infected and baseline groups (p < 0.05, calculated
using Mann-Whitney test. Pneumococcal cell counts in the lungs (B). The lungs of mice sacrificed at 1, 2, 4 and 7 days after infection (n=6 per group) were
collected, homogenized in a final volume of 1 ml and plated using a multilayer plating procedure. Pneumococcal cells were counted after 24 hours and 48 hours of
incubation. Lungs of uninfected mice (0O days post-infection) were plated as a negative control. Data are expressed as CFUs/ml lung. The lower limit of detection was
10 CFU/ml lung. Average cell counts had a peak at day 4. For each time point, there were at least 2 mice without detectable pneumococci.

to spontaneously clear pneumococcal lung infection at an
infectious dose of 1x10A7 CFUs of S. pneumoniae TIGRA4.
When setting up the mouse model, we also counted
pneumococcal cells in the blood of six mice at 6 and 12 hours
after intranasal infection, and in the blood of 12 mice at 24 and
96 hours after infection. Of those, only one animal had detectable
pneumococcal cells in the blood (2.4x10A3 CFU/ml) at 24 hours
after infection, suggesting that the infection is essentially limited
to the mouse lungs without significant systemic spreading.

3.2 In vitro Splenocyte Stimulation With
Pneumococcal Strain TIGR4 Activates
Several Genes Related to Both Branches
of the Immune System

Transcriptomic data from spleens of infected and uninfected
mice with or without homologous in vitro stimulation were
analyzed. We performed an Independent Principal Component
Analysis (IPCA) and its sparse version, sSIPCA, both proposed by
MixOmics package (Yao et al, 2012), (i) to observe the
distribution of our data, (ii) to understand how stimulation at
different time points affects the clustering of samples, (iii) to
identify the genes responsible for the main variance among
samples, and (iv) to find possible outlier samples.

The IPCA approach (Supplementary Image 2) yielded a
better clusterization among experimental groups and time
points compared to PCA (data not shown). An outlier control
sample was detected and removed. The sparse version of the
IPCA (sIPCA, Figure 3) applies soft-thresholding in the
independent loading vectors in IPCA, performing feature
selection. The graph shows the presence of two well-defined
groups in the sIPC1: the stimulated and unstimulated samples.

To better understand the genes that drive the formation of
these clusters, the normalized expression values of the 50 genes
selected by the first component of the sSIPCA were divided into

two heatmaps (Figure 3). Genes positively correlated with the
first component (driving the unstimulated cluster) included
positive and negative regulators of the immune response, and
they presented a decreased expression after stimulation. The
genes negatively regulated with the first component (clustering
the stimulated samples) were related to cytokines, chemokines,
and inflammation, all of them presenting an increased
expression compared to unstimulated samples.

3.3 Stimulation of Splenocytes From
Infected Mice Highlights Biological
Pathways of Pneumococcus Infection

We then proceeded with the differential expression analysis
using the DESeq2 package. To understand the biological
alterations caused by the infection and the subsequent in vitro
stimulation with inactivated pneumococcus, enrichment analysis
was performed using three different comparisons. (i) Spleens
from infected mice, (ii) stimulated spleens from non-infected
mice, and (iii) stimulated spleens from infected mice, at different
time points after infection, were all compared with
control spleens.

The number of differentially expressed genes (DEGs) for each
condition at each time point is presented in Figure 4. As
expected, the stimulation of infected samples led to a higher
number of DEGs compared to only infected samples, including
specific genes that were not differentially expressed in the
infection or stimulation alone. Days 4 and 7 presented the
highest values of specific DEGs, in particular, new immune
related genes and microRNAs were found, such as I12, Foxp3,
I116a, Ccrl and Mirl55hg.

The enrichment analysis was performed using the Blood
Transcription Modules (BTM) database and the tmod package,
the complete results of the different groups are reported in the
Supplementary Data Sheet 1. Figure 5 shows a summary of the
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main immune system modules activated for each comparison
and time point. In total, 87 modules were significantly enriched,
only 3 of them being specifically activated in infected samples,
while 40 modules were only activated after stimulation of
previously infected samples.

3.3.1 Activation of Extracellular Matrix, Cell
Adhesion, and Innate Immune Response Modules
Five modules were consistently activated at almost all time points
in both unstimulated and in vitro stimulated groups. Related to
monocytes, immune activation, TLR signaling, and cell cycle,
these modules showed a different pattern after stimulation,
presenting more down-regulated genes. Following the same
direction, modules related to the extracellular region,
monocytes, and cell cycle are especially enriched in down-
regulated genes after stimulation (Figures 5A, B).

The “extracellular region cluster” module shows the
downregulation of genes involved in the interaction with
extracellular components, growth control, and the vascular
endothelium/angiogenesis (HSPG2, GH1, ENG). Moreover, the
monocyte chemoattractant CCL2 is also down-regulated, while
CCL18, important for the recruitment of T lymphocytes but not
monocytes, is up-regulated.

The stimulation down-regulates genes responsible for the
proliferation and differentiation of monocytes and
macrophages like CSF2RA, CSF1R, and CSF3R, the latter one
also important for adhesion. In monocytes modules, other genes
linked to the extracellular matrix and cell adhesion followed the
same behavior.

The downregulation of extracellular matrix genes could be
due to the process of in vitro stimulation, decreasing the cell
adhesion to the plate surface.

3.3.2 Activation of Cell Cycle, Cytokines, and
Adaptive Immune Response Modules

The stimulation of infected samples led to the enrichment of
many biological pathways not activated in the previous
comparisons, including modules related to antiviral response,
antigen presentation, T cells, B cells, and chemokines
(Figures 5A, B).

On the first day, unstimulated samples presented the
enrichment of T cell and cell cycle modules. After stimulation,
these same modules are activated, together with many others
related to T cells and cell cycle, in both cases enriched mainly by
down-regulated genes.

In T cell modules we find down-regulated cell-cycle genes and
genes linked to cell adhesion, like VCAM1 and SIR3PG, while
ITGA4, another adhesion-related gene, was up-regulated in
unstimulated samples but presented no change after
stimulation. Negative regulators of the T cell activity (LILRB4,
LILRB3, SIT1) were also downregulated, while the few up-
regulated genes were mainly related to T cell activation (CD3E,
GRAP2, CDCA7, and LAT).

On the other hand, the specific modules in late time points
were mostly activated by up-regulated genes. We observe a
stronger activation of the “cytokines — receptors cluster”

module and the specific enrichment of pathways like leukocyte
differentiation, signaling in T cells, enriched in B cells, among
other modules.

Cytokine modules are activated from the stimulation of
baseline samples and looking inside these modules, indeed we
see many up-regulated genes independently of the time point,
especially those from the CCL family, IL1A, ILIRN, and TNF.
Other genes such as CSF2, IL2RA, IL6, IL10 and IL1B present a
modest increase in stimulation of baseline samples, but a major
up-regulation at late time points.

