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SUMMARY 19 

Pneumococcal pneumonia rates remain high globally, affecting the youngest and the oldest 20 

sections of the human population worldwide. Colonisation of the human nasopharynx is a pre-21 

requisite for the development of both disease and immunity. How lung immunological memory 22 

to pneumococcus (Spn) is altered by colonisation of the nasopharynx is poorly described in 23 

humans. Traditionally, immunological memory is defined as T and B cell mediated, but more 24 

recently memory properties have been attributed to cells of innate immunity. We used a 25 

Controlled Human Infection Model to achieve nasal colonisation with 6B serotype and showed 26 

that aspirated pneumococci initiate a chain of reactions, leading to augmented, non-specific 27 

lung immunity. Alveolar macrophages increased their responsiveness to pneumococcus and 28 

other respiratory pathogen for three to four months after clearance of the nasal lumen from 29 

pneumococci. The local microenvironment facilitated monocytes differentiation and activation, 30 

shaping them phenotypically to AM cells.  GM-CSF and IFN-γ elevated levels post carriage 31 

are likely to orchestrate the monocytes-to-macrophages differentiation and AMs activation. 32 

Active AMs had acquired M1-characteristics, as defined by function and gene expression. Our 33 

findings demonstrate that nasal pneumococcal carriage and micro-aspiration, trains 34 

pulmonary innate immune cells, leading to a brisker responsiveness to bacterial pathogens. 35 

The relative abundance of alveolar macrophages in the alveolar spaces, alongside with their 36 

long-life span and their potential for non-specific protection, make them an attractive target for 37 

novel vaccines.  38 
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INTRODUCTION 39 

Streptococcus pneumoniae (the pneumococcus) is a leading cause of severe infectious 40 

diseases, responsible annually for the death of up to a million children worldwide(Liu et al., 41 

2016).  Pneumonia is the most frequent manifestation of pneumococcal  disease (O'Brien et 42 

al., 2009) and despite the current vaccination strategies the burden of  pneumococcal 43 

pneumonia  remains very high globally (Wilson et al., 2017). Pneumonia  affects 44 

disproportionally the very young and very old in both less and more developed countries 45 

(Bogaert et al., 2004). This susceptibility is attributed to an underdeveloped adaptive immune 46 

system in infants, and a waning acquired immunity combined with co-morbidities in the older 47 

adults (Franceschi et al., 2000).  48 

Despite its pathogenicity, S. pneumoniae commonly colonises the human nasopharynx, a 49 

state known as pneumococcal colonisation or carriage (Bogaert et al., 2004). Pneumococcal 50 

carriage rates are at least 50% in infants and approximately 10-25% among adults (Goldblatt 51 

et al., 2005; Hussain et al., 2005). Exposure to pneumococcus through nasopharyngeal 52 

colonisation immunises the human body by eliciting both antibody and cellular immune-53 

responses (Ferreira et al., 2013; McCool et al., 2002; Wright et al., 2013).  54 

In contrast to nasal mucosal responses elicited by carriage (Ferreira et al., 2013; Mitsi et al., 55 

2017), lung mucosal immune-responses to Spn are poorly described in humans. It is believed 56 

that protection against development of pneumonia relies on a successful regulation of 57 

colonisation in the nasopharynx and a brisk alveolar macrophage-mediated immune response 58 

in the lung (Jambo et al., 2010). The alveolar macrophage (AM) – an innate type resident lung 59 

cell- is an integral component of lung immunity and its long-lifespan aids function(Marriott and 60 

Dockrell, 2007).  AMs are the first cells that combat pneumococci during early infection and 61 

the main cell population that mediates mucosal responses in the lower airways (Gordon and 62 

Read, 2002). They also play a key role in shaping adaptive immunity to a T helper 1 (Th1) or 63 

Th2 type response via cytokine secretion. Although AMs are mainly self-maintained, during 64 
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lung insult or as a result of ageing(Morales-Nebreda et al., 2015) their replenishment is 65 

contributed by peripheral monocytes in a macrophage colony-stimulating factor (M-CSF) and 66 

granulocyte macrophage (GM)-CSF-dependent manner (Guilliams et al., 2013; Hashimoto et 67 

al., 2013). 68 

A clear understanding of the mechanisms that control brisk lung immune-responses at early 69 

stages of the infection, is essential to inform us why high rates of pneumonia persists in the 70 

high-risk groups (infants, elderly and immunocompromised), which are mainly characterized 71 

by underdeveloped or defective adaptive immunity. Although, current immunisation strategies 72 

to pneumococcal diseases target exclusively T and B-cell dependent immunity, the recently 73 

described memory properties of innate cells- natural killer (NK) cells and macrophages- 74 

