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ABSTRACT  6 

Introduction: Most of the current evidence regarding pneumococcal upper respiratory 7 

colonization in adults suggests that despite high disease burden, carriage prevalence is 8 

low. Contemporary studies on adult pneumococcal colonization have largely followed 9 

the pediatric approach by which samples are obtained mostly from the nasopharynx and 10 

bacterial detection is evaluated by routine culture alone. Recent evidence suggests that 11 

the “pediatric approach” may be insufficient in adults and pneumococcal detection in 12 

this population may be improved by longitudinal studies that include samples from 13 

additional respiratory sites combined with more extensive laboratory testing. 14 

Areas covered: In this article, relevant literature published in peer review journals on 15 

adult pneumococcal colonization, epidemiology, detection methods, and 16 

recommendations were reviewed.  17 

Expert opinion: Respiratory carriage of Streptococcus pneumoniae has been 18 

underestimated in adults. Contemporary pneumococcal carriage studies in adults that 19 

collect samples from alternative respiratory sites such as the oropharynx, saliva, or nasal 20 

wash; are culture-enriched for pneumococcus; and use molecular diagnostic methods 21 

designed to target two pneumococcal DNA sequences should enhance pneumococcal 22 

detection in the adult respiratory tract. This finding may have implications for the 23 

interpretation of dynamics of pneumococcal transmission and vaccination. 24 

 25 

Keywords: adults, carriage, colonization, pneumococcal, Streptococcus pneumoniae, 26 

upper respiratory tract 27 
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ARTICLE HIGHLIGHTS 28 

 Most of the evidence on pneumococcal upper respiratory tract carriage, associated 29 

implications, transmission, and dynamics following vaccination with pneumococcal 30 

vaccines have been obtained from studies performed in children. 31 

 32 

 In spite of the bimodal incidence of pneumococcal infections with peaks in children 33 

under 5 years and adults 65 years and older, conventional nasopharyngeal carriage 34 

studies in ≥65-year old adults have found low pneumococcal respiratory carriage 35 

(0%–6%). 36 

 37 

 Most carriage studies performed in adults have followed the pediatric approach in 38 

which a single swab from the nasopharynx, sometimes obtained together with an 39 

oropharyngeal sample, was collected and processed following standard culture 40 

recommendations. 41 

 42 

 Contemporary studies suggest that pneumococcal detection in the respiratory tract 43 

of adults has been underestimated and that pneumococcal detection in this age 44 

group is enhanced in longitudinal studies that obtain samples from various 45 

respiratory sites, such as nasal washes, oropharynx, and saliva and by the use of 46 

culture enrichment and quantitative PCR targeting two pneumococcal DNA 47 

sequences. 48 

 49 
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 Given the importance of understanding the dynamics of pneumococcal carriage in 50 

adults and the effect of pneumococcal conjugate vaccines on respiratory carriage, 51 

future studies in adults should implement additional molecular techniques to 52 

measure pneumococcal carriage in adults and the potential of adult-to-adult or adult-53 

to-children pneumococcal transmission. 54 

 55 
 56 

  57 
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1. INTRODUCTION  58 

A large proportion of pneumococcal disease burden is represented by non-bacteremic 59 

pneumonia in children and adults and otitis media in children, outcomes that are caused 60 

by extension of mucosal pneumococcal colonization [1-4]. Pneumonia is a major cause 61 

of mortality in children younger than 5 years, representing 16% of childhood deaths 62 

worldwide in 2016 [5,6]. The burden of community-acquired pneumonia (CAP) in adults is 63 

also substantial, especially in the elderly and those with comorbidities [7,8]. 64 

Many studies have attempted to estimate CAP etiology and burden in adults but have 65 

been limited by the sensitivity and specificity of currently available diagnostic tests [9]. 66 

Recently, however, the availability of pneumococcal serotype-specific urine antigen 67 

assays with high sensitivity and specificity has improved the detection of pneumococcal 68 

CAP in adults [10].  69 

Pneumococci commonly colonize the nasopharynx of young children, who are considered 70 

the major contributors to population transmission [1,11]. Colonization, also known as 71 

carriage, is considered a prerequisite for pneumococcal disease [1,12]. All people likely 72 

become colonized by pneumococci multiple times during their life, and colonization 73 

episodes typically resolve over days to months [11-13]. Pneumococcal disease peaks 74 

occur in children younger than 5 years and adults 65 years and older [14]; however, 75 

reported carriage prevalence has been higher among children than adults [15-29], 76 

which may partially explain why pneumococcal carriage studies have been most 77 

widely conducted in children [11,30-33]. 78 

Despite the wealth of information about pneumococcal carriage in children, information 79 
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regarding adult pneumococcal carriage and adult-to-adult and adult-to-children 80 

transmission is limited [34-36]. This review focuses on the available evidence regarding 81 

the epidemiology of pneumococcal colonization in adults, the discrepancies in 82 

colonization rates between children and adults, the differences in sample collection and 83 

laboratory processing, and current methodological recommendations. The goal is to 84 

identify best practices for evaluating adult pneumococcal carriage and to ascertain 85 

research gaps that may guide future studies on this topic.  86 

 87 

2. PNEUMOCOCCAL CARRIAGE IN THE PEDIATRIC RESPIRATORY 88 

TRACT: CURRENT UNDERSTANDING 89 

2.1 Epidemiology 90 

Most modern studies of pneumococcal respiratory tract carriage have been conducted in 91 

children [11-13,37-42]. Among unvaccinated children, the detected nasopharyngeal 92 

pneumococcal colonization prevalence varies but appears to be highest in infants and 93 

young children (depending on factors such as setting, geographic area, and 94 

colonization detection methods) and decreases with age [13,37,43,44]. In high-income 95 

countries, the mean age for pneumococcal acquisition is approximately 6 months, 96 

whereas in developing countries, it occurs as early as the first days of life to 3 months of 97 

age [11,25,45,46]. Differences in carriage burden and transmission, environmental 98 

conditions such as crowding, conditions that cause immune suppression such as 99 

measles, and pneumococcal immunization schedules and coverage [11,45,47-50] may 100 

contribute to this variability in the age of pneumococcal acquisition among young 101 
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children in developed versus developing economies. 102 

Pediatric carriage studies have provided useful information on the point prevalence of 103 

pneumococcal colonization among different populations [13,42,43,51,52]; 104 

characteristics of pneumococcal colonization, including carriage estimates by age and 105 

risk factors [13,53,54]; interactions between pneumococci and viruses or other 106 

bacterial pathogens [30]; disease-causing serotypes likely to emerge after vaccination 107 

with pneumococcal conjugate vaccines (PCVs) [42,55-59]; and invasive properties 108 

among diverse serotypes [32,60]. Pediatric carriage studies also provided early 109 

recognition of emerging antimicrobial resistance among pneumococcal strains 110 

[42,52,61,62], and of the relationship between antimicrobial use and resistance [33]. 111 

Additionally, carriage studies in children have contributed to our understanding of the 112 

direct and indirect effects of PCVs among vaccinated children and their contacts [63-66], 113 

and have been used to evaluate vaccine effectiveness [11]. Colonization data, when 114 

combined with information about the capacity of different strains to cause disease, are 115 

also used to understand and monitor the impact of vaccination on invasive disease 116 

prevalence [67]. Finally, pneumococcal carriage surveillance data have been considered 117 

by some groups as potential endpoints for pneumococcal vaccine licensure in children 118 

[68,69]. 119 

2.2 Assessment Methodology  120 

The World Health Organization (WHO) recommendations for detecting pneumococcal 121 

carriage in children call for the collection of a single nasopharyngeal swab (Fig. 1A) [70]. 122 

This recommendation is based on minimal improvements in sensitivity achieved with 123 
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additional sampling, coupled by potential discomfort for the child [70]. Oropharynx 124 

sampling in children is not advocated because the added yield is small, and sampling 125 

sensitivity of the nasopharynx alone may be >90% [70,71]. Given that new molecular 126 

technologies are increasingly being used [15,35,36], controlled studies comparing 127 

sampling sensitivity between the nasopharynx and alternative sites associated with less 128 

discomfort would be valuable. 129 

Nasopharyngeal swabs are placed in a transport medium upon collection [70]. Skim milk-130 

tryptone-glucose-glycerin (STGG) medium is most commonly used, allowing recovery of 131 

live pneumococci after long-term storage at ultra-low temperatures (ie, –70°C or lower). 132 

Commercial media are also used, of which Amies transport medium is an example. To 133 

be stored frozen in Amies, glycerol needs to be added to the sample [35]. For samples to 134 

be tested with molecular tests (ie, real-time PCR), universal transport 135 

mediumcontaining vials can be used. 136 

Further considerations must be observed regarding methodologies for colony 137 

identification and pneumococcal serotyping. For pneumococcal detection, 138 

nasopharyngeal samples are cultured on blood agar supplemented with 5 µg/mL 139 

gentamicin, which suppresses non-streptococcal species growth [70]. Pneumococcal 140 

identification has typically used isolates displaying a classic phenotype (alpha-hemolytic 141 

colonies) that are optochin susceptible and bile soluble [70]. In most pediatric carriage 142 

studies [32,41,43,70], pneumococci are serotyped by the capsular reaction/swelling test 143 

(Quellung reaction or Neufeld test [Statens Serum Institut, Copenhagen, Denmark]), 144 

which is the current “gold standard” method recommended by the WHO [70]. This is in 145 

part because of the experience using this methodology as part of the PCV clinical 146 
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development program including carriage studies (Dr. Katherine O’Brien, unpublished 147 

data). However, this method is labor-intensive, expensive, and requires the selection of a 148 

single colony for characterization; therefore, it is poorly suited to detecting carriage of 149 

multiple serotypes unless they are phenotypically distinct on the culture plate [36,70,72]. 150 

DNA-based approaches have also been developed for detection and serotyping, 151 

including microarray, sequencing, and traditional or quantitative PCR (qPCR) [73-75]. 152 

These approaches have been demonstrated to be highly sensitive in previous studies 153 

[15,36,76], and potentially represent a viable method for sample detection in children. 154 

However, caution is needed in interpreting PCR-serotyping assays performed directly on 155 

clinical samples because of suspected non-pneumococcal homologs of genes previously 156 

thought to be serotype-specific pneumococcal genes [77,78]. 157 

In some protocols, samples are passed through an initial broth culture step for further 158 

enrichment, such as the enrichment broth developed at the US Centers for Disease 159 

Control and Prevention that increases sensitivity of pneumococci detection by either 160 

conventional culture on agar medium or by molecular methods (Figure 1B) [79]. 161 

Alternatively, swabs can be tested with real-time PCR [80-84], which is suitable for 162 

diagnosis and serotyping and can detect co-carriage of multiple serotypes when present 163 