Despite the high number of activated modules, the response
to the stimuli after a previous infection does not show general
up-regulation of the immune and inflammatory response. This
second contact with the pathogen through the in vitro
stimulation permitted us to appreciate biological processes
which could not be detected in the primary infection,
especially those related to antigen presentation, adaptive
immunity, and cytokines. These processes are possibly related
to a recall immune response starting within the first days
after infection.

3.4 Cytokines Assay Suggests the
Promotion of Innate and Adaptive Immune
Responses From Day 4 After Infection
Regarding the concentration of cytokines in splenocyte culture
supernatants, the infection without subsequent stimulation did
not result in significant increases in the concentration of
cytokines, with exception of IL-17a at day 7 after infection
(data not shown).

The stimulation process induced a significant increase in KC
and MIP-1a, compared to baseline samples (median of differences
of 42.46 and 184.4 pg/ml, respectively). Despite cytokine changes
between stimulated and control samples being noticeable in early
stages, they increased considerably upon in vitro stimulation, at
days 4 and 7 after the infection (Figure 6).

The comparison of stimulated samples from days 4 and 7
after infection with only infected samples showed a significant
increase in all cytokine concentrations, with exception of MCP-1
and IL12p40 (Figure 6 and Supplementary Image 3), suggesting
the involvement of both innate and adaptive branches of the
immune system. This increase was more accentuated on day 7, in
which the difference in the median between the stimulated and
unstimulated groups was 2597 pg/ml for IL-17A, 769 pg/ml for
GM-CSF and 374 pg/ml for IFN-gamma.

3.5 Gene Expression and Cytokines Data
Integration Indicate Specific Patterns of
Recall Immune Response After Stimulation
To identify the genes correlated with the increase in the
concentration of cytokines, especially at late time points, data
integration was performed using the sparse version of Partial
Least Squares (sPLS), from MixOmics package. PLS can integrate
two types of data measured on the same sample by maximizing the
covariance between the components of each data set. The sparse
version applies LASSO £1 penalizations in PLS analysis to perform
feature selection.
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compared to only infected samples, all the six cytokines presented a significant ("= P<0.05) increase when stimulated in days 4 and 7 after infection.

As expected, the in vitro stimulated samples formed a different
cluster compared to the non-stimulated samples, although there is a
different behavior regarding time points in each cluster (Figure 7A).
In the non-stimulated cluster there is a perturbation caused by
infection, but some samples from day 7 cluster together with control
samples from day 0. On the other hand, in vitro stimulated samples
presented a different pattern, samples from days 4 and 7 form a new
cluster, driven by the increase in cytokine concentration and the
expression of certain genes (Figure 7B).

By performing data integration and feature selection, sPLS
identifies the genes whose expression is strongly associated with
the concentrations of cytokines, providing the correlation value
for each variable. The genes with the highest values of correlation
with the 23 cytokines were Cd69, Csf2, I12ra, and 112 (Figure 7C).
Other genes related to the immune system (Foxp3, Tnfrsf4,
Tnfrsf9, 1110, and 116) were also found positively correlated
with the cytokines.

3.6 Possible Biomarkers Elicited by In

Vitro Stimulation

We aimed to understand if feature selection could summarize the
impact of a previous infection on stimulated samples, indicating
possible biomarkers of this infection. We applied the DaMiR-seq
package, which provides data normalization, feature selection,
and classification, based on different machine learning
techniques. Three groups were established based on the
transcriptomics and cytokine data distribution, focusing on the
stimulation of uninfected samples, samples from early time

points after infection (days 1 and 2), and samples from late
time points (days 4 and 7).

Eleven genes were chosen by applying a threshold of 0.5 to the
scaled importance score identified by the DaMiR-seq package
(Supplementary Image 1). These 11 genes allowed a clear
clusterization of the three groups (Figure 8).

When compared to baseline stimulated samples, Fprl, Nlrp3,
and Slpi presented an increased expression in infected stimulated
samples, independently of the time point. The stimulation of
samples from early time points after the infection led to the
increase in the expression of other inflammatory genes like
Serpinb2 and Chill (Chitinase-3-like protein 1), and these
values started to decrease in the subsequent days. At late time
points, three other important genes, related to cytokine activity,
had their expression increased when compared to the other
groups: Ccr4, Csf2, and I12.

Despite the small number of samples being a limitation for this
type of analysis, the feature selection summarizes the new
immunological processes that arise after the stimulation of
infected samples and suggests the use of the in vitro stimulation
model to detect the presence of a previous pneumococcal infection
by measuring the expression of a few genes.

4 DISCUSSION

To characterize the host response to S. pneumoniae we proposed
a murine model of intranasal infection followed by an in vitro
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stimulation of splenocytes with inactivated bacterial whole cells,
at different time points after infection. Using a transcriptomic-
based approach, our study has highlighted genes and biological
pathways associated with the stimulation of baseline and
previously infected samples, as well as the cytokines involved
in the same processes.

In accordance with the genes selected by the sIPCA, the
enrichment analysis has shown that the simple presence of
inactivated bacteria leads to the activation of cytokines genes
and different immune system pathways, mainly related to innate
immunity. However, when this stimulation occurs in previously
infected samples, there is a higher number of DEGs, revealing 40
new biological modules distributed across time points.

Stimulated samples presented downregulation of monocytes
modules, together with the upregulation of antigen presentation
and cytokine modules, which were also reported in gene
expression data from alveolar macrophages (AM) in a
pneumococcal colonization study, when comparing volunteers
that developed carriage or not after experimental human
pneumococcal challenge (Mitsi et al., 2020). In fact, the study
did not suggest an increase in monocytes, but a higher
monocyte-AM differentiation in people that developed
carriage. On the other hand, monocytes seem to be recruited at
the nose after the establishment of carriage (Jochems et al., 2018).

Recent vaccine studies have emphasized that innate immunity
modules, including antigen presentation and dendritic cell
activation, demonstrate stronger activation after a second
contact with the antigen. Using an in vivo boost with the
antigen alone following the priming with a chimeric vaccine
against Mycobacterium tuberculosis, Santoro et al. have observed
a faster and more robust response of dendritic cells and antigen
presentation (Santoro et al., 2018). Similar results were recently
observed in a different context, with an mRNA vaccine against
SARS-CoV-2, in which the second dose activated new antigen
presentation modules (Arunachalam et al., 2021).

Transcriptomics results have shown the presence of a
particular response after a second contact with the pathogen and
the concentrations of the cytokines suggested that this response is
marked by different patterns of activation, with the stimulation
allowing a better classification between early time points (1 and 2
days) and late time points (4 and 7) after infection. Moreover, the
activated modules and the concentration of the soluble modulators
suggested that both innate and adaptive branches of the immune
system are promoted by the stimulation, suggesting cooperation
between them.