indicated that innate immunity could be considered as a promising alternative or 75 

complementary vaccine target (Cheng et al., 2014; Netea et al., 2016; Quintin et al., 2014). In 76 

this study, we investigated the effect of pneumococcal carriage upon AMs- prototypical cells 77 

of innate lung immunity, on CD4+ T-cell responses, as well as the cross-talk between the AM-78 

mediated innate and the adaptive lung immunity.  79 

We showed for the first time that nasal human carriage, through pneumococcal aspiration, 80 

promotes monocytes differentiation, primes AMs and enhances their opsonophagocytic 81 

capacity against a range of bacterial respiratory pathogens. Interferon-γ (IFN-γ) responses 82 

were increased in the lung mucosa of pneumococcal (Spn) colonised individuals, whereas 83 

exogenous IFN-γ had a dose-dependent effect on AM function. 84 

This immunological knowledge could have several implications for the development of more 85 

effective preventative strategies against pneumonia. 86 

 87 

RESULTS 88 
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Alveolar macrophages exhibit augmented responsiveness to bacteria over three 89 

months after the clearance of nasal pneumococcal colonisation.  90 

We used the experimental human pneumococcal carriage model (EHPC) and research 91 

bronchoscopy to investigate whether and how nasopharyngeal pneumococcal colonisation 92 

affects the lung immune responses. Bronchoalveolar lavage samples were collected from both 93 

pneumococcal (Spn) colonised and non-colonised healthy adults (aged from 18-50yrs) 94 

between one and seven months (29 to 203 days) post bacterial challenge (Figure 1a). 95 

Pneumococcal colonisation enhanced by 10% (± 12.9 SD) alveolar macrophage capacity to 96 

uptake pneumococci in vitro (p=0.005) (Figure1b). The differential AM opsonophagocytic 97 

activity (OPA) was robust and lasted for at least 4 months following the intranasal 98 

pneumococcal inoculation (Figure 1c). We also sought to examine whether this boosting effect 99 

was specific to pneumococcus or AM responses to other pathogens were similarly increased. 100 

AMs from Spn colonised individuals had greater capacity to uptake the respiratory pathogens 101 

Streptococcus pyogenes and Staphylococcus aureus when compared with AMs isolated from 102 

non-colonised individuals (p=0.009 and p=0.038 respectively, Figure 1d-f). Whilst we 103 

observed increased AMs responsiveness to gram-positive respiratory pathogens between the 104 

two groups, there was no significant difference in uptake of the gram-negative bacterium, 105 

Escherichia coli (Figure 1g).  106 

CD4+ Th1 skewed responses rapidly prime AMs 107 

To investigate whether the observed phenomenon was dependent on lung lymphocytes, we 108 

co-incubated AMs with autologous CD3+CD4+ T cells during in vitro infection with the 109 

challenged pneumococcal strain (Spn6B). The presence of CD4+ T cells enhanced the basal 110 

AMs opsonophagocytic capacity in both non-colonised and Spn colonised individuals. 111 

Although, AMs uptake capacity differed between the two groups at baseline (prior to lung-112 

derived autologous CD4+ addition), the presence of this cell subset further amplified the 113 

observed basal difference in AM pneumococcal uptake (Figure 2a). The increase in 114 
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pneumococcal uptake was 13.3% (±4.52 SD) and 23.4% (±5.84 SD), for non-colonised and 115 

Spn colonised respectively (Figure 2a).  116 

To elucidate the mechanism underlying this increased boosting of AM function by CD4+ T cells 117 

from Spn colonised individuals, we stained lung lymphocytes intracellularly for T-box 118 

transcription factor expressed in T-cells (T-bet), GATA-binding protein-3 (GATA-3) and 119 

Forkhead box P3 (Foxp3) transcription factors (Figure S1). In Spn colonised group the levels 120 

of CD4+ T-bet expressing cells were twice as high than in non-colonised group (p= 0.003), 121 

indicating Th1-polarized responses. There was no significant difference in the levels of neither 122 

CD4+ Gata-3 expressing nor CD4+ Foxp3 expressing T cells between the two groups (Figure 123 

2c-d), indicating lack of Treg responses.  124 

In parallel, lymphocytes from both Spn colonised and non-colonised volunteers were 125 

stimulated with pneumococcal antigen (Heat Inactivated-Spn6B).  Cytokine (IFN-γ, Tumour 126 

necrosis factor a [TNF-a] or Interleukin 17A [IL-17A]) producing CD4+ T-cells were 127 

subsequently detected by flow cytometry (Figure S2). AMs OPA correlated with cytokine 128 

producing CD4+ T cells, classified as spontaneous (unstimulated) or pneumococcal-129 

responding cells (Figure 3). Increased levels of IFN-γ producing CD4+ T cells, both 130 

pneumococcal-specific and spontaneous responding, positively correlated with AMs ability to 131 

uptake live pneumococci in vitro. (Figure 3a). On the other hand, AMs OPA correlated 132 

positively with only the pneumococcal-specific TNF-a producing CD4+ T cells (Figure 3b), 133 

whereas IL-17A producing CD4+ T cells did not correlate with AMs OPA at any condition 134 

