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Title: Epidemiology and transmission of Streptococcus pneumoniae and Respiratory

syncytial virus in children and elderly: a household-based prospective cohort study

Background & Rationale

Streptococcus pneumoniae (S. pneumoniae) is a common pathogen that causes community-acquired
infections, such as bacteremia, meningitis, pneumonia, and otitis media. After the introduction of
pneumococcal conjugate vaccines (PCVs), the population and ecological environment of S. preumoniae
have been disrupted with impact on the dominant serotypes and antibiotic resistance [1]. PCV13 coverage
has been >90% since 2015, and the incidence of invasive pneumococcal disease (IPD) in children <5 years
of age is reduced by 70%, and serogroup 15 isolates caused most IPD in Taiwan [2]. The use of PCVs has
dramatically decreased incidence rates of diseases caused by vaccine-targeted serotypes in children and the
rates of pneumococcal disease caused by non-vaccine serotypes (NVTs) have risen [3]. Besides, serotype
distribution of adult IPD in Taiwan has evolved after the introduction of PCV in children, indicating an
indirect impact in adults [4]. This increase in NVT IPD has also exist and in those aged 65 years and over
has offset the reduction in vaccine-type IPD since PCV 13 introduction in England [5].

Respiratory syncytial virus (RSV) infection causes lower respiratory tract infection such as
bronchiolitis and pneumonia and is the leading cause of hospitalization of infants and young children [6-8].
After testing for viruses, bacteria, and fungi in children with severe hospitalized pneumonia, the study found
that 61% of severe pneumonia cases are caused by viruses led by RSV, which alone accounted for 31% of
cases[9]. In recent years, improvement in the sensitivity and specificity of molecular methods has provided
new opportunities to delineate the causative CAP pathogens [10, 11]. In addition to S. preumoniae,
non-typeable Haemophilus influenzae, and Moraxella catarrhalis are the common etiologies [12, 13], RSV
is associated with the common bacterial pathogens causing AOM [14]. The nasopharyngeal microbiota
composition characterized by H. influenzae and S. pneumoniae, is associated with a distinct host
inflammatory immune response and enhanced disease severity as defined by more frequent need for RSV
hospitalization. Altogether, the data suggest that viral-bacterial interactions within the ecological respiratory
niche modulate the systemic host immune response to RSV, thereby potentially influencing disease
phenotypes [15]. This has also helped to uncover the interplay among the different pathogens during acute
respiratory infections [11, 16].

In the post-pneumococcal conjugate vaccine era, seasonal increases in RSV, influenza virus, and human
metapneumovirus infections in children were associated with increased pediatric admissions with invasive
pneumococcal disease, especially pneumonia caused by nonvaccine serotypes [17]. Co-detection of RSV
and S. pneumoniae in the nasopharynx was associated with more severe ARI, suggesting that S. pneumoniae
colonization plays a pathogenic role in young children[18]. Also, pneumococcal colonization can enhance
subsequent RSV infection [19]. Besides, invasive serotype colonization was significantly lower in RSV
positive CAP, whereas colonization with noninvasive serotypes such as serotype 33 F tended to be higher in
RSV positive CAP [20]. The serotype of S. preumoniae is changing in the post-pneumococcal conjugate
vaccine era in Taiwan, the effect of RSV infection for the efficacy of pneumococcal conjugate vaccine needs
further study.,

Asymptomatic carriage of S. pneumoniae in the nasopharynx is a prerequisite for disease. In the
previous study, adults acquire S. preumoniae relatively more in the household than other age groups, and
transmissions within household were mostly seen from older to younger siblings [21]. Oropharyngeal
colonization is 65.8% of S. prneumoniae autolysin (IytA) gene sequence [22]. RSV has become an
increasingly documented cause of illness in adults and optimal diagnosis requires reverse transcription
polymerase chain reaction (RT-PCR) assays or serology [23].