In our model, cytokines secreted by macrophages, like MIP-1a
(CCL3), KC (CXCL1), IL-1a, IL-1b, and IL-6 had a small, although
significant, increase after stimulation of baseline samples. After
stimulation of early time points, a small increase in the
concentration of MIP-1b, RANTES, and TNF-a was observed,
although not statistically significant. When the in vitro stimulus
occurs at late time points after infection, the concentration of all
these cytokines significantly increases, especially at day 7. In fact,
innate immune responses to pneumococcus are known for
polarization towards Thl and Thl7 responses through the
release of cytokines (Bogaert et al., 2009).

Following this reasoning, it was expected that after the stimulation
of baseline samples the cytokines linked to the adaptive immunity
activation such as IL-17, IFNg, and IL-2 did not present an increased
concentration in comparison to unstimulated samples. G-CSF and
GM-CSF presented a small increase, although not significant. Again,
at early time points no important changes are seen, but at late time
points, a significant increase in the concentration was observed for all
these cytokines, suggesting the activation of a Th1 and Th17 response
starting around day 4. A strong Th1 response characterized by high
levels of IFNg was also demonstrated in a murine model of bacterial
meningitis by type 4 S. pneumoniae, already 48 hours after infection.
(Pettini et al., 2015).

A previous study has highlighted the action of CD8+ T cells in
helping AM to develop high MHC II expression after adenovirus
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infection, a process that started coincidently with the entry of T
cells in the alveolar tissue, around 5 days after the infection (Yao
et al.,, 2018). The activation of T cells in the spleen could follow a
similar behavior in supporting macrophage activity and
consequently increasing cytokine release.

Biomarker analysis and sPLS integration were employed to find
genes that characterize the recall immune response and correlate
with the increase in the concentration of the cytokines. Among the
genes found positively correlated by the sPLS method, many were
linked to the immune response. The TNF receptors Tnfrsf9 and
Tnfrsf4, are important for Thl promotion and CD4 responses
and, together with I12, I12ra, Foxp3 and IL10 participate in the
“NF-kappaB signaling” biological pathway (Cho et al, 2021).
Moreover, these genes are also associated with regulatory T cells,
along with Cd69 and 116, two other features found correlated with
cytokines in the same analysis (Maloy and Powrie, 2005; Kimura
and Kishimoto, 2010; Chaudhry et al, 2011; Yu et al.,, 2018;
Hinterbrandner et al.,, 2021).

The eleven genes selected as possible biomarkers are capable of
correctly clustering the stimulated samples in the studied groups
(baseline, early, and late time points, Figure 8). These genes could
be cross validated in future studies using the same model of
pneumococcal lung infection to study vaccine strategies and
antimicrobial therapies. A link with pneumococcal infection,
colonization, or vaccination was established in the literature for
most of the selected genes. The 112 and Csf2 genes were not only the
first and third most important genes for the classification of samples
regarding the presence of a previous infection but they were also
among the genes with the highest correlation with the concentration
of different cytokines, together with the Il2ra gene. This highlights
the importance of the IL-2 signaling pathway to the described recall
response. Indeed, different vaccine studies reported an increase in
IL-2 cytokine after restimulation with pneumococcal proteins or
peptides from these proteins (Kataoka et al., 2011; Singh et al., 2014;
Elhaik Goldman et al., 2016; Converso et al., 2017).

Csf2 gene encodes for Granulocyte/Macrophage colony-
stimulating factor (GM-CSF), a cytokine that presented one of the
highest concentrations after stimulation of infected samples from
late time points. Previous studies have described the increase in Csf2
expression and GM-CSF concentration in the lungs from mice
infected intranasally with S. pneumoniae (Steinwede et al., 2011). In
vitro stimulation of PBMCs with S. pneumoniae has also increased
the concentration of this cytokine. Furthermore, a protective role of
GM-CSF in pneumococcal infection was described with intra-
alveolar administration of this cytokine (Schmeck et al, 2004;
Steinwede et al., 2011) and the resistance to lung infection
attributed to the microbiota was found to be through GM-CSF
signaling (Brown et al., 2017).

The lack of Fprl and Chill led to a higher mortality rate in
murine models of pneumococcal meningitis and pneumonia,
respectively (Dela Cruz et al., 2012; Oldekamp et al., 2014).

Slpi is involved in the innate immune response to bacterial
infections, regulating the NF-kappa-B activation and inflammatory
responses. This gene was up-regulated in the lungs of mice infected
with pneumococcus, but the same was not observed in the spleen,
suggesting that its expression is modulated at the site of

inflammation in the presence of inflammatory stimuli (Abe et al.,
1997). Our data suggested a similar result, since Slpi expression did
not change in the spleen of infected samples, but only increased after
the in vitro stimulation.

Cd3001d presents no clear link with pneumococcal infection,
but its encoded protein, an activating receptor in myeloid and
mast cells, was downregulated in the blood of mice infected with
Streptococcus suis (Dai et al., 2018).

The link of most of the selected genes with the physiopathology
of pneumococcal infection supports the use of feature selection and
machine learning techniques to unveil gene signatures, potentially
finding new features and/or assigning new roles to genes involved in
a process, such as recall responses. The changes in cytokines
concentration and gene expression are two important ways to
assess immunological information after infection or vaccination.
Our findings suggest that in vitro stimulation is an important step to
understanding the systemic response to pneumococcal lung
infection and the immunological memory generated by this
bacteria. The analysis of transcriptomic and cytokine data
revealed a clustering of the samples based on the stage of
infection (early vs late), with more intense signals at late time
points. Integrative analysis identified few genes, related to the
immune system, which could categorize the samples based on the
infection stage and which may be useful in future studies to monitor
vaccine immune response and experimental therapies efficacy.
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Streptococcus pneumoniae is a major cause of invasive diseases such as pneumonia,
meningitis, and sepsis, with high associated mortality. Our previous molecular
evolutionary analysis revealed that the S. pneumoniae gene bgaA, encoding the
enzyme [B-galactosidase (BgaA), had a high proportion of codons under negative
selection among the examined pneumococcal genes and that deletion of bgaA
significantly reduced host mortality in a mouse intravenous infection assay. BgaA is a
multifunctional protein that plays a role in cleaving terminal galactose in N-linked glycans,
resistance to human neutrophil-mediated opsonophagocytic kiling, and bacterial
adherence to human epithelial cells. In this study, we performed in vitro and in vivo
assays to evaluate the precise role of bgaA as a virulence factor in sepsis. Our in vitro
assays showed that the deletion of bgaA significantly reduced the bacterial association
with human lung epithelial and vascular endothelial cells. The deletion of bgaA also
reduced pneumococcal survival in human blood by promoting neutrophil-mediated killing,
but did not affect pneumococcal survival in mouse blood. In a mouse sepsis model, mice
infected with an S. pneumoniae bgaA-deleted mutant strain exhibited upregulated host
innate immunity pathways, suppressed tissue damage, and blood coagulation compared
with mice infected with the wild-type strain. These results suggest that BgaA functions as
a multifunctional virulence factor whereby it induces host tissue damage and blood
coagulation. Taken together, our results suggest that BgaA could be an attractive target
for drug design and vaccine development to control pneumococcal infection.