(Figure 3c).  135 

Increased IFN-γ and GM-CSF levels are present in the alveolar spaces post nasal 136 

pneumococcal carriage 137 

The alveolar microenvironment is crucial for cell signalling, shaping how local cells respond to 138 

different stimuli (Hussell and Bell, 2014).  To assess alterations of the alveolar cytokine milieu 139 
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induced by nasal pneumococcal carriage, we measured levels of 30 cytokines and 140 

chemokines in the broncho-alveolar lavage (BAL) fluid retrieved from both Spn colonised and 141 

non-colonised individuals (Figure 4a, Table S1). Three cytokines had higher detectable levels 142 

in the BAL fluid of Spn colonised group:  GM-CSF (p=0.03, Figure 4b) and pro-inflammatory 143 

cytokines IFN-γ (p=0.047, Figure 4c) and Interferon-α (IFN-α) (p=0.043, Figure 4d). To 144 

address the role of increased secretion of IFN-γ, a prototypic Th1 cytokine, in the pulmonary 145 

airspaces and its effect on AM function, we stimulated AMs with 10-fold increasing 146 

concentrations of exogenous IFN-γ. The lowest tested titers of IFN-γ (2 and 20ng/ml) 147 

augmented AMs OPA, resulting both in 30% increase in AM pneumococcal uptake (±3.26 and 148 

±2.71 SD, respectively), whereas the highest used concentrations (200 and 2000ng/ml) failed 149 

to reach such an effect (Figure 4e). These results were verified when AM activation was 150 

assessed using a flow cytometric cytokine production assay (Figure 3). AMs produced 151 

increased levels of TNF-α in response to stimulation with HI-Spn6B at the same lower pre-152 

stimulation doses of IFN-γ (Figure 4f). These data suggest that IFN-γ signalling is beneficial 153 

for AM function at lower doses, but not at higher concentration, with the mechanism to have a 154 

threshold which when exceeded can lead to AMs desensitisation.  155 

Pneumococcal carriage reduces monocytes signature in the lung and alters alveolar 156 

macrophage gene expression. 157 

Previously, we have demonstrated that AMs are not altered phenotypically by the presence of 158 

pneumococcus in the nasopharynx (Mitsi et al., 2018). However, given the increased capacity 159 

of AM to uptake pneumococcus, we further assessed the alterations that pneumococcal 160 

carriage confers to the lung myeloid cell lineage by immunophenotyping AMs and lung 161 

localised monocytes (Figure S4). Spn-colonised individuals displayed significantly greater AM 162 

levels (increased by 12.3% ± 4.33 SD) and higher AMs/monocytes ratio in the lung compared 163 

to non-colonised (Fig.5a). On the other hand, monocyte levels, both total and CD14hiCD16lo 164 

and CD14hiCD16hi subsets, had no significant difference between the two groups, despite their 165 
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trend for increased presence in the non-colonised group (Figure 5b-e). Similarly, no difference 166 

on neutrophils levels was observed between them (Figure 5b), indicating that nasal carriage 167 

in absence of disease does not lead to neutrophil recruitment to the lung. 168 

To test whether pneumococcal colonisation led to monocyte differentiation, resulting in highly 169 

active AMs, we sought to identify the differential gene signatures of Spn colonised and non-170 

colonised volunteers. We isolated AMs by cell sorting from a subset of BAL samples and 171 

performed NanoString expression analysis of 594 immunological genes. The analysis 172 

revealed 34 differentially expressed genes (DEG) between the two groups (Table S2). All 173 

genes, ranked from high to low expressed in the Spn colonised group, were enriched for 174 

pathways of cell differentiation and function, revealing under-presentation of monocytes 175 

surface markers and over-presentation of antigen-presentation markers in the Spn colonised 176 

group (Figure 5c). This further indicates that nasal carriage leads to monocyte-macrophage 177 

differentiation. When the AMs OPA per individual was compared with gene expression (log 178 

counts per million (CPM)- measured for each of the 594 genes, 34 genes were positively 179 

correlated with AMs function to uptake the bacteria (Table S3). Only four genes were both 180 

significantly correlated with AM OPA and significantly increased in Spn colonised individuals: 181 

ecto-5'-nucleotidase (NT5E) and T-box 21 (TBX21) (Figure 5d-e), Carcinoembryonic antigen-182 

related cell adhesion molecule 6 (CEACAM6) or CD66C and Toll like receptor 8 (TLR8) (not 183 

shown). 184 

Pneumococcus can be detected in the lung after clearance of nasal colonisation 185 