[85]. However, result interpretation requires caution because of potential false-positive 164 

findings [86,87]. 165 

In summary, most contemporary investigations of pneumococcal respiratory tract 166 

carriage have been conducted in children [11-13,37-42]. In children, it is recommended 167 

that a single nasopharyngeal swab be collected for culture-based pneumococcal 168 

carriage detection and serotyping using the capsular reaction/swelling test [70]; DNA-169 
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based approaches with high sensitivity are also available for detection and serotyping 170 

[15,36,73-76] but limitations exist [77,78,86,87]. 171 

 172 

3. PNEUMOCOCCAL COLONIZATION IN THE ADULT RESPIRATORY 173 

TRACT: CURRENT UNDERSTANDING 174 

3.1 Divergent Epidemiology in Children and Adults 175 

Although older adults, particularly those aged ≥65 years, are at high risk of 176 

pneumococcal disease [16,88,89], pneumococcal respiratory carriage in adults has not 177 

been well characterized [24,81]. Moreover, despite disease peaks in young children and 178 

older adults, substantial differences in pneumococcal colonization prevalence between 179 

these populations are reported when comparable detection methods are used [36]. 180 

Detection of pneumococcal colonization with nasopharyngeal cultures is high among 181 

pediatric populations [11,53], but infrequent among ≥65-year old adults (0%–6%) [18-182 

20,22,26,29,90-95] (Table 1). A number of potential explanations for the discrepancies 183 

in pneumococcal carriage prevalence between children and adults have been 184 

suggested. One relates to the maturation of the innate immune system with age and the 185 

development of serotype-specific immunity from multiple exposures during the first 186 

years of life resulting in short duration colonization episodes [16,19,96,97]. Additionally, 187 

studies have shown that adults have reduced pneumococcal receptors in the 188 

nasopharynx [16,19]. The combination of these characteristics may lower the 189 

pneumococcal density in the respiratory tract of adults compared with that of children or 190 
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may change the preferred ecological niche from the nasopharynx in children to the oral 191 

cavity in adults (Figure 2).  192 

3.2 Assessment Methodology 193 

The conundrum of differing carriage prevalence between children and older adults is 194 

compounded by a relative paucity of contemporary data evaluating best methods and 195 

outcomes to evaluate pneumococcal carriage in adults. Determining the most accurate 196 

and biologically relevant means of measuring pneumococcal colonization in the adult 197 

respiratory tract is essential. For example, if colonization prevalence is incorrectly 198 

characterized as low in a population with high disease incidence because of insensitive 199 

methods, it may be erroneously concluded that enhanced invasiveness of certain 200 

serotypes exists in this population [98]. Alternatively, if low density colonization with 201 

subdominant strains is not biologically relevant for disease epidemiology, detecting 202 

these strains with highly sensitive assays may lead to incorrect conclusions about 203 

inherent strain characteristics. 204 

Early studies measuring pneumococcal carriage in healthy adults collected only oral 205 

samples (saliva, throat swabs, or washes) and used mouse inoculation animal models 206 

[99-104]. These studies reported pneumococcal carriage prevalence values of 21% to 207 

94% across all ages (Figure 3) [16,99-104], suggesting that current adult pneumococcal 208 

carriage prevalence may be underestimated if only nasopharyngeal cultures are 209 

analyzed.  210 

Furthermore, recent studies suggest that adult pneumococcal carriage is more common 211 

than estimated previously and that the underestimation results from the use of 212 
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insensitive diagnostic tools (eg, limiting sampling to the nasopharynx, testing only by 213 

culture) [15,35,36,97]. These contemporary studies, described in detail below, used 214 

samples obtained from various sites, such as the nasopharynx, oropharynx, and saliva, 215 

and used molecular-based methods targeting specific conserved sequences of 216 

pneumococcal DNA [35,97]. 217 

3.3 Sampling Location for Adult Pneumococcal Carriage: Nasopharynx, 218 

Oropharynx, or Saliva  219 

The optimal respiratory site for collection and identification of adult pneumococcal 220 

carriage is less clear than in children. The WHO updated their recommendations in 221 

2013 accordingly, advising to include collection of both nasopharyngeal and 222 

oropharyngeal samples from adults, with prioritization of nasopharyngeal samples if 223 

sampling from only a single site is possible [70]. Nasal wash and oral cavity sample 224 

collection are better tolerated by participants, and some studies report oropharyngeal 225 

and saliva samples to be more informative for pneumococcal detection than 226 

nasopharyngeal samples in adults [15,16,35,36,70,105,106]. 227 

The WHO recommendation does not include collection of saliva samples or use of 228 

molecular-based diagnostic methods for adult samples, and the addition of 229 

oropharyngeal samples for culture only have not improved the detection of pneumococci 230 

in samples from adults [27,28,34-36]. 231 

Although saliva samples obtained from healthy adults and inoculated in the animal 232 

model were successfully used in early pneumococcal surveillance studies [99-104], 233 

ethical limitations exist with this approach. Currently, the main difficulty with the use of 234 
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oral samples for pneumococcal detection is their polymicrobial nature, being rich in 235 

respiratory aerobic and anaerobic bacteria, including pathogenic and nonpathogenic 236 

species of Haemophilus sp, Neisseria sp, and Staphylococcus sp, and various alpha 237 

hemolytic non-pneumococcal streptococci [16,107,108]. This complicates identification 238 

and isolation of pneumococci, with some streptococcal species producing atypical 239 

results in classical diagnostic assays; therefore, the use of multiple subcultures on 240 

selective medium or molecular diagnostic methods are required [16,76,78,87,107-110]. 241 

3.4 Molecular Techniques for Pneumococcal Identification in the Respiratory 242 

Tract of Adults  243 

Because of the suspicion that culture-based pneumococcal detection methods are 244 

insensitive in adults, recent surveillance studies have evaluated the use of molecular-245 

based detection technologies that target specific bacterial DNA sequences  246 

[15,29,35,36,71,85,111]. Several PCR-based diagnostic tests for pneumococcal 247 

identification have been proposed [15,78,108,112-115], but their usefulness has been 248 

hampered by a lack of specificity and sensitivity. Currently, the most promising 249 

approaches are real-time PCR–based assays targeting specific sequences of lytA (the 250 

major autolysin) in combination with the detection of SP2020 (a putative transcriptional 251 

regulator) or piaB (a permease gene of the pia ABC transporter) [15,76,78,116]. 252 

One of the benefits of molecular-based methods is that, unlike the Quellung test, they 253 

do not require a pure isolate and can be performed directly on human fluid such as 254 

respiratory samples and can detect the presence of multiple serotypes. They also may 255 

be useful in cases in which antimicrobial treatment has started [116-118]. Real-time 256 
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PCR (or qPCR) has greater sensitivity than multiplex sequential PCR in serotyping 257 

pneumococci [85,87,116]. 258 

A major concern with molecular diagnostic tests for identifying pneumococci among 259 

respiratory samples is the possibility of nonspecific or misleading results. False positive 260 

signals may occur because of the presence of non-pneumococcal streptococci carrying 261 

homologous pneumococcal genes, particularly in oral samples, which may produce 262 

misleading signals [78,86,87,119]. Additionally, the detection of pneumococcal DNA in 263 

saliva does not necessarily indicate that bacteria are viable or important contributors to 264 

disease risk [36,87]. Additional studies are necessary to further support the specificity of 265 

molecular diagnosis for the detection of adult pneumococcal carriage and to show the 266 

potential for positive saliva samples to contribute to transmission [120]. Molecular 267 

methods currently used for pneumococcal detection in the respiratory tract are more 268 

sensitive and specific than those previously used and involve qPCR testing for specific 269 

genes within culture-enriched samples and use of stringent definitions [15,35,36,76]. 270 

PCR testing has the disadvantage of potential non-specificity [121], with detection of 271 

pneumococcal DNA even if this reflects a situation with little clinical or biological 272 

consequences (eg, density so low that transmission does not occur or having genetic 273 

material carried by non-pneumococcal Streptococci). As assay sensitivity may be 274 

pushing the limits of our interpretive understanding, it is critical that studies address this 275 

issue. 276 

In summary, the optimal respiratory site for detection of pneumococcal carriage in adults 277 

is not well elucidated and molecular-based detection methods are being developed to 278 

improve sensitivity and to define additional outcomes such as density; these approaches 279 



17 
 

have both benefits and limitations [15,16,35,36,70,78,105,106,108,112-115]. Described 280 

below and summarized in Table 2 are studies in adults comparing different sampling 281 

sites and detection assays and assay refinement methods for assessing pneumococcal 282 

colonization.  283 

 284 

4. STUDIES ASSESSING METHODOLOGIES USED IN CARRIAGE 285 

STUDIES IN ADULTS 286 

4.1 Assessment of Sampling Sites and Detection Methods 287 

To evaluate various respiratory niches, a cross-sectional study conducted in Israel 288 

examined the importance of nasopharyngeal and oropharyngeal samples for the 289 

detection of pneumococci in 216 children 5 years and younger and their mothers [71]. A 290 

single sample of each type was obtained from each participant. Respiratory samples 291 

were inoculated onto Columbia agar plates with 5% sheep blood and 5 µg/mL 292 

gentamicin; bacterial identification followed standard recommendations. 293 

Nasopharyngeal samples alone would have missed only 2% of overall pneumococcal 294 

isolates cultured in children but 42% of overall pneumococcal isolates cultured in 295 

mothers, while oropharyngeal cultures alone would have missed 73% of pneumococcal 296 

isolates in children and 45% of maternal isolates. These findings suggest that 297 

nasopharyngeal cultures alone are sufficient in children, whereas both nasopharyngeal 298 

and oropharyngeal cultures are needed in parent-aged adults to optimize pneumococcal 299 

colonization detection. 300 
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Two recent studies found a low pneumococcal colonization prevalence among adults 301 

65 years and older, highlighting the complexity of pneumococcal colonization studies in 302 

adults (Table 1) [28,29,81,122]. The first was a multicenter surveillance assessment of 303 

prevalence and serotype distribution of pneumococcal carriage in individuals 65 years 304 

and older at centers in four US states [28,81]. Samples (1 each) from the nasopharynx 305 

and oropharynx were collected for routine culture. Along with conventional culture-306 

based diagnostic screening, all samples underwent molecular testing using qPCR 307 

targeting lytA, as described previously [113]. Among 2989 samples, pneumococcal 308 

carriage prevalence was 1.8%, with 1.5% prevalence based on culture-positive samples 309 

from the nasopharynx or oropharynx and 0.3% lytA-positive samples from 310 

nasopharyngeal samples [81]. These findings are similar to the prevalence of adult 311 

pneumococcal colonization reported from other studies using nasopharyngeal samples 312 

[16,19,22,35]. However, important limitations of this study were that qPCR testing was 313 

only performed among nasopharyngeal samples, and saliva samples were not obtained 314 

thereby precluding definitive characterization of the pneumococcal colonization 315 

prevalence in this population. 316 

The second study was a cross-sectional, prospective assessment that enrolled 317 

participants of all ages from the Navajo Nation and White Mountain Apache Tribal lands 318 

in the southwest United States between October 2015 and November 2017 [29,122]. 319 