Keywords: Streptococcus pneumoniae, BgaA, coagulation, virulence factor, neutrophil
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INTRODUCTION

Streptococcus pneumoniae is an o-hemolytic gram-positive
bacterium. Approximately 5%-10% of healthy adults and 20%-
40% of healthy children carry S. pneumoniae asymptomatically
in their oral and nasopharyngeal mucosa (Bogaert et al., 2004;
Otsuka et al., 2013). Nonetheless, pneumococcal pneumonia is
responsible for approximately 200 million cases and ~1.2 million
deaths annually worldwide (GBD 2016 LowerRespiratory
Infections Collaborators). In addition, S. pneumoniae can
invade the host bloodstream, grow in blood and/or organs, and
cause invasive pneumococcal diseases (IPD) such as meningitis
and sepsis (CDC, 2019).

Currently, pneumococcal vaccines such as the 13-valent
pneumococcal conjugate vaccine (PCV-13) and the 23-valent
pneumococcal polysaccharide vaccine (PPV23) are licensed and
used in many countries. Although pneumococcal vaccines have
significantly reduced the incidence of pneumococcal infections
globally (CDC, 2019), they also create a selective pressure that
increases the emergence of non-vaccine serotypes of S.
pneumoniae, causing the incidence of IPD to remain
substantial (Flasche et al., 2011; Golubchik et al., 2012; Kim
et al,, 2016; Asner et al., 2019). In addition, S. pneumoniae is an
antibiotic-resistant medium-priority pathogen, and antibiotic-
resistant pneumococcal clones are emerging and expanding
(WHO, 2017; CDC, 2019). Recently, we reported that
pneumococcal strains isolated in Yangon, Myanmar, carried
various antimicrobial resistance genes (Yamaguchi et al.,, 2021)
that hinder the treatment of IPD. Thus, understanding the
pneumococcal infectious process and the exacerbation
mechanism is necessary to control IPD.

Previously, we performed molecular evolutionary analysis
and laboratory-based analyses of streptococcal proteins
(Yamaguchi et al, 2016; Yamaguchi, 2018; Yamaguchi et al.,
2019a; Yamaguchi et al., 2019b). Negative selection plays an
important role in maintaining the long-term stability of
biological structures by removing deleterious mutations
(Loewe, 2008). Mutations in nonessential but important genes
promote the selection of bacterial lineages in the species. In other
words, nonessential genes are under considerable negative
selection, which would be important for the survival and/or
evolutionary success of the species in the host and/or the
environment. Our previous study focused on the evolutionary
selective pressure on cell wall-anchoring proteins and
demonstrated that bgaA was under remarkable negative
selection pressure (Yamaguchi et al, 2020). The bgaA gene
encodes the enzyme exo-B-galactosidase (BgaA), which
hydrolyzes 31-4 linkages between galactose and glucose or N-
acetylglucosamine residues (Hobbs et al., 2018). Further
bioinformatic and in vitro analyses indicated that the BgaA
active site is evolutionarily conserved, and that the deletion of
bgaA in S. pneumoniae significantly reduced mortality in a
mouse model of blood infection (Yamaguchi et al., 2020).
However, the precise role of BgaA in pneumococcal sepsis
remains unknown.

S. pneumoniae expresses surface-associated exoglycosidases,
including BgaA, the exo-0t-neuraminidase NanN, and the exo-f3-

N-acetylglucosaminidase StrH, which can degrade some host N-
glycans (Robb et al., 2017). This results in the release of glycan
molecules, which can be utilized by S. pneumoniae as a carbon
source (Robb et al., 2017). In addition to its galactosidase activity,
BgaA presents additional roles and is regarded as a
multifunctional protein. For example, an adhesion assay using
human epithelial cell lines showed that BgaA contributes to
pneumococcal adherence to the cells in a glycosidase activity-
independent manner (Limoli et al., 2011). BgaA also contributes
to in vivo biofilm formation through the exposure of galactose
(Blanchette et al., 2016). In addition, an opsonophagocytic killing
assay indicated that BgaA plays an important role in the
resistance to complement deposition and subsequent
phagocytic killing (Dalia et al., 2010). In this study, we
performed several in vitro and in vivo infection assays to
further elucidate the role of BgaA in sepsis.

MATERIALS AND METHODS

Bacterial Strains and Cell Culture

S. pneumoniae strains were cultured as previously described
elsewhere (Mori et al.,, 2012; Yamaguchi et al., 2019b;
Yamaguchi et al,, 2020). Briefly, the S. pneumoniae strain
TIGR4 wild type (WT) and its isogenic bgaA mutant strain
[AbgaA, (Yamaguchi et al., 2020)] were cultured at 37°C in
Todd-Hewitt broth (BD Biosciences, Franklin Lakes, NJ, USA)
supplemented with 0.2% yeast extract (THY; BD Biosciences).
For the following assays, S. pneumoniae strains were grown to
exponential growth phase (ODgyo=~0.40) unless otherwise
indicated and then resuspended in phosphate buffered saline
(PBS) or the appropriate buffer.

Cell culture was performed as previously described
(Sumitomo et al., 2012; Yamaguchi et al., 2016). Briefly,
human alveolar A549 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Fujifilm Wako Pure
Chemical Corporation, Osaka, Japan) supplemented with 10%
fetal bovine serum (FBS), and human brain endothelial cells
(hBMECs) were maintained in RPMI 1640 medium (Fujifilm
Wako Pure Chemical Corporation) supplemented with 10% FBS,
10% NuSerum (BD Biosciences), and 1% MEM nonessential
amino acids (Merck KGaA, Darmstadt, Germany). hBMECs
were seeded and grown in collagen-coated plates. All cells were
maintained at 37°C in a 5% CO, humidified environment.

S. pneumoniae Association Assays

Pneumococcal association with A549 cells and hBMECs was
performed as previously described, with minor modifications
(Yamaguchi et al., 2008; Yamaguchi et al., 2017). Briefly, human
epithelial or endothelial cells were seeded at a density of 1 x 10
cells per well in 24-well plates 24 h before infection. In each well,
0.3-6.0 x 10" CFU of S. pneumoniae was added to infect cells.
To determine the bacterial association, the infected cells
were incubated for 1 h, washed twice with PBS, and then
harvested with a solution containing 0.05% trypsin and 0.025%
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Triton X-100. The associated S. pneumoniae was quantified using
serial dilution plating on THY-blood agar.

Blood and Neutrophil Bactericidal Assays
Bactericidal assays were performed as previously described, with
minor modifications (Mori et al., 2012; Yamaguchi et al., 2019a;
Yamaguchi et al., 2019b). Briefly, heparinized human blood (190
uL), mouse blood (180 uL), or human neutrophils (2 x 10° cells
in 180 UL), and exponential phase bacteria (0.9-2.0 x 10* CFU,
1.5-13.3 x 10* CFU, and 1.8-8.3 x 10* CFU for human blood,
mouse blood, and human neutrophils in 10, 20, or 20 puL of PBS,
respectively) were mixed in 96-well plates and incubated at 37°C
in 5% CO, for 1, 2, or 3 h. Viable cell counts were determined by
plating diluted samples on THY-blood agar. The growth index
was calculated as the number of CFUs at the specified time point
divided by the number of CFUs in the initial inoculum.