Close contacts within households may present potential opportunities for RSV transmission [24].
Studies have shown that family members of infants, such as older siblings and parents, are an important
RSV infection source in the infants [25, 26]. In about 50% of households, more than one person is infected,
and repeat infections in the same individual from homologous or heterologous RSV subtypes within the
same season are documented [27]. The identification of RSV infections and increased awareness of the
prominent role this respiratory virus has in relatively severe illness in adults by using molecular testing [28,
29]. Besides, the direct interaction between RSV protein and the pneumococcus might result in increased
bacterial virulence and worsening disease outcome in respiratory infection [30]. On the other hand, S.
preumoniae colonization can enhance subsequent RSV infection [19]. The interactions occurring between S.
pneumoniae and RSV during respiratory infections and pneumococcal acquisition indicate that
pneumococcal serotypes have different ability to cause infection as well as coinfections [31].
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Strategies to prevent these interactions to reduce the incidence of S. pneumoniae and RSV infection are
very important in children as well as the elderly. The elderly might colonize with S. preumoniae first and
then get the RSV acquisition form the younger households. Vaccine delivery should be justified by detailed
understanding of S. preumoniae and RSV transmission dynamics. The determinants include carriage rate,
age distribution, infection severity, and presence of concurrent S. preumoniae or RSV in the same household.
This household-based prospective cohort study aims to stablish the household transmission of RSV and S.
preumoniae especially in the elderly and infants/children as well as inter-relationship between S.
preumoniae and RSV. We hope our data can be utilized in the Al fields to develop a model to predict the
transmissions in the exceedingly early stage of disease of S. pmeumoniae and RSV and strategy of
prevention.

Preliminary Data

Our previous data suggest that interactions between RSV and S. prneumoniae. RSV infections can increase
the ability of adherence of S. pneumoniae 15 A in Hep2 cell.
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We selected 13 patients for the RSV genotype and 16S ribosomal RNA test. The 16SrRNA revealed S.
preumoniae was the predominant bacterial in the nasopharyngeal site.

RSY RSV genotype 16SrRNA

A ONI1 Streptococcus preumoniae
B BA9 Streptococcus pneumoniae
A ONI Streptococcus pneumoniae
B BA9 Haemophilus influenzae

A ON1 Streptococcus salivarius

B BA9 Streptococcus thermophilus
A ONI Streptococcus preumoniae
B BA9 Streptococcus lactarius

B BA9 Streptococcus preumoniae
A ONI1 Streptococcus pneumoniae
B BA9 Streptococcus preumoniae
B BA9 Propionibacterium acnes

B BA9 o Streptococcus pneumoniae
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A household-based prospective cohort study will be conducted from 2021 to 2025 in northern Taiwan. We
will invite 240 households, having a baby who is discharged from MacKay children’s Hospital.

Study site and population

Around 20 babies per months for 12 months adding up to 240 babies in total. The estimation is based on
historical discharge number from NBR MacKay Memeorial Hospital Taipei. The number is also proved
feasible in previous studies.

240 babies = 240 households
participate in the study

Data collection: enrollment
form to coliect basetine data,
including patient demaographics,
prior medical history, season
when discharge, neonatal
course and households

* nuclear family: a couple and their dependent children, regarded as » basic social unit.
+ extended family: a family that extends beyond the nuclear family, including grandparents, aunts, uncles, and other
refatives, who all live nearby or in one household.

Patient recruitment and management

The households will be classified into nuclear family type and extended family type. The “Nuclear family
type” is defined as husband and wife with baby (aged less than 5 months) and with or without children (2-5)
and the “Extended family type” (three-generation family) is defined as husband and wife with baby (aged
less than 5 months), children (2-5), and grandparents aged > 65 years old. The exclusion criteria are
co-morbid medical conditions of the baby such as chronic lung disease, cyanotic congenital heart disease,
neuromuscular disease and a primary immunodeficiency. We will initially complete an enrollment form to
collect baseline data, including patient demographics, prior medical history, season when discharge, neonatal
course and households. A LINE-based management will be done weekly by study team to see if there are
any respiratory symptoms in household. In addition to the monthly physician weekly LINE response, the
research nurse will contact the parents or legal guardians by telephone monthly for the 24 months to obtain
data on changes in baseline information, and specific facts regarding possible respiratory infections after the
last contact.
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Continue follow up
until 24 months

£ Index case
¢ Family members within the household

* SSUAD assays in adult index patients and househaolds only

Study endpoint

The primary endpoint is the S. preumoniae and RSV isolation rates in children and their household contacts
of different family type. The secondary endpoint is the serotype of S. pneumoniae and RSV in post-PCV13
era.