These communities have historically high prevalence of pneumococcal colonization in 320 

children and pneumococcal infections in children and adults [29,123,124]. 321 

Nasopharyngeal swabs for culture were collected at all ages, and a sample from the 322 

oropharynx was additionally collected from adults [29,122]. Both samples were collected 323 
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using flocked swabs, inoculated into STGG, and cultured initially in broth enrichment 324 

media [29]. Nasopharyngeal carriage prevalence by culture was 49.5% (297/600) in 325 

children younger than 5 years, 8.9% (53/597) in adults 18 to 64 years of age, and 6.0% 326 

(18/299) in adults 65 years and older. Similar to the previous study, limitations of this 327 

study are that saliva samples were not collected from adults, and qPCR results were 328 

absent. However, the authors of this study suggested the need for supplementary 329 

studies to determine the optimal sampling site and diagnostic assay [29]. 330 

Additionally, a recently published cross-sectional study evaluated the differences 331 

between culture-based and molecular methods in detecting pneumococcal 332 

nasopharyngeal colonization and the effects of age and colonization density on 333 

detection in healthy individuals [125]. Nasopharyngeal specimens were assessed from 334 

982 healthy individuals (median age: 18.7 years) from 2010 to 2012 on the Navajo 335 

Nation and White Mountain Apache Tribal lands in the United States. Overall, samples 336 

from 35% of participants underwent broth-enrichment culture and 60% of samples were 337 

qPCR positive for lytA, with a 71% agreement between the two diagnostic tests. 338 

Interestingly, S pneumoniae was detected more frequently among samples with higher 339 

bacterial density while qPCR improved pneumococcal detection among adults 18 years 340 

and older with lower pneumococcal density [125].  341 

Results from a longitudinal surveillance study designed to document cumulative 342 

incidence of pneumococcal colonization in adults 65 years and older were recently 343 

published [97]. One hundred community-dwelling adults from Rochester, New York, 344 

were recruited in 2015 and followed up for 12 months. Nasopharyngeal and 345 

oropharyngeal samples were obtained bimonthly. DNA was extracted from broth-346 
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enhanced medium and tested in real-time PCR amplifying lytA. Colonization was 347 

defined as at least one oropharyngeal or nasopharyngeal sample positive for lytA via 348 

PCR as described previously [113]. PCR-positive samples were subcultured on 349 

gentamicin blood agar plates to identify and serotype pneumococci [97]. During the 12-350 

month surveillance period, 57 colonization events among 41 participants were 351 

observed, resulting in a 12-month cumulative colonization prevalence of 41% by PCR 352 

and 14% by culture. Among 149 lytA-positive samples, viable pneumococci were 353 

isolated in 11% of samples, with pneumococcal-like isolates grown from oropharyngeal 354 

(56.4%), nasopharyngeal (25%), or from combined broth-enhanced samples (18.6%) 355 

[97]. The possibility of detecting false signals from the respiratory tract has been 356 

reported previously [107]. Nevertheless, use of qPCR methods targeting at least two 357 

pneumococcus-unique sequences (eg, lytA, piaB) should diminish the possibility of 358 

false-positive results [15,35,36].  359 

In consideration of the limitations observed in pneumococcal sampling and detection in 360 

adults described above, studies conducted in the Netherlands provide insights 361 

regarding methodologic considerations for assay refinement (Figure 1C). The first, 362 

which was performed during the fall/winter seasons of 2010 and 2011, used paired 363 

nasopharyngeal and oropharyngeal samples from 268 parents of 24-month-old children 364 

[15]. Nasopharyngeal samples were obtained using standard flexible swabs, and 365 

oropharyngeal samples were collected using rigid swabs under direct observation of the 366 

pharynx. Samples were cultured on agar selective for streptococci and harvests of all 367 

colony growth from these plates were considered to represent samples culture-368 

enricheded for pneumococci. Extracted DNA were tested with qPCR for sequences 369 
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unique for lytA and piaB and considered positive for pneumococci when both targets 370 

were detected. While routine culture was as sensitive as molecular methods in detecting 371 

pneumococci in adult nasopharyngeal samples, routine culture sensitivity was low when 372 

oropharyngeal samples were tested. The number of oropharyngeal samples identified 373 

as positive for pneumococci dramatically increased when culture-enriched samples 374 

were analyzed with molecular methods or revisited with a second culture stage after 375 

positivity had been determined by qPCR. Additionally, oropharyngeal samples were 376 

superior to nasopharyngeal samples in pneumococcal carriage detection whether tested 377 

with culture or molecular methods. Findings for this age group were supported in a 378 

second study, which applied similar methods as well as saliva sampling, the latter of 379 

which resulted in superior molecular surveillance compared with nasopharyngeal 380 

sampling [126].  381 

The authors reached several conclusions [15]. Underreporting of pneumococcal 382 

respiratory tract colonization in adults can occur if only routine nasopharyngeal or 383 

oropharyngeal cultures are obtained. Oropharyngeal was superior to nasopharyngeal 384 

sampling for detecting pneumococcal colonization when tested by qPCR. The use of 385 

qPCR testing can identify samples that produce viable pneumococcal isolates through 386 

further laboratory processing and with strict controls in place. Thus, this method may 387 

achieve higher sensitivity and specificity for the detection of pneumococci in the 388 

respiratory tract of adults and children. 389 

Another study from the same group compared pneumococcal colonization prevalence 390 

among respiratory sites using different detection methods in older adults [35]. Samples 391 

from the nasopharynx, oropharynx, and saliva (270 per sample type) were collected 392 
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during the autumn/winter of 2011/2012 from 135 persons 60 to 89 years of age at the 393 

onset of influenza-like illness and 7 to 9 weeks later, after recovery from influenza-like 394 

illness. Nasopharyngeal samples were collected and processed as noted for the 395 

previous studies [15,36], and saliva samples were collected using a saliva collection 396 

system. qPCR was used to detect the lytA and piaB pneumococcal genes. Samples 397 

were considered positive for pneumococci when both genes were detected. Overall 398 

detection of pneumococcal carriage was higher via the molecular method (34%) versus 399 

culture (6%). Of note and as described above, by revisiting samples testing positive for 400 

pneumococci by the molecular method with additional culture steps, the number of 401 

culture-positive samples increased. Additionally, the number of saliva samples classified 402 

as pneumococcal-positive by the molecular method increased significantly by testing 403 

culture-enriched samples compared with uncultured saliva samples (ie, raw, direct 404 

testing). As in other studies [15,107], these data support the use of an enrichment step 405 

and suggest that viable pneumococci, rather than solely pneumococcal DNA, are the 406 

source of the signal. When considered together, these two studies highlight the 407 

importance of vigilance and using proper methods for detecting pneumococci in adults 408 

[15,35,126]. 409 

4.2 Experimental Human Pneumococcal Carriage Model 410 

The experimental human pneumococcal carriage (EHPC) model was recently 411 

developed, allowing for fast, safe, and accurate analysis of the interaction between 412 

pneumococcal serotypes 6B, 15B and 23F in the upper respiratory tract and host [127] 413 

(and Dr. Daniela Ferreira, unpublished data from 14th European Meeting on the 414 

Molecular Biology of the Pneumococcus). This model has been tested in at least 1000 415 
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healthy adult volunteers (Dr. Daniela Ferreira, unpublished data), including vaccine 416 

efficacy studies, and is being studied in patients with mild, well-controlled asthma [127-417 

129].  418 

The EHPC is an important platform to understand microbiologic and mucosal properties 419 

associated with pneumococcal colonization in the respiratory tract. Volunteers are nasal 420 

inoculated with a pneumococcal strain diluted in saline at a determinate bacterial 421 

concentration [127]. Samples of various respiratory tract sites are then obtained, 422 

allowing analysis of host and bacterial properties associated with pneumococcal 423 

colonization, longitudinal follow-up of participants, and assessment of pneumococcal 424 

vaccine effects in preventing colonization.  425 

Approximately 10% to 60% of volunteers become colonized following nasal inoculation 426 

within the EHPC protocol; this percentage varies depending on the serotype used (Dr. 427 

Daniela Ferreira, unpublished data from 14th European Meeting on the Molecular 428 

Biology of the Pneumococcus). The carriage prevalence is approximately 60% for the 429 

serotype 6B model, approximately 31% for serotype 15B, and approximately 10% to 430 

16% for serotype 23F. The model has also estimated that after serotype 6B colonization 431 

is achieved, it remains detectable for approximately 22 days (Dr. Daniela Ferreira, 432 

unpublished data). 433 

Data from the EHPC studies indicate that after nasal inoculation, respiratory 434 

colonization can take up to 24 hours to become established [130]. Individuals 435 

successfully colonized after nasal inoculation with serotype 6B lacked cytokine and 436 

neutrophil responses during the first hours and days following exposure, and bacterial 437 
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DNA was not found during the initial hours in saliva. Eight hours after nasal inoculation, 438 

pneumococcal density starts to decline in the anterior nares, suggesting the occurrence 439 

of pneumococcal migration toward the nasopharyngeal site, strong epithelial binding, or 440 

internalization of the pneumococci.  441 

Among volunteers in whom nasal inoculation failed to establish respiratory colonization, 442 

the EHPC model identified two distinct pneumococcal clearance profiles [130]. The first 443 

group consisted of nasal clearers, among whom an immediate local bacterial clearance 444 

occurred and was associated with a strong baseline neutrophil activation and lack of 445 

proinflammatory response or bacterial clearance to the saliva. For these individuals, the 446 

model suggested that neutrophils play an important role in the prevention of 447 

pneumococcal colonization. A second path for pneumococcal clearance was observed 448 

in a group of individuals for whom pneumococci quickly reached the saliva, most likely 449 

because of effective nasal mucociliary activity (saliva clearance). Saliva clearers 450 

induced a strong proinflammatory response in the first day after exposure associated 451 

with concurrent induction of neutrophil responses.  452 

The EHPC model was used to analyze the impact of 13-valent PCV (PCV13) on 453 

pneumococcal colonization in the respiratory tract of 100 healthy participants 18 to 50 454 

years of age [128]. Participants in this double-blind placebo-controlled trial were 455 

randomly assigned to receive PCV13 (n=49) or hepatitis A vaccine (HAV; n=50) 456 

followed by inoculation with 80,000 CFU/100 mL of pneumococcal serotype 6B. 457 

Participants were followed for 21 days to determine pneumococcal colonization by 458 

routine culture of nasal wash. The PCV13 group had an overall significantly reduced 6B 459 

colonization prevalence (10%) compared with the HAV group (48%; P<0.001). At 3 460 
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weeks postvaccination, the serotype 6B colonization prevalence was 4.3% in the 461 