Human blood was collected via the median cubital vein from
healthy donors who agreed to a protocol approved by the
Institutional Review Board of Osaka University Graduate
School of Dentistry (H26-E43). Human neutrophils were
isolated from fresh human blood using Polymorphprep (Alere
Technologies AS, Oslo, Norway) according to the manufacturer’s
instructions. Mouse blood was collected via cardiac puncture
from healthy 6-7 weeks-old CD-1 female mice (SIc:ICR; Japan
SLC, Hamamatsu, Japan). All mouse experiments were
conducted following a protocol approved by the Animal Care
and Use Committee of Osaka University Graduate School of
Dentistry (28-002-0).

Mouse Infection Assays

Mouse infection assays were performed as previously described
(Hirose et al., 2018; Yamaguchi et al., 2019a; Yamaguchi et al.,
2019b; Yamaguchi et al., 2020). In the sepsis model, female CD-1
mice (SIc:ICR, 6-7-weeks-old) were intravenously infected with
0.4-7.1 x 10° CFU of S. pneumoniae TIGR4 WT or AbgaA
strains via the tail vein. To assess bacterial burden, animals were
euthanized by lethal intraperitoneal injection of sodium
pentobarbital 24 and 36 h after intravenous infection, and
blood, brain, lung, liver, spleen, and kidney samples were
collected. Bacterial counts in blood or tissue homogenates were
determined after plating serial dilutions, with those in the organ
corrected for differences in tissue weight. To examine the
histopathological features, each tissue specimen was fixed with
4% formaldehyde, embedded in paraffin, and cut into sections
that were stained with hematoxylin and eosin solution. The
stained tissues were observed using a BZ-X710 microscope
(Keyence, Osaka, Japan).

RNA-Seq and Data Analysis

Murine blood was obtained at 12, 24, and 36 h after intravenous
infection by cardiac puncture after lethal intraperitoneal
injection of sodium pentobarbital. Heparin was added to the
blood at a final concentration of 30 U/mL. Total RNA was
extracted from leukocytes in the whole blood samples using the
PureLink Total RNA Blood Purification Kit and DNase I,
Amplification Grade (Thermo Fisher Scientific). RNA integrity
was assessed using a 2100 Bioanalyzer (Agilent Technologies,

Santa Clara, CA, USA). Full-length cDNA was generated using a
SMART-Seq HT Kit (Takara Bio, Shiga, Japan) according to the
manufacturer’s instructions. An Illumina library was prepared
using a Nextera XT DNA Library Prep Kit (Illumina, San Diego,
CA, USA) according to SMARTer kit instructions. Libraries were
sequenced using the Illumina HiSeq 2500 system, with 75 bp
single-end reads obtained. The obtained RNA-seq data were
analyzed using iDEP ver 0.91, 0.92 or 0.951 (Ge et al., 2018; Ge,
2021). Pathway analysis was performed using the GAGE package
and Kyoto Encyclopedia of Genes and Genomes (KEGG) or
Reactome datasets on iDEP (Yu and He, 2016; Kanehisa et al,,
2017). Raw data generated in this study was submitted to the
Gene Expression Omnibus (GEO) dataset under the accession
number GSE190418.

Measurement of Mouse Plasma Cytokines
and Chemokines

Mouse plasma was collected at 24 and 36 h after pneumococcal
intravenous infection. Cytokine and chemokine concentrations
in mouse plasma were measured by MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel (catalogue number:
MCYTOMAG-70K, Merck) and MAGPIX Dx instrument with
xPONENT 4.2 (Luminex Japan, Tokyo, Japan) according to the
manufacturers’ instructions. Cytokine and chemokine
concentrations were inferred from the standards by the
acquisition software. We excluded several cytokines and
chemokines for which the bead counts were insufficient or
several values exceeded the measurement limits from the final
data, which precluded accurate statistical analysis. Heatmap was
generated using R software ver. 4.1.2 with gplots package.

Blood Coagulation Test and Platelet
Aggregation Assay

Mice were euthanized by lethal intraperitoneal injection of
sodium pentobarbital 36 h after intravenous infection, and
blood aliquots were immediately collected. Blood was drawn
from the vena cava of the heart into a syringe containing 3.2%
(w/v) sodium citrate. Blood samples were centrifuged for 10 min
at 845 x g at room temperature, and the plasma was collected.
Prothrombin time and fibrinogen levels were measured using a
semi-automated coagulation analyzer KC1 Delta (Tcong Ireland
Ltd., Wicklow, Ireland) and the reagents of prothrombin time
and fibrinogen (Sysmex, Hyogo, Japan) according to
manufacturer’s guidelines (Nakahara et al., 2013).

For platelet aggregation assay, platelet-rich plasma (PRP) was
prepared by centrifugation of anticoagulated whole blood at
room temperature (104 x g) for 10 min. The blood remaining
after removing the PRP was centrifuged at 845 x g for 10 min at
room temperature to collect platelet-poor plasma (PPP). To
measure platelet aggregation of infected mice, the plasmas were
collected at 36 h after intravenous infection. For platelet
aggregation assay in vitro, the plasmas were collected from
uninfected mice. Obtained PRP was incubated for 30 min at
room temperature with S. pneumoniae TIGR4 strains (1.5-2.5 x
10° CFU) WT, AbgaA, or AbgaA with 40 units of commercial
recombinant BgaA (rBgaA; B1-4 Galactosidase S, New England
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Biolabs Japan Inc., Tokyo, Japan). Platelet aggregation was
assessed by light transmission at 37°C using a PRP3000S
device (TAIYO Instruments, Inc., Osaka, Japan) according to
the manufacturer’s instructions. Platelets were tested for normal
responses to collagen (10 pg/mL). The change in light transmission
was recorded and compared with that of autologous PPP, which
was considered 100% of light transmission.

Statistical Analysis

Statistical analysis of the data obtained from the experiments was
performed using the Mann-Whitney U-test or Kruskal-Wallis
test with Dunn’s multiple comparisons test. Differences were
considered statistically significant at P < 0.05. The tests were
carried out using Graph Pad Prism version 7.0d or 8.4.2
(GraphPad Software, Inc., San Diego, CA, USA).