Study design

If the households present with respiratory symptoms, the visit will be arranged as early as possible. When
they presenting to the emergency department, outpatient clinic, or inpatient ward, the urine will be collected
for the serotype-specific urinary antigen detection (SSUAD) assays in adult households and the
nasopharyngeal or throat swab for PCR will be performed to study serotype of S. preumoniae and RSV
subgroup. If the subjects who have clinical syndromes suggestive of pneumonia or bronchopneumonia, they
will be asked to participate in the further study along with their household family members. Nasopharyngeal
aspiration, urine, blood, and induced sputum will be collected for cultures, PCR and serological test. Clinical
manifestations, disease course, and outcomes will be recorded. Family members in the same household will
asked to undergo screening with a nasopharyngeal or throat swab and urine sample. We will trace back
2-week contact history of children in nuclear family who get RSV or pneumococcal infections, especially
focus on other family members. The data will be further analyzed to evaluate the influence of short period and
long period contact.

Case report form will be used to collect information about the family members, including demographic data,
the number of bedrooms in the house, amount of contact time with the patient, presence and pattern of current
or recent signs and symptoms and contact history with persons outside of the household who had clinical
syndromes suggestive of S. pneumoniae or RSV infection.

Follow-up telephone interviews repeated questions about signs and symptoms at 2, 4, and § weeks. If any
household family member reported experiencing signs or symptoms suggesting S. pneumoniae or RSV
infection during the follow-up period, clinical assessment and laboratory investigation will be repeated.
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Data collection Specimen collection
Earollment 1. information consent form

2. baceline data, including patient demozraphics, prior medical

history, season when discharge. neonatal course and houscholds
Line follow up period {Checking if there are any respiratory symptoms

Index case presents
symptoms suggesting
upper respiratory tract
infection

Index case

1. Serotvpe-specific utinaty antigen detection (SSUAD? agsavs

1. Nasopharvngeal or throat swab for PCR will be performed to study
serotype of S, prewmonize and RSV subgzroup. RSV will be
sequenced to ascertain F protein heterogenzity,

Index case presents
symptoms suggesting
lowerer respiratory
tract infection

index case
1. Clinical manifestations, disease course, and outcomes will be

record.

Family members

1. Questionnaire-based interviews will be used to collect
information bedrooms in the house, amount of contact time with
the patient, presence and pattem of current or recent signs and

Index case

1. Routine clinical examination of nasopharyngeal aspiration, urine,
blood and induced sputum will be collected for culturss, PCR. and
serological tests.

Family members
1. Family members in the same household will ased to undergo
screeing with a nasopharvngeal or throat swab and urine sample,

symptomes and contact history with persons outside the
household who had clinial synfromes suggestive of S prewnonice
or BSVinfection.

Follow-up interviews repeated questions about signs and
symptoms at 2, 2, and § weeks, I any household family member
reported expeniencing signs or symptoms suggesting S
preumenine of RSV infection during the follow-up period, clinical
assessment and laboratory investization will be rapeated.

Post first episode

LINE management

Establish a LINE group with the parent or guardian. The family will response back weekly or when they
have acute respiratory infection (ARI) symptoms/signs. We will contact them monthly to fill out a Google
Questionnaire.

Serotype-specific urinary antigen detection (SSUAD) assays
Urine specimens of adult households will be collected and stored at —80°C for SSUAD) assays.

RSV PCR for RSVA and RSVB

Direct molecular detection of RSV Types A & B from nasopharyngeal swabs will be done by using
HiberGene’s RSV A/B Combo. The F protein gene will be amplified by RT-PCR using primers described in
our previous study [32]. RSV genotypes will be assigned after alignment with reference sequences and
subsequent phylogenetic analysis using MEGA software (Version MEGA 7.0.26). For this purpose, the
best-fit nucleotide substitution model will be calculated. Phylogenetic trees will be constructed using the
maximum likelihood algorithm and the General time-reversible model with a gamma distribution of 5. To
test the tree stability bootstrap values of 1,000 will be used.

Antimicrobial Nonsusceptibility Testing

Antimicrobial susceptibility testing will be performed according to guidelines issued by the Clinical and
Laboratory Standards Institute (CLSI) regarding broth microdilution and breakpoint criteria. Both
intermediate and resistant isolates will be categorized as nonsusceptible for the purposes of the analysis,
unless otherwise specified. Seven antimicrobial agents, each representing a different class, will be tested:
penicillin G (parenteral, nonmeningitis), ceftriaxone (nonmeningitis), clindamycin, erythromycin,
tetracycline, levofloxacin, and vancomycin. A multidrug resistance (MDR) phenotype was defined as either
intermediate or resistance to >3 of these 7 antimicrobial agents.
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Multiplex PCR for viruses and S. preumoniae serotyping