PCV13 group and 33.3% in the HAV group. Density of colonization and the area under 462 

the curve (density vs day) were reduced in the PCV13 compared with the HAV group 463 

following inoculation.  464 

 465 

5. CONCLUSION 466 

Adults 50 years and older, especially the elderly (ie, 65 years and older), represent a 467 

particularly vulnerable population for pneumococcal disease. Despite this, there is a 468 

relative dearth of information regarding pneumococcal respiratory colonization and 469 

transmission in adults. Here, we reviewed the available evidence and highlighted the 470 

overall low detection rates of adult pneumococcal colonization using nasopharyngeal 471 

cultures, a striking contrast to pediatric populations where both disease incidence and 472 

colonization rates are high. However, contemporary studies suggest that detection of 473 

pneumococcal colonization in adults can be improved by incorporating additional 474 

respiratory sampling sites and sensitive culture- and molecular-based techniques. Future 475 

studies should consider implementing these methodologies to further elucidate adult 476 

pneumococcal colonization and transmission dynamics to better guide preventative and 477 

therapeutic interventions.    478 

In conclusion, based on the evidence reviewed herein, samples from the nasopharynx, 479 

oropharynx, and saliva should be obtained from adults 65 years and older for detection 480 

of pneumococci by culture and qPCR; the use of qPCR should be implemented with 481 

caution and ideally should target at least two pneumococcal genes. Depending on the 482 
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study objectives, samples may need to be collected longitudinally at prespecified time 483 

points.  484 

 485 

6. EXPERT OPINION  486 

Pneumococcal infection can progress to serious and sometimes fatal illness, with 487 

children and older adults at greatest risk [37]. While most children are transiently 488 

colonized at a young age [1], the prevalence of carriage reported in adults has 489 

generally been substantially lower than in children [16]. The current paradigm for the 490 

transmission of pneumococci argues that transmission occurs from toddlers and young 491 

children to all age groups [1,11].  492 

PCV immunization programs for pediatrics have been very effective in decreasing 493 

acquisition and carriage of most vaccine-type pneumococci among children and 494 

interrupting transmission to unvaccinated populations including adults [131]. Importantly, 495 

reduction in the transmission of pneumococci has led to large indirect declines of 496 

vaccine-serotype pneumococcal disease in both pediatric and adult populations [63-66]. 497 

Recent surveillance data have, however, shown region-specific trends toward increased 498 

prevalence of certain pneumococcal serotypes in adults, despite highly effective pediatric 499 

immunization programs [1,132]. For these reasons, the accurate assessment of 500 

pneumococcal colonization in adults, particularly in those older than 65 years, is 501 

essential for a clear understanding of the biological link and risk of colonization events 502 

for pneumococcal disease. In addition, data on carriage from adults may provide 503 

valuable information that can help guide preventative and therapeutic interventions.  504 



27 
 

Previous studies on pneumococcal colonization in adults have followed the pediatric 505 

approach, with sampling of the nasopharynx for routine cultures [18-20,26,133]. 506 

However, data suggest that methods to assess pneumococcal colonization in adults 507 

should differ from those used in children [15,35,36,97]. Establishing robust practices for 508 

sampling to investigate pneumococcal colonization in adults is more complex than in 509 

children [70].  510 

Further studies assessing the sensitivity and specificity of testing various respiratory 511 

niches, and that evaluate different diagnostic modalities, are needed to establish 512 

recommendations that are evidence based, including systematic evaluation of emerging 513 

data and the development of standards for colonization studies in adults. Initial studies 514 

should include sampling of all respiratory sites—such as the nasopharynx, oropharynx, 515 

saliva, and nasal washes—for S pneumoniae detection with standard cultures and using 516 

molecular diagnostic methods.  517 

Overall, we think that pneumococcal carriage in adults has largely been underestimated 518 

to date. However, we speculate that the findings discussed here highlight key limitations 519 

and approaches to pneumococcal carriage studies in adults and will thereby steer future 520 

studies towards best practices in understanding pneumococcal transmission and 521 

vaccination dynamics.  522 

During the next 5 years, we expect that implementing the collection and laboratory 523 

assessments discussed in this review will demonstrate higher colonization rates in 524 

adults, with some degree of adult-to-adult and adult-to-childhood pneumococcal 525 

transmission that might be prevented with the use of conjugated pneumococcal 526 
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vaccines in the population of older adults. This better understanding of adult 527 

pneumococcal colonization and transmission is key for guiding preventative and 528 

therapeutic interventions to impact the burden of pneumococcal disease in adults.     529 



29 
 

ACKNOWLEDGMENTS 530 

Editorial support was provided by Tricia Newell, PhD, and Anna Stern, PhD, of 531 

Complete Healthcare Communications, LLC (North Wales, PA), and was funded by 532 

Pfizer Inc.  533 

 534 

FUNDING 535 

This study was funded by Pfizer Inc. 536 

 537 

 538 

DISCLOSURE STATEMENT 539 

AA, BDG, RI, LJ, and JS are employees of Pfizer Inc and may hold stock or stock 540 

options. MCCB has received lecture fees from Pfizer, GlaxoSmithKline, and Merck 541 

Sharp & Dohme, and travel grants from Pfizer and GlaxoSmithKline. LLH and KLOB 542 

report research grants to their respective institutions from Pfizer, GlaxoSmithKline, and 543 

Merck. KLOB has served as an external expert to GlaxoSmithKline and Sanofi Pasteur 544 

on pneumococcal vaccine development. DMF has received consulting fees and grant 545 

support for studies on pneumococcal carriage from Pfizer. KT has received consultation 546 

and speaking fees and funds for unrestricted research grants from Pfizer, funds for 547 

unrestricted research grants from GlaxoSmithKline, and consultation fees from Merck 548 

Sharp & Dohme, all paid directly to his home institution. RSL has received consulting 549 

and speaking fees from Pfizer and consulting fees from Merck Sharp & Dohme, and 550 

received funds for unrestricted research grants from Pfizer, paid directly to her 551 



30 
 

institution. DMW has received consulting fees from Pfizer, GlaxoSmithKline, and 552 

Affinivax for work outside the current manuscript. LD has received consulting fees and 553 

funds for investigator-led research from Pfizer for work outside of the current 554 

manuscript. SIP has research grants through Boston Medical Center for investigator-555 

initiated research from Pfizer Inc and Merck Vaccines; he has also received support 556 

from Pfizer Inc, Merck Vaccines, and Sanofi Pasteur for participation in advisory boards 557 

on vaccines and for participation in symposiums. CA has received research grants, 558 

payment for consultancy and for speaking at meetings by Pfizer. ALW is Principal 559 

Investigator on a research grant from Pfizer to Yale University and has received 560 

consulting fees for participation in advisory boards for Pfizer. SS has received funding 561 

from Pfizer, GlaxoSmithKline, and Sanofi Pasteur for pneumococcal diseases and 562 

carriage.  563 

 564 

AUTHOR CONTRIBUTIONS  565 

All authors were involved in the preparation, creation, and/or editing of the manuscript, 566 

including critical review, commentary, or revision. 567 

 568 

DATA AVAILABILITY STATEMENT 569 

Not applicable. 570 

 571 

  572 



31 
 

REFERENCES 573 

1. Henriques-Normark B, Tuomanen EI. The pneumococcus: epidemiology, 574 

microbiology, and pathogenesis. Cold Spring Harb Perspect Med. 2013;3: 575 

2. Vergison A, Dagan R, Arguedas A, et al. Otitis media and its consequences: 576 

beyond the earache. Lancet Infect Dis. 2010;10:195-203. 577 

3. Weycker D, Strutton D, Edelsberg J, et al. Clinical and economic burden of 578 

pneumococcal disease in older US adults. Vaccine. 2010;28:4955-4960. 579 

4. O'Brien KL, Wolfson LJ, Watt JP, et al. Burden of disease caused by 580 

Streptococcus pneumoniae in children younger than 5 years: global estimates. 581 

Lancet. 2009;374:893-902. 582 

5. United Nations Children’s Fund (UNICEF). Pneumonia. [cited 2019 June 27]. 583 

Available from: https://data.unicef.org/topic/child-health/pneumonia/ 584 

6. Liu L, Oza S, Hogan D, et al. Global, regional, and national causes of under-5 585 

mortality in 2000-15: An updated systematic analysis with implications for the 586 

Sustainable Development Goals. Lancet. 2016;388:3027-3035. 587 

7. Ramirez JA, Wiemken TL, Peyrani P, et al. Adults hospitalized with pneumonia in 588 

the United States: incidence, epidemiology, and mortality. Clin Infect Dis. 589 

2017;65:1806-1812. 590 

8. Suzuki M, Dhoubhadel BG, Ishifuji T, et al. Serotype-specific effectiveness of 23-591 

valent pneumococcal polysaccharide vaccine against pneumococcal pneumonia 592 

in adults aged 65 years or older: a multicentre, prospective, test-negative design 593 

study. Lancet Infect Dis. 2017;17:313-321. 594 

https://data.unicef.org/topic/child-health/pneumonia/


32 
 

9. Said MA, Johnson HL, Nonyane BA, et al. Estimating the burden of 595 

pneumococcal pneumonia among adults: a systematic review and meta-analysis 596 

of diagnostic techniques. PLoS One. 2013;8:e60273. 597 

10. Pride MW, Huijts SM, Wu K, et al. Validation of an immunodiagnostic assay for 598 

detection of 13 Streptococcus pneumoniae serotype-specific polysaccharides in 599 

human urine. Clin Vaccine Immunol. 2012;19:1131-1141. 600 

11. Simell B, Auranen K, Kayhty H, et al. The fundamental link between 601 

pneumococcal carriage and disease. Expert Rev Vaccines. 2012;11:841-855. 602 

12. Bogaert D, De Groot R, Hermans PW. Streptococcus pneumoniae colonisation: 603 

the key to pneumococcal disease. Lancet Infect Dis. 2004;4:144-154. 604 

13. Sa-Leao R, Nunes S, Brito-Avo A, et al. High rates of transmission of and 605 

colonization by Streptococcus pneumoniae and Haemophilus influenzae within a 606 

day care center revealed in a longitudinal study. J Clin Microbiol. 2008;46:225-607 

234. 608 

14. Yildirim I, Shea KM, Pelton SI. Pneumococcal Disease in the Era of 609 

Pneumococcal Conjugate Vaccine. Infect Dis Clin North Am. 2015;29:679-697. 610 

15. Trzcinski K, Bogaert D, Wyllie A, et al. Superiority of trans-oral over trans-nasal 611 

sampling in detecting Streptococcus pneumoniae colonization in adults. PLoS 612 

One. 2013;8:e60520. 613 

16. Krone CL, van de Groep K, Trzcinski K, et al. Immunosenescence and 614 

pneumococcal disease: an imbalance in host-pathogen interactions. Lancet 615 

Respir Med. 2014;2:141-153. 616 



33 
 

17. Ridda I, Macintyre CR, Lindley R, et al. Lack of pneumococcal carriage in the 617 

hospitalised elderly. Vaccine. 2010;28:3902-3904. 618 

18. Saravolatz LD, Johnson L, Galloway L, et al. Detection of Streptococcus 619 

pneumoniae colonisation in respiratory tract secretions of military personnel. Clin 620 