RESULTS

BgaA Contributes to Pneumococcal
Association of Human Epithelial Cells and
Vascular Endothelial Cells

The interaction between S. pneumoniae and the epithelial cells of
its host is a prerequisite for pneumococcal disease development.
Previous reports have demonstrated that BgaA contributes to the
adherence of pneumococcal strains to human epithelial cells. The
bgaA mutants in R6 and D39 presented reduced adherence to
several epithelial cell lines, such as the human pharyngeal
carcinoma cell line Detroit-562 and the human lung carcinoma
cell line A549 cells (Limoli et al,, 2011; Singh et al., 2014).
However, the interaction between pneumococcal BgaA and
human endothelial cells has not been previously reported. We
confirmed the role of BgaA in pneumococcal association with
A549 cells and investigated whether BgaA contributes to
pneumococcal association with hBMECs. The AbgaA strain
showed significantly lower rates of association with A549 and
hBMECs compared with the WT strains (Figure 1A). These
results suggest that BgaA contributes to pneumococcal
association with endothelial cells and epithelial cells in vitro.

BgaA Promotes Pneumococcal

Resistance to Human Neutrophil Killing
BgaA inhibits complement-mediated opsonophagocytosis (Dalia
et al, 2010). To investigate whether BgaA contributes to
pneumococcal survival in blood, we performed bactericidal
assays using human blood. After one and two hours of
incubation in human blood, there was no significant difference
between the survival rates of the WT and AbgaA strains.
However, after three hours of incubation, the survival rate of
AbgaA strains was significantly decreased compared with that of
WT strains (Figure 1B). In addition, we determined the
pneumococcal survival rate after incubation for three hours
with human neutrophils. The AbgaA strain had a significantly
lower survival rate than that of the WT after three hours of
incubation with human neutrophils, in line with the results of the
human blood bactericidal assay (Figure 1C). Next, we performed

a mouse blood bactericidal assay. In contrast to the effect
observed after incubation with human blood, there were no
significant differences between the survival of WT and AbgaA
strains after incubation with mouse blood (Figure 1D).
Previously, we have shown no large difference in the growth
curve of WT and AbgaA strains in the THY medium (Yamaguchi
et al., 2020). Altogether, these data indicate that BgaA
contributes to pneumococcal human-specific resistance to
neutrophil killing under a condition without serum
components as well as to the evasion from complement-
mediated opsonophagocytosis (Dalia et al., 2010).

BgaA Deficiency Decreases Tissue
Damages in a Mouse Sepsis Model
Our previous study indicated that the virulence of the AbgaA
strain was significantly lower than that of the WT strain in a
mouse sepsis model (Yamaguchi et al., 2020). To elucidate the
precise role of BgaA in sepsis, we intravenously infected mice
with pneumococcal strains and compared the bacterial burden in
the blood, brain, lung, liver, spleen, and kidney 24 and 36 h after
infection. In line with the results of previous studies, some of the
mice infected with WT S. pneumoniae showed signs of imminent
death 36 h after infection (Yamaguchi et al., 2020). At 24 h and
36 h after infection, the amount of CFUs in the blood, lung, liver,
spleen, and kidney samples of the WT and AbgaA strains were
similar (Figure 2). We also examined the histopathological
features of the lungs and kidneys, as sepsis often leads to
impaired function of these key organs (Fink and Warren,
2014). Histopathological analysis was performed in a blinded
fashion by an independent pathologist. Microscopic observation
of lungs and kidney samples stained with hematoxylin and eosin
revealed that WT-infected mice exhibited more bleeding than
PBS-treated or AbgaA-infected mice (Figure 3). Moreover, WT-
infected mice showed bleeding in the renal bodies in the kidney,
and microthrombi in the lungs and kidney, in addition to
bleeding. Taken together, these results indicate that the
deletion of bgaA reduces tissue damage in infected mice and
decreases pneumococcal pathogenicity in a mouse sepsis model.
To investigate the effect of BgaA on the transcriptional
response of host cells, leukocyte RNA was obtained from the
blood of mice 12, 24, and 36 h after intravenous administration
of WT or AbgaA pneumococcal strains, or PBS. The
transcriptional responses of the murine leukocytes were
visualized using a heat map, scatter plots, and principal
component analysis (Figures 4A, B, and Supplementary
Figure 1). The WT- and AbgaA-infected mice showed larger
differences at later time points, while all mock mice showed
similar tendencies. Venn diagrams showed that WT and AbgaA-
infected mice shared 22 upregulated and 258 downregulated
genes compared with PBS-treated mice at 12 h after infection
(Supplementary Figure 1). At 24 h after infection, WT and
AbgaA-infected mice shared 74 upregulated and 84
downregulated genes compared with PBS-treated mice.
Moreover, WT-infected mice presented 15 additional
upregulated genes and 53 additional downregulated genes
compared with AbgaA-infected mice (Figure 4B and
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FIGURE 1 | Deficiency of bgaA decreases pneumococcal association with human epithelial and endothelial cells and survival after incubation with human
neutrophils. (A) Rate of association with A549 cells and hBMECs by S. pneumoniae TIGR4 wild type and AbgaA strains. Association rates were calculated by
dividing the CFU value obtained at one hour after infection by the value for the original inoculum. (B) Growth index of S. pneumoniae WT and AbgaA strains in
human blood. Bacterial cells were incubated in human blood for one, two, and three hours at 37°C. (C) Growth index of S. pneumoniae WT and AbgaA strains with
human neutrophils. Bacterial cells were incubated with human neutrophils for 3 h at 37°C. (D) Growth index of S. pneumoniae WT and AbgaA strains in mouse
blood. Bacterial cells were incubated in mouse blood for one, two, and three hours at 37°C. (B-D) After incubation, samples were serially diluted and plated on TS
blood agar. The number of CFUs was determined following incubation. Growth index was calculated by dividing the CFU after incubation by the CFU of the original
inoculum. The median and interquartile range (IQR) are represented using horizontal and vertical lines. Differences between groups were analyzed using Mann—
Whitney U-test. The data were pooled from three or four independent experiments. Individual values are provided in Supplementary Data 1.

Supplementary Figure 1). At 36 h after infection, WT and
AbgaA-infected mice shared 165 upregulated and 6
downregulated genes compared with PBS-treated mice. WT-
infected mice presented upregulated 234 genes and
downregulated 382 genes compared with AbgaA-infected mice
(Figure 4B and Supplementary Figure 1). Pathway analysis of
the differentially expressed genes revealed that several signaling
pathways associated with host innate immunity were
significantly downregulated in WT-infected mice compared
with AbgaA-infected mice at 24 h and 36 h, whereas there

were no significant up- or down-regulated pathways at 12 h
post-infection (Figure 4C). Expression profiles of TNF-o
signaling-related genes at 24 and 36 h after infection were
visualized on a KEGG pathway diagram (Supplementary
Figure 2). Genes encoding cytokines and chemokines,
including TNF-a, CCL-2/MCP-1, and so on, were down-
regulated in WT-infected mice compared with AbgaA-infected
mice, while the expression of TNF-a. signaling-related genes was
not so largely changed. In addition, Reactome pathway analysis
indicated that WT-infected mice presented significantly
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FIGURE 2 | Deficiency of bgaA did not affect the bacterial burden in mice. Mice were infected by intravenous injection of S. pneumoniae TIGR4 wild type or AbgaA.
The bacterial burden in the blood, brain, lung, liver, spleen, and kidney was assessed after 24 h (A) or 36 h (B) of infection. The median and IQR values are
represented using vertical lines. All mice were perfused with PBS after blood collection, and organ samples were collected. Statistical differences between groups
were analyzed using the Mann-Whitney U test. The bacterial burden values obtained from the four independent experiments were pooled. Individual values are

upregulated platelet activation pathways compared with AbgaA-
infected mice at 36 h (Supplementary Table 1). Expression
profiles of complement and coagulation cascade at 36 h after
infection were also visualized on a KEGG pathway diagram
(Figure 5). Although the complement and coagulation
cascades were not significantly upregulated in WT-infected
mice compared with AbgaA-infected mice, many genes were
upregulated in the coagulation cascade. These results indicate
that BgaA inhibits host innate immunity activation and induces
coagulation cascades at the RNA level.