Patients will be arranged for nasophar yngeal/oropharyngeal (NP/OP) swabs collected within 48 hours after
symptoms developed and tested using multiplex polymerase chain reaction (PCR) for a range of viruses [8]
and for 92 pneumococcal serotypes [33]. Serotyping of isolated S. prewmoniae will be performed by
Quellung reaction (Statens Serum Institute, Copenhagen, Denmark) or PCR. Genomic DNA of bacterial
cells will be extracted from a fresh overnight culture by Viogene Geno Plus Genomic DNA Extraction
Miniprep System (Taiwan) according to the manufacturer’s instruction. CpsB gene is amplified and
sequenced for PCR seq Typing[34]. The amplifying and sequencing primers are as follow: cps F 5°-GCA
ATG CCA GAC AGT AAC CTC TAT-3’, and cps R, 5’-CCT GCC TGC AAG TCT TGA TT-3°. The
reaction mixture contains 1 pl genomic DNA extract, 0.4 pM each primer and 2X Premix (SapphireAmp®
Fast PCR Master Mix, Takara), makes up to a final volume of 25 ul with DNase/RNase-free distilled water.
The reaction cycles are an initial denaturation step at 95°C for 5 min, followed by 30 amplification cycles of
95°C for 30 S, 65°C for 30 S, and 72°C for 1 min. Purified amplicons are sent for sequencing to Genomics
Biotechnology Co., Ltd (New Taipei City, Taiwan). Sequencing will be performed using the Sanger
sequencing technique. Serotype will be decided based on the serotype with the highest BLAST bit score
identity of the CpsB gene sequence from GenBank.

S. pneumoniae and RSV interaction metagenomic study

Sample preprocessing

The collection tube will be kept on ice during the whole process. The whole process would be not over than
30 minutes to keep the stability of microbiome profile. For sample quality control, the standard samples are
defined as the presence of a white sputum plug on visual inspection by clinicians. First, to break disulphide
bonds in mucin, 4 ml dithiothreitol 0.1% (DDT) per gram sputum will be added after collection. Then we
will homogenize the samples with Eppendorf homogenizer or vortex for 15 minutes at 4°C. Then we will
add phosphate-buffered saline (PBS) and filter the sample to increase homogenization. Lastly, the samples
will undergo 15 minutes centrifugation at 4°C, 450 g (RCF). The supernatants will be removed and the
samples will be aliquoted in 0.5 ml tubes, and stored at —=80°C for DNA extraction. The present study was
approved by the institutional review board of all participated hospitals. Written informed consent was
obtained from every participant and had been fully explained.

DNA extraction and shotgun metagenomic sequencing

Microbiota DNA was extracted from preprocessed sputum samples using DNeasy PowerMax Soil Kit
(QIAGEN Inc., USA). All lysis, separation of impurities and purification procedures were followed the
manufacturer protocol of DNeasy PowerMax Soil Kit. The DNA samples will be evaluated for the quality
via NanoDrop Microvolume Spectrophotometers. The qualified DNA will be used for library preparation by
using Nextera XT library preparation kit (Illumina) according to the manufacturer’s instructions. The
shotgun sequencing will be performed on the Illumina NovaSeq 6000 platform, targeting >8 Gb sequence
per sample with 150 bp pair-end mode.
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Shotgun metagenomic sequencing analyses pipeline

In the beginning, all the raw shotgun sequencing files will be under quality control with multiQC and
trimmoatic to filter out the adapters and the reads with low quality score. Then we will use FastQ Screen to
filter the reads that map on the host genomes and focus on the effective reads that belonged to bacterial
genomes. For the comprehensively shotgun metagenomic analysis, we will generally adopt the two main
strategies of microbiome identification of shotgun sequencing nowadays: read-based profiling and
assembly-based profiling (See Figure). For the assembly approach, we will use MegaHIT as assembler to
obtain contigs for each sample. When assembly, MegaHIT will use a memory-efficient succinct de Bruijn
graph representation combined with a range of k-mers for iteratively improving assembly. The contigs will
undergo quality control and gene prediction using QUAST. The contigs that passed the quality control will
be used for further phylogenies, ordination and functional analysis that mentioned below. For the read-based
approach, we will use MetaPhlAn2 with the default setting for taxonomic profiling and relative abundance
calculation. For further strain-level analysis, we will use PanPhlAn to identify strain-specific gene sets from
species’ pangenome for strain identification. Functional profiling will be performed with HUMAnN2. In
brief, HUMARNN2 include the following steps for gene family/pathways abundance and pathway coverage
calculation: mapping metagenomic reads to the pangenomes of species by, annotating the aligned sequence
to UniRef90 families and using DIAMOND for the unaligned sequence. For deciding the optimal
combination of numerous metagenomic analytic software, we have considered the computing resource, our
previous analysis experience and the simulation comparisons results from previous research to design an
efficient and comprehensive analytic pipeline.
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We design the study to have a power of 80% at a 5% significance level to determine an incidence of
household-acquired S. prneumoniae infection are 29-46% in nuclear family and 38-50% in extended family
according to the previous study [35]. The sample size in each group will be 93 patients in each group [36].
We will enroll 120 households in each group for the possible 15% loss rate in 2 years.
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Statistical Methods