Microbiol Infect. 2007;13:932-936. 621 

19. Regev-Yochay G, Raz M, Dagan R, et al. Nasopharyngeal carriage of 622 

Streptococcus pneumoniae by adults and children in community and family 623 

settings. Clin Infect Dis. 2004;38:632-639. 624 

20. Regev-Yochay G, Abullaish I, Malley R, et al. Streptococcus pneumoniae 625 

carriage in the Gaza strip. PLoS One. 2012;7:e35061. 626 

21. Putnam SD, Gray GC, Biedenbach DJ, et al. Pharyngeal colonization prevalence 627 

rates for Streptococcus pyogenes and Streptococcus pneumoniae in a 628 

respiratory chemoprophylaxis intervention study using azithromycin. Clin 629 

Microbiol Infect. 2000;6:2-8. 630 

22. Palmu AA, Kaijalainen T, Saukkoriipi A, et al. Nasopharyngeal carriage of 631 

Streptococcus pneumoniae and pneumococcal urine antigen test in healthy 632 

elderly subjects. Scand J Infect Dis. 2012;44:433-438. 633 

23. Millar EV, Watt JP, Bronsdon MA, et al. Indirect effect of 7-valent pneumococcal 634 

conjugate vaccine on pneumococcal colonization among unvaccinated 635 

household members. Clin Infect Dis. 2008;47:989-996. 636 

24. Levine H, Balicer RD, Zarka S, et al. Dynamics of pneumococcal acquisition and 637 

carriage in young adults during training in confined settings in Israel. PLoS One. 638 

2012;7:e46491. 639 



34 
 

25. Kayhty H, Auranen K, Nohynek H, et al. Nasopharyngeal colonization: a target 640 

for pneumococcal vaccination. Expert Rev Vaccines. 2006;5:651-667. 641 

26. Becker-Dreps S, Kistler CE, Ward K, et al. Pneumococcal carriage and vaccine 642 

coverage in retirement community residents. J Am Geriatr Soc. 2015;63:2094-643 

2098. 644 

27. van Deursen AMM, van Houten MA, Webber C, et al. The impact of the 13-valent 645 

pneumococcal conjugate vaccine on pneumococcal carriage in the Community 646 

Acquired Pneumonia Immunization Trial in Adults (CAPiTA) study. Clin Infect 647 

Dis. 2018;67:42-49. 648 

28. Advisory Committee on Immunization Practices. Summary Report. Department of 649 

Health and Human Services, Centers for Disease Control and Prevention, 2017. 650 

29. Grant L, Weatherholtz R, Alexander-Parrish R, et al. Nasopharyngeal 651 

pneumococcal carriage among American Indian children and adults during 652 

routine use of the 13-valent pneumococcal conjugate vaccine (PCV13) [abstract 653 

ISPDD-0774]. Presented at: 11th International Symposium on Pneumococci and 654 

Pneumococcal Diseases; April 15-19, 2018; Melbourne, Australia. 655 

30. Dahlblom V, Soderstrom M. Bacterial interactions in the nasopharynx - effects of 656 

host factors in children attending day-care centers. J Infect Public Health. 657 

2012;5:133-139. 658 

31. Petraitiene S, Alasevicius T, Staceviciene I, et al. The influence of Streptococcus 659 

pneumoniae nasopharyngeal colonization on the clinical outcome of the 660 

respiratory tract infections in preschool children. BMC Infect Dis. 2015;15:403. 661 



35 
 

32. Sandgren A, Sjostrom K, Olsson-Liljequist B, et al. Effect of clonal and serotype-662 

specific properties on the invasive capacity of Streptococcus pneumoniae. J 663 

Infect Dis. 2004;189:785-796. 664 

33. Zhou JY, Isaacson-Schmid M, Utterson EC, et al. Prevalence of nasopharyngeal 665 

pneumococcal colonization in children and antimicrobial susceptibility profiles of 666 

carriage isolates. Int J Infect Dis. 2015;39:50-52. 667 

34. Almeida ST, Nunes S, Santos Paulo AC, et al. Low prevalence of pneumococcal 668 

carriage and high serotype and genotype diversity among adults over 60 years of 669 

age living in Portugal. PLoS One. 2014;9:e90974. 670 

35. Krone CL, Wyllie AL, van Beek J, et al. Carriage of Streptococcus pneumoniae in 671 

aged adults with influenza-like-illness. PLoS One. 2015;10:e0119875. 672 

36. Wyllie AL, Wijmenga-Monsuur AJ, van Houten MA, et al. Molecular surveillance 673 

of nasopharyngeal carriage of Streptococcus pneumoniae in children vaccinated 674 

with conjugated polysaccharide pneumococcal vaccines. Sci Rep. 2016;6:23809. 675 

37. Hamaluba M, Kandasamy R, Ndimah S, et al. A cross-sectional observational 676 

study of pneumococcal carriage in children, their parents, and older adults 677 

following the introduction of the 7-valent pneumococcal conjugate vaccine. 678 

Medicine (Baltimore). 2015;94:e335. 679 

38. Nasereddin A, Shtayeh I, Ramlawi A, et al. Streptococcus pneumoniae from 680 

Palestinian nasopharyngeal carriers: serotype distribution and antimicrobial 681 

resistance. PLoS One. 2013;8:e82047. 682 



36 
 

39. Woolfson A, Huebner R, Wasas A, et al. Nasopharyngeal carriage of community-683 

acquired, antibiotic-resistant Streptococcus pneumoniae in a Zambian paediatric 684 

population. Bull World Health Organ. 1997;75:453-462. 685 

40. Mastro TD, Nomani NK, Ishaq Z, et al. Use of nasopharyngeal isolates of 686 

Streptococcus pneumoniae and Haemophilus influenzae from children in 687 

Pakistan for surveillance for antimicrobial resistance. Pediatr Infect Dis J. 688 

1993;12:824-830. 689 

41. Neves FP, Pinto TC, Correa MA, et al. Nasopharyngeal carriage, serotype 690 

distribution and antimicrobial resistance of Streptococcus pneumoniae among 691 

children from Brazil before the introduction of the 10-valent conjugate vaccine. 692 

BMC Infect Dis. 2013;13:318. 693 

42. Danino D, Givon-Lavi N, Ben-Shimol S, et al. Understanding the evolution of 694 

antibiotic-nonsusceptible pneumococcal nasopharyngeal colonization following 695 

pneumococcal conjugate vaccines implementation in young children. Clin Infect 696 

Dis. 2018;[Epub ahead of print]. 697 

43. O'Brien KL, Nohynek H, World Health Organization Pneumococcal Vaccine Trials 698 

Carraige Working Group. Report from a WHO working group: standard method 699 

for detecting upper respiratory carriage of Streptococcus pneumoniae. Pediatr 700 

Infect Dis J. 2003;22:133-140. 701 

44. Leino T, Auranen K, Jokinen J, et al. Pneumococcal carriage in children during 702 

their first two years: important role of family exposure. Pediatr Infect Dis J. 703 

2001;20:1022-1027. 704 



37 
 

45. Tigoi CC, Gatakaa H, Karani A, et al. Rates of acquisition of pneumococcal 705 

colonization and transmission probabilities, by serotype, among newborn infants 706 

in Kilifi District, Kenya. Clin Infect Dis. 2012;55:180-188. 707 

46. Vives M, Garcia ME, Saenz P, et al. Nasopharyngeal colonization in Costa Rican 708 

children during the first year of life. Pediatr Infect Dis J. 1997;16:852-858. 709 

47. Gratten M, Gratten H, Poli A, et al. Colonisation of Haemophilus influenzae and 710 

Streptococcus pneumoniae in the upper respiratory tract of neonates in Papua 711 

New Guinea: primary acquisition, duration of carriage, and relationship to 712 

carriage in mothers. Biol Neonate. 1986;50:114-120. 713 

48. Fleming-Dutra KE, Conklin L, Loo JD, et al. Systematic review of the effect of 714 

pneumococcal conjugate vaccine dosing schedules on vaccine-type 715 

nasopharyngeal carriage. Pediatr Infect Dis J. 2014;33:S152-160. 716 

49. Loo JD, Conklin L, Fleming-Dutra KE, et al. Systematic review of the effect of 717 

pneumococcal conjugate vaccine dosing schedules on prevention of pneumonia. 718 

Pediatr Infect Dis J. 2014;33 Suppl 2:S140-151. 719 

50. Mina MJ. Measles, immune suppression and vaccination: direct and indirect 720 

nonspecific vaccine benefits. J Infect. 2017;74 Suppl 1:S10-S17. 721 

51. Dagan R, Givon-Lavi N, Zamir O, et al. Effect of a nonavalent conjugate vaccine 722 

on carriage of antibiotic-resistant Streptococcus pneumoniae in day-care centers. 723 

Pediatr Infect Dis J. 2003;22:532-540. 724 

52. Pelton SI, Loughlin AM, Marchant CD. Seven valent pneumococcal conjugate 725 

vaccine immunization in two Boston communities: changes in serotypes and 726 



38 
 

antimicrobial susceptibility among Streptococcus pneumoniae isolates. Pediatr 727 

Infect Dis J. 2004;23:1015-1022. 728 

53. Aniansson G, Alm B, Andersson B, et al. Nasopharyngeal colonization during the 729 

first year of life. J Infect Dis. 1992;165:S38-42. 730 

54. Nunes S, Félix S, Valente C, et al. The impact of private use of PCV7 in 2009 731 

and 2010 on serotypes and antimicrobial resistance of Streptococcus 732 

pneumoniae carried by young children in Portugal: comparison with data 733 

obtained since 1996 generating a 15-year study prior to PCV13 introduction. 734 

Vaccine. 2016;34:1648-1656. 735 

55. Dagan R, Givon-Lavi N, Leibovitz E, et al. Introduction and proliferation of 736 

multidrug-resistant Streptococcus pneumoniae serotype 19A clones that cause 737 

acute otitis media in an unvaccinated population. J Infect Dis. 2009;199:776-785. 738 

56. Kaur R, Casey JR, Pichichero ME. Emerging Streptococcus pneumoniae strains 739 

colonizing the nasopharynx in children after 13-valent pneumococcal conjugate 740 

vaccination in comparison to the 7-valent era, 2006–2015. Pediatr Infect Dis J. 741 