BgaA Contributes to Blood Coagulation in
a Mouse Sepsis Model

Figure 6A shows a heatmap of the data of measured mouse
cytokines and chemokines in plasmas obtained using the
MAGPIX multiplexing system. The graphs of each cytokine or
chemokine are shown in Figure 6B and Supplementary
Figure 3. Although genes encoding TNF-a, IL-1f, IL-15, LIF,
CCL-2/MCP-1, CXCL2/MIP-2, M-CSF/CSF-1, and GM-CSF/
CSF-2 were down-regulated in RNA-seq analysis
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PBS

Kidney

(Supplementary Figure 2), no significantly different cytokines
and chemokines were observed between WT- and AbgaA-
infected mice at 24 h and 36 h. These results indicate that
BgaA deficiency activates host innate immunity pathways at the
RNA level but not the protein level.

Generally, bacterial infections increase the blood
concentration of fibrinogen and activate coagulation pathways
(Davalos and Akassoglou, 2012). To compare blood coagulation,
we measured fibrinogen levels and prothrombin time in mouse
blood samples obtained 36 h after infection. WT-infected mice
showed higher fibrinogen levels than the AbgaA-infected and
PBS-treated mice; however, no significant differences were
observed in prothrombin time among the groups of mice
(Figure 7A). Next, we performed a platelet aggregation assay
using mouse PRP and PPP 36 h after infection. As shown in
Figure 7B, we assessed platelet aggregation rates using pooled
PRP and PPP from six mice from each group. WT-infected mice
showed reduced platelet aggregation rates compared with those
in the other groups, while the level of platelet aggregation of PBS-
treated and AbgaA-infected mice was comparable. In addition,
we assessed platelet aggregation rates using individual PRPs and
PPPs from six mice (Supplementary Figure 4). The individual
data showed a tendency similar to that of pooled plasmas. To
determine whether BgaA affects platelets directly, we performed

FIGURE 3 | Deficiency of bgaA decreases bleeding and microthrombus formation in mouse organs. Haematoxylin and eosin staining of infected mouse lungs
(A) and kidneys (B) collected at 36 h after intravenous infection with PBS or S. pneumoniae TIGR4 WT or AbgaA strains. Arrows indicate bleedings and/or
microthrombus formations. Scale bars are 200 um (upper panels) and 40 um (lower panels).

an in vitro platelet aggregation assay using uninfected mouse
PRPs and S. pneumoniae WT, AbgaA, and AbgaA with rBgaA
(Supplementary Figure 5). The assay showed S. pneumoniae
strains and rBgaA did not affect platelet aggregation in the PRP.
These results indicate a possibility that BgaA does not act directly
on platelets but inhibits the aggregation ability via host
endothelial cells or other reactions in pneumococcal sepsis.

DISCUSSION

In a previous study, we demonstrated that BgaA is an
evolutionarily conserved pneumococcal cell surface protein
that functions as a virulence factor after mouse intravenous
infection (Yamaguchi et al., 2020). In this study, we
investigated the role of BgaA in pneumococcal sepsis. The
deletion of bgaA significantly reduced pneumococcal
association with human epithelial cells, in agreement with
previous studies (King et al., 2006; Limoli et al., 2011; Singh
et al, 2014). We also showed that the deletion of bgaA
significantly reduced pneumococcal association with human
endothelial cells and survival in human blood and human
neutrophils. On the contrary, the deletion of bgaA did not
affect pneumococcal survival in mouse blood, as demonstrated
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FIGURE 4 | Mouse blood RNA-seq analysis revealed that deficiency of bgaA up-regulated several innate immune pathways. RNA-seq analysis was performed using
mouse blood at 12, 24 and 36 h after infection. All analysis and visualizations were performed using the IDEP package. (A) Heatmap with hierarchical clustering of
most variable 1,000 genes. The data is centered by subtracting the average expression level for each gene. (B) Scatter plots illustrating host genes consistently
altered among WT-infected and AbgaA-infected mice 24 and 36 h after infection. Differentially expressed genes were calculated using DESeq2. FDR cutoff value was
0.1 and Min fold change was 2. (C) Pathway trees. Enrichment pathway analyses were performed by GAGE using KEGG pathways. Circle sizes represent FDR

using an ex vivo model and evaluating the pneumococcal burden
in the blood and organs of intravenously infected mice. RNA-seq
enrichment pathway analysis indicated that the presence of BgaA
significantly downregulated several host innate immunity
pathways. However, there were no differences in cytokines and
chemokines in plasma between WT- and AbgaA-infected mice.
Furthermore, histopathological analysis and blood coagulation
assays showed increased bleeding and microthrombus formation
in the lungs and kidneys, as well as blood coagulation in WT-
infected mice compared with those in PBS-treated or AbgaA-
infected mice. Taken together, these results indicate that BgaA

functions as a virulence factor by increasing bleeding and blood
coagulation in a mouse sepsis model.

BgaA inhibits complement component C3 deposition and,
consequently, opsonophagocytosis by cleaving N-glycans on host
glycoproteins that are involved in the complement cascade
(Dalia et al., 2010). In this study, we confirmed that the
deletion of bgaA reduced pneumococcal survival in human
blood and non-opsonized human neutrophils. However, no
significant difference was observed in the survival of the WT
and AbgaA strains in mouse blood. Interestingly, it has been
reported that in the S. pneumoniae strain C06_18, BgaA
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FIGURE 5 | Expression profiles of complement and coagulation cascades-related genes at 36 h after infection were visualized on a KEGG pathway diagram using
RNA-seq data and the iDEP Pathview package. Red and green indicate genes induced or suppressed by AbgaA-infection compared with those by WT-infection,

contributes to pneumococcal association with several human
epithelial cells, but not with mouse LA-4 epithelial cells (Limoli
et al, 2011). BgaA mediates adherence to human epithelial cells
through the interaction between its carbohydrate-binding
modules and lactose or N-acetyllactosamine present in the cell
surface of the host (Singh et al., 2014). The discrepancy between
in vitro assays using human cells and in vivo mouse models could
be attributed to differences in receptors between species. Thus, in
a mouse model, BgaA has only a limited effect on pneumococcal
association with host epithelial cells and evasion from host
neutrophil killing. Moreover, BgaA induced bleeding and
microthrombus formation in organs and blood coagulation in
a mouse sepsis model. Furthermore, BgaA may contribute to the
pneumococcal burden via its ability to associate with host
epithelial and endothelial cells and evade opsonophagocytic
killing in human sepsis.