Infected model

Households with at least | ARI case during the study period will be included for data analysis. A household
with ARI in different years will be treated as 2 different households. Because household visits will be
conducted weekly, we will collect specimens for ARI episodes as possible. We will identify these ARI
through symptom records. The ARI cases in RSV or S. preumoniae whose dates of onset are within 10 days
before or after RSV or S. preumoniae onset will be identified and defined as preceding and subsequent ARI,
respectively. We will apply a Bayesian approach to estimate acquisition and clearance rates for RSV or S.
preumoniae in a susceptible-infected-susceptible model [37]. The inference relies on repeated measurements
of the current status of being a non-carrier (susceptible) or a carrier (infected) of one of the pathogens. We
will collect the measurements with sampling intervals. The index cases are the first members of the
household to have clinically apparent illness confirmed by laboratory studies. The secondary cases are
defined as other family members whose respiratory symptoms occurred later than the index cases’ illness.
Identified source of infection within the household is defined as the first case in the household who
displayed clinically apparent disease and who have clear contact history with individuals outside the
household who had illnesses suggestive of S. prmeumoniae or RSV infection. The infection transmission
interval will be defined as the time between the onset of disease for the first case in the household and the
onset of disease in a secondary case [38].

Hierarchical generalized linear mixed effect models (HGLMEM)

In order to assess variables that are significantly impacted in S. preumoniae or RSV infection status across
time points in 2 different households, we will fit several random and fixed effects three-level longitudinal
generalized hierarchical linear mixed effect models (HGLMEM) withrestricted maximum likelihood
(REML) estimation method [39, 40]. HGLMEM will be used to evaluate longitudinal S. prnewmoniae or
RSV infection status measurement across time points (level 1) that are nested-within individual subject
(level 2) and nested-within household (level 3). Because the model can assume random time effects of
measurement, HGLMEM will be a practical strategy for analyzing our data sets. Random effects account for
within-subject correlation and will be fitted an unstructured (UN) covariance structure. The structure implies
that all different members of a cluster are differently correlated with each other across time. Fixed effects
such as the clinical covariates (including clinical data, candidate markers, and target genes), baseline
assessment in S. pneumoniae or RSV infection status, and household group x time interaction term will be
all included to reflect differential patterns of change over time for the two different household groups.
Different fixed effects covariates’ combination hierarchical models will be built in the three-level
HGLMEM. The HGLMEM will be used to compare the change of S. preumoniae or RSV infection status
across time points and to survey the potential associations between these outcomes and independent
variables.

Data will be summarized using descriptive statistics. Continuous variables will be expressed as median with
interquartile range (IQR) and compared using Mann-Whitney U test. Categorical variables will be presented
as frequency and percentage and compared using chi-square or Fisher’s exact test, as appropriate. A P value
less than 0.05 will be considered statistically significant.

Statistical analyses for interaction are also carried out via R software and QIIME2. In the present proposal,
only the species-level taxonomic data will be used to calculate the alpha (richness, Shannon-Weaver index)
and beta diversity that based on Jaccard distance or Bray-Curtis distance matrix as suggested by previous
research. The beta diversity will be presented via principal coordinate analysis (PCoA, avoiding negative
eigenvalues), or via non-metric multidimensional scaling (NMDS). Univariate analyses will be carried out
with Wilcoxon/Kruskal-Wallis tests. For global/ individual microbiota composition differences comparison,
permutational analysis of variance (PERMANOVA) and analysis of composition of microbiomes (ANCOM)
methods in QIIME2 will be used. We will also perform linear discriminant analysis (LDA) effect size
(LEfSe) for differential abundance analysis. We will use ggplot2 package in R software, QIIME2 and
GraPhIAn for results visualization,
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