2016;35:901-906. 742 

57. Hanke CR, Grijalva CG, Chochua S, et al. Bacterial density, serotype distribution 743 

and antibiotic resistance of pneumococcal strains from the nasopharynx of 744 

Peruvian children before and after pneumococcal conjugate vaccine 7. Pediatr 745 

Infect Dis J. 2016;35:432-439. 746 

58. Pirez MC, Algorta G, Chamorro F, et al. Changes in hospitalizations for 747 

pneumonia after universal vaccination with pneumococcal conjugate vaccines 748 



39 
 

7/13 valent and Haemophilus influenzae type B conjugate vaccine in a pediatric 749 

referral hospital in Uruguay. Pediatr Infect Dis J. 2014;33:753-759. 750 

59. Pelton SI, Huot H, Finkelstein JA, et al. Emergence of 19A as virulent and 751 

multidrug resistant Pneumococcus in Massachusetts following universal 752 

immunization of infants with pneumococcal conjugate vaccine. Pediatr Infect Dis 753 

J. 2007;26:468-472. 754 

60. Sa-Leao R, Pinto F, Aguiar S, et al. Analysis of invasiveness of pneumococcal 755 

serotypes and clones circulating in Portugal before widespread use of conjugate 756 

vaccines reveals heterogeneous behavior of clones expressing the same 757 

serotype. J Clin Microbiol. 2011;49:1369-1375. 758 

61. Greenberg D, Givon-Lavi N, Sharf AZ, et al. The association between antibiotic 759 

use in the community and nasopharyngeal carriage of antibiotic-resistant 760 

Streptococcus pneumoniae in Bedouin children. Pediatr Infect Dis J. 761 

2008;27:776-782. 762 

62. Simoes AS, Pereira L, Nunes S, et al. Clonal evolution leading to maintenance of 763 

antibiotic resistance rates among colonizing Pneumococci in the PCV7 era in 764 

Portugal. J Clin Microbiol. 2011;49:2810-2817. 765 

63. Loughlin AM, Hsu K, Silverio AL, et al. Direct and indirect effects of PCV13 on 766 

nasopharyngeal carriage of PCV13 unique pneumococcal serotypes in 767 

Massachusetts' children. Pediatr Infect Dis J. 2014;33:504-510. 768 

64. Givon-Lavi N, Fraser D, Dagan R. Vaccination of day-care center attendees 769 

reduces carriage of Streptococcus pneumoniae among their younger siblings. 770 

Pediatr Infect Dis J. 2003;22:524-532. 771 



40 
 

65. Davis SM, Deloria-Knoll M, Kassa HT, et al. Impact of pneumococcal conjugate 772 

vaccines on nasopharyngeal carriage and invasive disease among unvaccinated 773 

people: review of evidence on indirect effects. Vaccine. 2013;32:133-145. 774 

66. Weinberger DM, Pitzer VE, Regev-Yochay G, et al. Association between the 775 

decline in pneumococcal disease in unimmunized adults and vaccine-derived 776 

protection against colonization in toddlers and preschool-aged children. Am J 777 

Epidemiol. 2019;188:160-168. 778 

67. Galanis I, Lindstrand A, Darenberg J, et al. Effects of PCV7 and PCV13 on 779 

invasive pneumococcal disease and carriage in Stockholm, Sweden. Eur Respir 780 

J. 2016;47:1208-1218. 781 

68. Auranen K, Rinta-Kokko H, Goldblatt D, et al. Colonisation endpoints in 782 

Streptococcus pneumoniae vaccine trials. Vaccine. 2013;32:153-158. 783 

69. Goldblatt D, Ramakrishnan M, O'Brien K. Using the impact of pneumococcal 784 

vaccines on nasopharyngeal carriage to aid licensing and vaccine 785 

implementation; a PneumoCarr meeting report March 27-28, 2012, Geneva. 786 

Vaccine. 2013;32:146-152. 787 

70. Satzke C, Turner P, Virolainen-Julkunen A, et al. Standard method for detecting 788 

upper respiratory carriage of Streptococcus pneumoniae: updated 789 

recommendations from the World Health Organization Pneumococcal Carriage 790 

Working Group. Vaccine. 2014;32:165-179. 791 

71. Greenberg D, Broides A, Blancovich I, et al. Relative importance of 792 

nasopharyngeal versus oropharyngeal sampling for isolation of Streptococcus 793 



41 
 

pneumoniae and Haemophilus influenzae from healthy and sick individuals 794 

varies with age. J Clin Microbiol. 2004;42:4604-4609. 795 

72. Huebner RE, Dagan R, Porath N, et al. Lack of utility of serotyping multiple 796 

colonies for detection of simultaneous nasopharyngeal carriage of different 797 

pneumococcal serotypes. Pediatr Infect Dis J. 2000;19:1017-1020. 798 

73. Valente C, Hinds J, Pinto F, et al. Decrease in pneumococcal co-colonization 799 

following vaccination with the seven-valent pneumococcal conjugate vaccine. 800 

PLoS One. 2012;7:e30235. 801 

74. Nguyen HAT, Fujii H, Vu HTT, et al. An alarmingly high nasal carriage rate of 802 

Streptococcus pneumoniae serotype 19F non-susceptible to multiple beta-lactam 803 

antimicrobials among Vietnamese children. BMC Infect Dis. 2019;19:241. 804 

75. Yu YY, Xie XH, Ren L, et al. Epidemiological characteristics of nasopharyngeal 805 

Streptococcus pneumoniae strains among children with pneumonia in 806 

Chongqing, China. Sci Rep. 2019;9:3324. 807 

76. Tavares DA, Handem S, Carvalho RJ, et al. Identification of Streptococcus 808 

pneumoniae by a real-time PCR assay targeting SP2020. Sci Rep. 2019;9:3285. 809 

77. Centers for Disease Control and Prevention. Identification and serotyping of 810 

pneumococci from carriage. [cited 2019 May 29]. Available from: 811 

https://www.cdc.gov/streplab/downloads/pcr-identification-serotyping-812 

pneumococci.pdf 813 

78. Wyllie AL, Pannekoek Y, Bovenkerk S, et al. Sequencing of the variable region of 814 

rpsB to discriminate between Streptococcus pneumoniae and other streptococcal 815 

species. Open Biol. 2017;7: 816 

https://www.cdc.gov/streplab/downloads/pcr-identification-serotyping-pneumococci.pdf
https://www.cdc.gov/streplab/downloads/pcr-identification-serotyping-pneumococci.pdf


42 
 

79. Carvalho MdG, Pimenta FC, Jackson D, et al. Revisiting pneumococcal carriage 817 

by use of broth enrichment and PCR techniques for enhanced detection of 818 

carriage and serotypes. J Clin Microbiol. 2010;48:1611-1618. 819 

80. Azzari C, Cortimiglia M, Nieddu F, et al. Pneumococcal serotype distribution in 820 

adults with invasive disease and in carrier children in Italy: Should we expect 821 

herd protection of adults through infants' vaccination? Hum Vaccin Immunother. 822 

2016;12:344-350. 823 

81. Milucky J, Carvalho MG, Rouphael N, et al. Streptococcus pneumoniae 824 

colonization after introduction of 13-valent pneumococcal conjugate vaccine for 825 

US adults 65 years of age and older, 2015-2016. Vaccine. 2019;37:1094-1100. 826 

82. Pasinato A, Indolfi G, Marchisio P, et al. Pneumococcal serotype distribution in 827 

1315 nasopharyngeal swabs from a highly vaccinated cohort of Italian children 828 

as detected by RT-PCR. Vaccine. 2014;32:1375-1381. 829 

83. Morpeth SC, Munywoki P, Hammitt LL, et al. Impact of viral upper respiratory 830 

tract infection on the concentration of nasopharyngeal pneumococcal carriage 831 

among Kenyan children. Sci Rep. 2018;8:11030. 832 

84. Palmu AA, Ware RS, Lambert SB, et al. Nasal swab bacteriology by PCR during 833 

the first 24-months of life: a prospective birth cohort study. Pediatr Pulmonol. 834 

2019;54:289-296. 835 

85. Satzke C, Dunne EM, Porter BD, et al. The PneuCarriage Project: a multi-centre 836 

comparative study to identify the best serotyping methods for examining 837 

pneumococcal carriage in vaccine evaluation studies. PLoS Med. 838 

2015;12:e1001903; discussion e1001903. 839 



43 
 

86. Pimenta F, Gertz RE, Jr., Park SH, et al. Streptococcus infantis, Streptococcus 840 

mitis, and Streptococcus oralis strains with highly similar cps5 loci and antigenic 841 

relatedness to serotype 5 pneumococci. Front Microbiol. 2018;9:3199. 842 

87. Wyllie AL, Chu ML, Schellens MH, et al. Streptococcus pneumoniae in saliva of 843 

Dutch primary school children. PLoS One. 2014;9:e102045. 844 

88. World Health Organization. Pneumococcal vaccines WHO position paper--2012. 845 

Wkly Epidemiol Rec. 2012;87:129-144. 846 

89. Centers for Disease Control. Active Bacterial Core Surveillance (ABCs) Report 847 

Emerging Infections Program Network Streptococcus pneumoniae, 2017. 2017. 848 

90. Adler H, Nikolaou E, Gould K, et al. Pneumococcal colonization in healthy adult 849 

research participants in the conjugate vaccine era, United Kingdom, 2010-2017. 850 

J Infect Dis. 2019;219:1989-1993. 851 

91. Hammitt LL, Akech DO, Morpeth SC, et al. Population impact of 10-valent 852 

pneumococcal conjugate vaccine (PCV10) on nasopharyngeal carriage of 853 

Streptococcus pneumoniae in Kilifi, Kenya. Presented at: 11th International 854 

Symposium on Pneumococci & Pneumococcal Diseases (ISPPD-11); April 15-855 

18, 2018; Melbourne, Australia. 856 

92. Grant LR, Hammitt LL, O'Brien SE, et al. Impact of the 13-valent pneumococcal 857 

conjugate vaccine on pneumococcal carriage among American Indians. Pediatr 858 

Infect Dis J. 2016;35:907-914. 859 

93. Sutcliffe CG, Grant LR, Cloessner E, et al. Impact of colonization density and age 860 

on detection of Streptococcus pneumoniae in the nasopharynx of healthy 861 



44 
 

American Indians. Presented at: 10th International Symposium of  Pneumococci 862 

and Pneumococcal Diseases (ISPPD-10); 2016; Glasgow, Scotland, UK. 863 

94. Roca A, Dione MM, Bojang A, et al. Nasopharyngeal carriage of pneumococci 864 

four years after community-wide vaccination with PCV-7 in the Gambia: long-865 

term evaluation of a cluster randomized trial. PLoS One. 2013;8:e72198. 866 

95. Abdullahi O, Nyiro J, Lewa P, et al. The descriptive epidemiology of 867 

Streptococcus pneumoniae and Haemophilus influenzae nasopharyngeal 868 

carriage in children and adults in Kilifi district, Kenya. Pediatr Infect Dis J. 869 