Recently, increasing attention has been drawn to
immunothrombosis, as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is believed to induce this process
(Bonaventura et al., 2021; Loo et al., 2021). Generally,
immunothrombosis is triggered by fibrin, monocytes,
neutrophils, and platelets to reduce the dissemination and
survival of pathogens (Engelmann and Massberg, 2013).
However, uncontrolled immunothrombosis can cause
thrombo-inflammation and disseminated intravascular
coagulation (DIC) through a dysregulated coagulation system,
leading to microthrombosis formation. Coronavirus disease 2019
(COVID-19)-associated coagulopathy is characterized by
elevated levels of fibrinogen, mildly prolonged or no change in
prothrombin time, and decreased or no change in platelet counts
(Bonaventura et al., 2021; Loo et al., 2021). Hence, there are some
similarities in the coagulopathy between our results in the mouse
infection model and COVID-19, suggesting that the control of
immunothrombosis may be important in various
infectious diseases.

In our platelet aggregation assay, WT-infected mice showed
increased fibrinogen levels in plasma, bleeding in organs, and
reduced platelet aggregation rates compared with PBS-treated
and AbgaA-infected mice. These results indicate that the
presence of BgaA induces uncontrolled coagulation through
microthrombosis and platelet consumption. The host
coagulation system activates the complement pathway via the
classical or alternative pathway, which plays a role in fibrin
formation (de Bont et al., 2019). In addition, activated
complement proteins can induce NETosis, a process during
which neutrophils release neutrophil extracellular traps
(NETSs), which can serve as a direct scaffold for both thrombus
formation and complement activation (de Bont et al., 2019).
Since BgaA inhibits complement deposition to pneumococcal
cells (Dalia et al., 2010), infection-induced excess complement
might contribute to thrombus formation.

Pneumococcal NanA induces thrombocytopenia through
platelet desialylation and haptic Ashwell receptor recognition
(Grewal et al., 2008). In addition, NanA increases complement-
and pneumolysin-mediated hemolysis and platelet aggregation
(Syed et al., 2019). In vertebrates, sialic acid molecules are
commonly found to be linked to galactose, N-
acetylgalactosamine, or another sialic acid through o-glycosidic
bonds (Varki et al., 2015). BgaA inhibits complement deposition
by cleaving N-glycans on host glycoproteins involved in the
complement cascade, as well as NanA and StrH (Dalia et al,
2010). Further studies are needed to determine whether BgaA
can enhance thrombocytopenia by cleaving galactose residues
exposed by NanA-desialylation.

This study has several limitations. First, we could not
construct and use the BgaA-complemented strain. Thus, we
could not exclude the possibility that some phenotypes were
independent of BgaA. However, the phenotype, association with
human epithelial cells, is consistent with previous studies using
several strains (King et al., 2006; Dalia et al., 2010; Limoli et al.,
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FIGURE 6 | Dendrogram and heatmap of cytokine and chemokine amounts in plasma from TIGR4-infected mice 24 and 36 h after intravenous infections.

(A) C57BL/6 mice were infected with S. pneumoniae TIGR4 intravenously, and the plasma was isolated 24 and 36 h after the infection. Cytokine and chemokine
amounts in plasma were measured using MAGPIX. Light blue: low cytokine values; white: average values; magenta: high values. The data shown are the mean
values for mice under each experimental condition (n = 3: 24h_1, 24h_2 and 36h_1, n = 6-7: 24h_3 and 24h_4, and n = 8-9: 36h_2 and 36h_3). (B) Actual amounts
of TNF-q,, IL-1B, IL-15, and MCP-1 in (A) All individual values were plotted. The median and IQR values are represented using vertical lines. Statistical differences
between groups were analyzed using a Kruskal-Wallis test followed by Dunn’s multiple comparisons test. The data were pooled from three or four independent
experiments. Other actual amounts are shown in Supplementary Figure 3.

2011). In addition, BgaA deficiency did not affect bacterial  complex cell-mediated mechanisms to alter the coagulation
survival in ex vivo mouse blood and bacterial burdens in  response. Moreover, RNA-seq analysis of leukocytes showed
infected mouse organs. These results indirectly support the  that a group of genes related to the coagulation cascade was
reliability of the results. Another limitation is that the precise ~ upregulated in the presence of BgaA. Although clarification of
molecular mechanism of BgaA in evasion from non-opsonic  these points requires comprehensive analysis, including host
killing and the promotion of host coagulation was not elucidated. ~ ligand or receptor identification, the investigation would be
At least in PRP alone, S. pneumoniae and rBgaA do not affect  able to contribute to the control of pneumococcal sepsis-
platelet aggregation. Thus, it is possible that they affect other = induced DIC.
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FIGURE 7 | Deficiency of bgaA decreases fibrinogen amount in plasma and suppresses platelet aggregation rate in a mouse model of sepsis. (A) Fibrinogen
amount in mouse plasma and prothrombin time measured by semi-automated coagulation analyzer KC1 Delta. The median and IQR values are represented using
vertical lines. Statistical differences between groups were analyzed using a Kruskal-Wallis test followed by Dunn’s multiple comparisons test. The data were pooled
from three independent experiments. Individual values are shown in Supplementary Data 3. (B) Platelet aggregation assessed by light transmission. The data was
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Our previous evolutionary analysis indicated that bgaA,  regression model with HP-PPIs of three different pathogens as
among other cell wall-anchoring proteins, was conserved in  training data. In the predicted HP-PPI networks, network
pneumococcal species and had a high percentage of codons  topology analysis revealed BgaA to be the most central among

that were under negative selection pressure. In addition,  the S. pneumoniae proteins (Prasasty et al., 2021). In this study,
evolutionarily conserved residues contribute to the  we demonstrated that BgaA contributes to thrombus formation
conformation of the BgaA active site (Yamaguchi et al, 2020),  in a mouse sepsis model, in addition to adherence to host

and additional bioinformatic analyses also support the  epithelial and endothelial cells and evasion from neutrophil-
importance of BgaA. Prasasty et al. predicted host-pathogen  killing in humans. Our previous BLAST search indicated that
protein-protein interactions (HP-PPIs) using a logistic = BgaA does not have a high similarity with human proteins
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(Yamaguchi et al., 2020). Thus, BgaA could be an attractive
target for new drug and vaccine development. As BgaA is a large
protein containing multiple domains, it is necessary to identify
the functional domain and verify its effectiveness as a drug target
in further studies.
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