2008;27:59-64. 870 

96. Hogberg L, Geli P, Ringberg H, et al. Age- and serogroup-related differences in 871 

observed durations of nasopharyngeal carriage of penicillin-resistant 872 

pneumococci. J Clin Microbiol. 2007;45:948-952. 873 

97. Branche AR, Yang H, Java J, et al. Effect of prior vaccination on carriage rates of 874 

Streptococcus pneumoniae in older adults: A longitudinal surveillance study. 875 

Vaccine. 2018;36:4304-4310. 876 

98. Weinberger DM, Grant LR, Weatherholtz RC, et al. Relating pneumococcal 877 

carriage among children to disease rates among adults before and after the 878 

introduction of conjugate vaccines. Am J Epidemiol. 2016;183:1055-1062. 879 

99. Christie IM. Epidemiological significance of the serological types of pneumococci. 880 

Lancet. 1934;224:39-42. 881 

100. Rosenau MJ, Felton LD, Atwater RM. Epidemiologic study of pneumonia and its 882 

mode of spread. Am J Hyg. 1926;6:463-483. 883 



45 
 

101. Stillman EG. A contribution to the epidemiology of lobar pneumonia. J Exp Med. 884 

1916;24:651-670. 885 

102. Stillman EG. Further studies on the epidemiology of lobar pneumonia. J Exp 886 

Med. 1917;26:513-535. 887 

103. Smillie W. The epidemiology of lobar pneumonia. J Am Med Assoc. 888 

1933;101:1281-1286. 889 

104. Hendley JO, Sande MA, Stewart PM, et al. Spread of Streptococcus pneumoniae 890 

in families. I. Carriage rates and distribution of types. J Infect Dis. 1975;132:55-891 

61. 892 

105. Gritzfeld JF, Roberts P, Roche L, et al. Comparison between nasopharyngeal 893 

swab and nasal wash, using culture and PCR, in the detection of potential 894 

respiratory pathogens. BMC Res Notes. 2011;4:122. 895 

106. Ek P, Bottiger B, Dahlman D, et al. A combination of naso- and oropharyngeal 896 

swabs improves the diagnostic yield of respiratory viruses in adult emergency 897 

department patients. Infect Dis (Lond). 2019;51:241-248. 898 

107. Carvalho MdG, Pimenta FC, Moura I, et al. Non-pneumococcal mitis-group 899 

streptococci confound detection of pneumococcal capsular serotype-specific loci 900 

in upper respiratory tract. PeerJ. 2013;1:e97. 901 

108. Simoes AS, Tavares DA, Rolo D, et al. lytA-based identification methods can 902 

misidentify Streptococcus pneumoniae. Diagn Microbiol Infect Dis. 2016;85:141-903 

148. 904 



46 
 

109. Sondag JE, Morgens RK, Hoppe JE, et al. Detection of pneumococci in 905 

respiratory secretions: clinical evaluation of gentamicin blood agar. J Clin 906 

Microbiol. 1977;5:397-400. 907 

110. Sheppard CL, Kapatai G, Broughton K, et al. Clinical streptococcal isolates, 908 

distinct from Streptococcus pneumoniae, but containing the beta-909 

glucosyltransferase tts gene and expressing serotype 37 capsular 910 

polysaccharide. PeerJ. 2017;5:e3571. 911 

111. Miernyk K, Bruden D, DeByle C, et al. Molecular-based testing methods and 912 

broth enrichment to detect pneumococcal carriage, density, and serotypes 913 

[abstract ISPDD-0237]. Presented at: 11th International Symposium on 914 

Pneumococci and Pneumococcal Diseases; April 15-19, 2018; Melbourne, 915 

Australia. 916 

112. Suzuki N, Seki M, Nakano Y, et al. Discrimination of Streptococcus pneumoniae 917 

from viridans group streptococci by genomic subtractive hybridization. J Clin 918 

Microbiol. 2005;43:4528-4534. 919 

113. Carvalho MdG, Tondella ML, McCaustland K, et al. Evaluation and improvement 920 

of real-time PCR assays targeting lytA, ply, and psaA genes for detection of 921 

pneumococcal DNA. J Clin Microbiol. 2007;45:2460-2466. 922 

114. Abdeldaim GM, Stralin K, Olcen P, et al. Toward a quantitative DNA-based 923 

definition of pneumococcal pneumonia: a comparison of Streptococcus 924 

pneumoniae target genes, with special reference to the Spn9802 fragment. 925 

Diagn Microbiol Infect Dis. 2008;60:143-150. 926 



47 
 

115. Suzuki N, Yuyama M, Maeda S, et al. Genotypic identification of presumptive 927 

Streptococcus pneumoniae by PCR using four genes highly specific for S. 928 

pneumoniae. J Med Microbiol. 2006;55:709-714. 929 

116. Azzari C, Moriondo M, Indolfi G, et al. Realtime PCR is more sensitive than 930 

multiplex PCR for diagnosis and serotyping in children with culture negative 931 

pneumococcal invasive disease. PLoS One. 2010;5:e9282. 932 

117. Adebanjo T, Lessa FC, Mucavele H, et al. Pneumococcal carriage and serotype 933 

distribution among children with and without pneumonia in Mozambique, 2014-934 

2016. PLoS One. 2018;13:e0199363. 935 

118. Wouters I, Van Heirstraeten L, Desmet S, et al. Nasopharyngeal S. pneumoniae 936 

carriage and density in Belgian infants after 9years of pneumococcal conjugate 937 

vaccine programme. Vaccine. 2018;36:15-22. 938 

119. Lessa FC, Milucky J, Rouphael NG, et al. Streptococcus mitis expressing 939 

pneumococcal serotype 1 capsule. Sci Rep. 2018;8:17959. 940 

120. Levine H, Zarka S, Dagan R, et al. Transmission of Streptococcus pneumoniae 941 

in adults may occur through saliva. Epidemiol Infect. 2012;140:561-565. 942 

121. Lorenz TC. Polymerase chain reaction: basic protocol plus troubleshooting and 943 

optimization strategies. J Vis Exp. 2012;e3998. 944 

122. Advisory Committee on Immunization Practices. Summary Report. Washington, 945 

DC: Department of Health and Human Services, Centers for Disease Control and 946 

Prevention, 2018. 947 

123. Millar EV, O'Brien KL, Zell ER, et al. Nasopharyngeal carriage of Streptococcus 948 

pneumoniae in Navajo and White Mountain Apache children before the 949 



48 
 

introduction of pneumococcal conjugate vaccine. Pediatr Infect Dis J. 950 

2009;28:711-716. 951 

124. Weatherholtz R, Millar EV, Moulton LH, et al. Invasive pneumococcal disease a 952 

decade after pneumococcal conjugate vaccine use in an American Indian 953 

population at high risk for disease. Clin Infect Dis. 2010;50:1238-1246. 954 

125. Sutcliffe CG, Grant LR, Cloessner E, et al. Impact of Laboratory Methods, 955 

Colonization Density and Age on Detection of Streptococcus Pneumoniae in the 956 

Nasopharynx. Am J Epidemiol. 2019; 957 

126. Wyllie AL, Rumke LW, Arp K, et al. Molecular surveillance on Streptococcus 958 

pneumoniae carriage in non-elderly adults; little evidence for pneumococcal 959 

circulation independent from the reservoir in children. Sci Rep. 2016;6:34888. 960 

127. Gritzfeld JF, Wright AD, Collins AM, et al. Experimental human pneumococcal 961 

carriage. J Vis Exp. 2013;50115. 962 

128. Collins AM, Wright AD, Mitsi E, et al. First human challenge testing of a 963 

pneumococcal vaccine. Double-blind randomized controlled trial. Am J Respir 964 

Crit Care Med. 2015;192:853-858. 965 

129. NHS. Research Study: Experimental Human Pneumococcal Carriage: Asthma 966 

and Immune Function. [cited 2019 July 11]. Available from: 967 

https://www.hra.nhs.uk/planning-and-improving-research/application-968 

summaries/research-summaries/experimental-human-pneumococcal-carriage-969 

asthma-and-immune-function/ 970 

130. Nikolaou E, Jochems SP, Mitsi E, et al. Experimental human challenge reveals 971 

distinct mechanisms of acquistion or protection against pneumococcal 972 

https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/experimental-human-pneumococcal-carriage-asthma-and-immune-function/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/experimental-human-pneumococcal-carriage-asthma-and-immune-function/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/experimental-human-pneumococcal-carriage-asthma-and-immune-function/


49 
 

colonization. [cited 2019 May 1]. Available from: 973 

https://www.biorxiv.org/content/10.1101/459495v2 974 

131. Berical AC, Harris D, Dela Cruz CS, et al. Pneumococcal Vaccination Strategies. 975 

An Update and Perspective. Ann Am Thorac Soc. 2016;13:933-944. 976 

132. Martinelli D, Fortunato F, Cappelli MG, et al. Nasopharyngeal carriage of 977 

Streptococcus pneumoniae in older adults with community acquired pneumonia 978 

in Italy, 2013 - 2015. Presented at: European Congress of Microbiology and 979 

Infectious Disease; April 9-12, 2016; Amsterdam, The Netherlands. 980 

133. van Gils EJ, Veenhoven RH, Hak E, et al. Effect of reduced-dose schedules with 981 

7-valent pneumococcal conjugate vaccine on nasopharyngeal pneumococcal 982 

carriage in children: a randomized controlled trial. JAMA. 2009;302:159-167. 983 

134. Almeida SC, Froes F, Valente C, et al. Streptococcus pneumoniae asymptomatic 984 

carriage can last several months in the healthy immunocompetent adult host 985 

[abstract ISPPD-0438]. Presented at: 11th International Symposium on 986 

Pneumococci and Pneumococcal Diseases; April 15-19, 2018; Melbourne, 987 

Australia. 988 

135. Ansaldi F, de Florentiis D, Canepa P, et al. Carriage of Streptoccoccus 989 

pneumoniae in healthy adults aged 60 years or over in a population with very 990 

high and long-lasting pneumococcal conjugate vaccine coverage in children: 991 

rationale and perspectives for PCV13 implementation. Hum Vaccin Immunother. 992 

2013;9:614-620. 993 

136. Flamaing J, Peetermans WE, Vandeven J, et al. Pneumococcal colonization in 994 

older persons in a nonoutbreak setting. J Am Geriatr Soc. 2010;58:396-398. 995 

https://www.biorxiv.org/content/10.1101/459495v2


50 
 

137. Esposito S, Mari D, Bergamaschini L, et al. Pneumococcal colonization in older 996 

adults. Immun Ageing. 2016;13:2. 997 

138. van Deursen AM, van den Bergh MR, Sanders EA, et al. Carriage of 998 

Streptococcus pneumoniae in asymptomatic, community-dwelling elderly in the 999 

Netherlands. Vaccine. 2016;34:4-6. 1000 

139. de Steenhuijsen Piters WA, Sanders EA, Bogaert D. The role of the local 1001 

microbial ecosystem in respiratory health and disease. Philos Trans R Soc Lond 1002 

B Biol Sci. 2015;370: 1003 

140. Stover CS, Litwin CM. The Epidemiology of Upper Respiratory Infections at a 1004 

Tertiary Care Center: Prevalence, Seasonality, and Clinical Symptoms. Journal 1005 

of Respiratory Medicine. 2014;2014:8. 1006 

1007 



51 
 

ANNOTATED BIBLIOGRAPHY 1008 

** 15. Trzcinski K, Bogaert D, Wyllie A, et al. Superiority of trans-oral over trans-nasal 1009 

sampling in detecting Streptococcus pneumoniae colonization in adults. PLoS 1010 

One. 2013;8(3):e60520.  1011 

 Using paired nasopharyngeal and oropharyngeal samples from 268 parents of 1012 

children younger than 24 months in the Netherlands, detection of pneumococcal-1013 

positive oropharyngeal samples was substantially increased when culture-1014 

enriched samples were analyzed with molecular methods (qPCR for lytA or piaB) 1015 

or revisited with a second culture stage; overall, pneumococcal carriage 1016 

detection rates were significantly higher in oropharyngeal compared with 1017 

nasopharyngeal samples. 1018 

** 16. Krone CL, van de Groep K, Trzcinski K, et al. Immunosenescence and 1019 

pneumococcal disease: an imbalance in host-pathogen interactions. Lancet 1020 

Respir Med. 2014;2:141-153. 1021 

 This is a valuable review of the immunological factors involved in adult 1022 

pneumococcal colonization and disease (eg, age-associated differences in the 1023 

mucosa and immunosenescence of the innate immune system), highlighting 1) 1024 

how reliance on certain diagnostic methods (eg, nasopharyngeal sampling) may 1025 

potentially underestimate pneumococcal respiratory carriage in adults and 2) how 1026 

earlier pre-antibiotic studies using saliva and animal inoculation methods 1027 

reported higher adult pneumococcal colonization rates. 1028 



52 
 

* 35. Krone CL, Wyllie AL, van Beek J, et al. Carriage of Streptococcus pneumoniae in 1029 

aged adults with influenza-like-illness. PLoS One. 2015;10(3):e0119875.  1030 

 In 135 older adults in whom samples from the nasopharynx, oropharynx, and 1031 

saliva were collected at the onset of and recovery from influenza-like illness, 1032 

pneumococcal carriage was more frequently detected in saliva samples analyzed 1033 

via molecular methods, suggesting that S pneumoniae carriage in the elderly 1034 

might be largely underestimated by only obtaining nasopharyngeal samples for 1035 

culture identification. 1036 

** 66. Satzke C, Turner P, Virolainen-Julkunen A, et al. Standard method for detecting 1037 

upper respiratory carriage of Streptococcus pneumoniae: updated 1038 

recommendations from the World Health Organization Pneumococcal Carriage 1039 

Working Group. Vaccine. 2014 Dec 17;32(1):165-79.  1040 

 This publication by the World Health Organization Pneumococcal Carriage 1041 

Working Group is an excellent review of the current recommendations for the 1042 

standardized methodologies for detection of respiratory pneumococcal carriage 1043 

in children and adults.  1044 

* 92. Branche AR, Yang H, Java J, et al. Effect of prior vaccination on carriage rates of 1045 

Streptococcus pneumoniae in older adults: A longitudinal surveillance study. 1046 

Vaccine. 2018;36(29):4304-4310.   1047 

 This study showed the importance of longitudinal pneumococcal carriage 1048 

surveillance in adults and the potential value of molecular diagnostic methods 1049 

versus standard cultures alone.  1050 
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* 122. Collins AM, Wright AD, Mitsi E, et al. First human challenge testing of a 1051 

pneumococcal vaccine. Double-blind randomized controlled trial. Am J Respir 1052 

Crit Care Med. 2015;192:853-858. 1053 

 This study demonstrated the beneficial effect of PCV13 in the human 1054 

experimental challenge model inoculated with S pneumoniae serotype 6B; 1055 

compared with a control group vaccinated against hepatitis A, PCV13 recipients 1056 

showed greater protection against pneumococcal colonization and a significantly 1057 

lower bacterial density in those participants who were colonized.  1058 
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Table 1. Pneumococcal Colonization of the Upper Respiratory Tract of Healthy Adults Identified by Cultures Only 1060 

Study Population (Year) Age 

Number of 

Participants 

Sample 

Source 

Pneumococcal 

Colonization, % 

Adler et al [90] Community (2010–

2017) 

≥18 y 795 NP 6.5 

Hammitt et al [91] Community (2009–

2017) 

≥18 y 1978 NP 21.7 

Becker-Dreps et al 

[26] 

Retired community 

(2013–2014) 

≥65 y 210 NP 1.9 

Grant et al [92] Community (2010–

2012) 

≥18 y 6628 NP 13 

Sutcliffe et al [93] Community (2010–

2012) 

≥18 y 513 NP 8–12 

Roca et al [94] Community (2010) ≥15 y 398 NP 17.6 

Regev-Yochay et al 

[20] 

Parents of 

children aged ≤5.5 y 

Adults 376 NP 8 
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(2009) 

Palmu et al [22] Community (2003–

2004) 

≥65 y 590 NP 0.0‒5.9 

Abdullahi et al [95] Community (2004) ≥50 y 107 NP 4.7 

Regev-Yochay et al 

[19] 

Community (2001) Adults 1300 NP 3.7 

Saravolatz et al [18] Military (NR) Adults 200 NP 1.5 

Grant et al [29] Community (2015–

2017) 

18–64 y 

≥18 y 

≥65 y 

597 

901 

299 

NP 

OP 

NP 

8.9 

0.6 

6.0 

Putnam et al [21] Military (1994–1995) Adults 915 OP 1.2 

Milucky et al [81] Community (2015–

2016) 

≥65 y 2989 NP, OP 1.8 

Almeida et al [34] Community (2010–

2012) 

>60 y 3361 NP, OP 2.3 

Van Gils et al [133] Parents of Adults 953 NP, OP 24.4 
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children aged 12 mo  

Parents of children 

aged 24 mo (2005–

2008) 

Adults 926 NP, OP 19.9 

Levine et al [24] Military (2007) Adults 742 NP, OP 10.8 

Ridda et al [17] Hospitalized elderly 

(2005–2006) 

≥60 y 315 NP, OP 0 

Millar et al [23] Adults (1997–2000) ≥65 y 70 NP, OP 9 

NP=nasopharyngeal; NR=not reported; OP=oropharyngeal. 1061 

  1062 
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Table 2. Pneumococcal Colonization of the Upper Respiratory Tract of Healthy Adults Identified by Cultures 1063 

and/or qPCR  1064 

Study Year Country 
Number of 

Participants Age, y Site Analysis 

Pneumococcal 
Colonization; 

n/N (%) 

Krone et al [35] 2011–2012 Netherlands 135 ≥60 y NP Culture 6/270 (2) 

qPCR 13/270 (5) 

OP Culture 10/270 (4) 

qPCR 31/270 (11) 

Saliva Culture 6/270 (2) 

qPCR 76/270 (28) 

NP, OP, 
and 

saliva 

Culture 0/270 (0) 

qPCR 6/270 (2) 

NP, OP, 
or saliva 

Culture 15/270 (6) 

qPCR 91/270 (34) 

Martinelli et al 
2016 [132] 

2013–2015 Italy 195 ≥65 y NP qPCR 76/195 (39) 

Ansaldi et al 2013 
[135] 

2012 Italy 283 ≥60 y NP qPCR 53/283 (19) 

Suzuki et al 2006 
[115] 

NA Japan 30 ≥60 y Saliva qPCR 11/30 (37) 

Trzciński et al 
2013 [15] 

2010–2011 Netherlands 268 Parents NP Culture 49/268 (18) 

qPCR 50/268 (19) 
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OP Culture 10/268 (4) 

qPCR 94/268 (35) 

NP and 
OP 

Culture 7/268 (3) 

qPCR 39/268 (15) 

OP or 
NP 

Culture 52/268 (19) 

qPCR 105/268 (39) 

Hamaluba et al 
[37] 

2010–2011 United 
Kingdom 

100 Parents NP qPCR 9/100 (9.0) 

606 ≥65 y NP qPCR 13/599 (2.2) 

Becker-Dreps et al 
[26] 

2010 United States 210 ≥65 y NP qPCR 4/210 (1.9) 

Almeida et al [134] 2015–2016 Portugal 87 25–50 y NP, OP, 
and 

saliva 

qPCR 25/87 (28.7) 

Flamaing et al 
[136] 

NA Belgium 503 80 y 

(mean) 
NP qPCR 21/503 (4.2) 

Esposito et al 
[137] 

2015 Italy 417 All ages OP qPCR 41/417 (9.8) 

246 <75 y 28/246 (11.4 

171 ≥75 y 13/171 (7.6) 

van Duersen et al 
[138] 

 

2007–2008 Netherlands 330 ≥65 y NP Culture 16/330 (5) 

qPCR 32/330 (10) 

OP Culture 16/330 (5) 

qPCR 58/330 (18) 

NP and 
OP 

Culture 7/330 (2) 

qPCR 19/330 (6) 
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NP or 
OP 

Culture 25/330 (8) 

qPCR 71/330 (22) 

Sutcliffe et al [125]    2010–2012 United States 63 >50 NP Culture 18/63 (29) 

      qPCR 24/63 (38) 

NA=not available; NP=nasopharyngeal; OP=oropharyngeal; qPCR=quantitative PCR. 1065 
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FIGURE LEGENDS 1066 

Figure 1. Standard diagnostic methods for the detection of pneumococci from the 1067 

respiratory tract of children and adults. A. Pediatric method [70], B. Adult method 1068 

without enrichment medium for pneumococcal growth and enhancement of DNA 1069 

extraction used in the study by the CDC [81], and C. Adult method with samples culture-1070 

enriched for pneumococcal growth used in the Netherlands [15,35,87,126]. CDC=US 1071 

Centers for Disease Control and Prevention; NP=nasopharyngeal; OP=oropharyngeal; 1072 

qPCR=quantitative polymerase chain reaction; smPCR=single molecule polymerase 1073 

chain reaction; STGG=skim milk-tryptone-glucose-glycerin. *Before placing on dry ice, 1074 

saliva is supplemented with 10% (final concentration) glycerol; †all samples tested 1075 

independent of lytA and piaB qPCR results; §samples positive for pneumococci when 1076 

tested with molecular method. 1077 

Figure 2. Dynamics of pneumococcal colonization in the upper respiratory tract of 1078 

children and adults [12,16,19,139,140]. qPCR=quantitative polymerase chain reaction. 1079 

Figure 3. Pneumococcal prevalence from the oral cavity of adults in early studies 1080 

[16,99-104]. *Data are reported in Krone et al [16]. 1081 
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