To investigate the mechanism that triggers the increased Th1 and AM responses in the 186 

pulmonary mucosa post nasal carriage, we sought to find evidence of the presence of the 187 

pneumococcal challenge strain in the alveolar spaces. For the detection of pneumococcus in 188 

the BAL samples, we utilised both molecular methods targeting a capsular polysaccharide 189 

gene specific to Spn6B (wciP- the rhamnosyl transferase gene) and classical microbiology. 190 

Spn6B DNA was detected in the BAL of 41% (9/22) of Spn colonised subjects (Table S4), 1 191 
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to 3 weeks following the clearance of nasal colonisation. Nasal pneumococcal density 192 

positively correlated with the copies of Spn6B DNA detected in BAL samples (Figure 6a).  193 

None of the non-colonised individuals had Spn6B DNA in their BAL sample. Spn colonised 194 

individuals differed in both density and duration of the carriage episode (Figure 6b). AMs 195 

capacity to uptake pneumococci correlated positively with nasal pneumococcal density (Figure 196 

6c).  Utilising confocal microscopy and anti-sera against the Spn6B capsule, we confirmed the 197 

relationship between nasal colonisation and presence of pneumococcal particles in the lung. 198 

Pneumococcal cells were found associated with the surface of AMs or internalised by them, a 199 

phenomenon only observed in the Spn colonised group (Figure 6d-e). These data suggest 200 

that during asymptomatic pneumococcal carriage pneumococcal aspiration occurs, and 201 

subsequently initiates pulmonary immunological responses. 202 

DISCUSSION 203 

This study provides insight into the immune responses elicited at the pulmonary mucosa 204 

during a colonisation episode of the nasopharynx. Here we have used an experimental human 205 

pneumococcal challenge (EHPC) model and bronchoscopic sampling in healthy volunteers 206 

post intranasal inoculation.  We demonstrated that pneumococcal carriage, potentially through 207 

mechanic pneumococcal aspiration, leads to an enhanced and prolonged innate lung 208 

immunity, mediated by highly active AMs. The duration of the boosting effect exceeded the 209 

time of a seasonal period, lasting over three months post the clearance of colonisation.   210 

The increased opsonophagocytic capacity displayed by AMs was a non-specific response to 211 

pneumococcal stimulus, as AMs responded with equal efficacy to both Spn and other gram-212 

positive respiratory pathogens in vitro.  By contrast, we did not see significant enhancement 213 

of AMs opsonophagocytic activity (OPA) against E. coli. Macrophages utilise different Toll-like 214 

receptors (TLRs) to recognise pathogens, which subsequently lead to differential activation of 215 

pathways. This could stand as one side of the explanation upon this observation. On the other 216 
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hand, the small sample size used might have limited the detection of a less pronounced 217 

difference between the two experimental groups.  218 

Our overall observation resembles the findings of emerging studies on innate immune memory 219 

or ‘trained immunity’ (Cheng et al., 2014; Saeed et al., 2014), which emphasised  the 220 

increased responsiveness of innate immune cells to microbial stimuli, caused by epigenetic 221 

changes post their activation by the stimulus (e.g. Candida albicans infection, Bacille 222 

Calmette-Guerin (BCG) or measles vaccination). Similarly to our observation, this augmented 223 

functional state persisted for weeks-to months, and moreover it conferred resistance to 224 

reinfection or heterologous infection (Kleinnijenhuis et al., 2012; Netea et al., 2016; Netea et 225 

al., 2011; Quintin et al., 2014).  226 

The lung mucosa is not the sterile environment previously thought (Charlson et al., 2011; Man 227 

et al., 2017). The positive correlation between AMs OPA and nasal pneumococcal density 228 

suggested pneumococcal cell trafficking from the nasopharynx to the lung airways. By 229 

employing molecular, microbiology and visualisation methods, we demonstrated that 230 

pneumococcal aspiration occurs during nasal pneumococcal carriage, a phenomenon that 231 

was previously linked only to pneumonia cases (Albrich et al., 2012; Greenberg et al., 2011).  232 

We have previously reported that carriage boosts pneumococcal-specific Th1 and Th17 233 

cellular immunological memory in the human lung (Wright et al., 2013). Nevertheless, 234 

increased rates of pneumococcal carriage in children and clinical cases of pneumonia in adults 235 

have been associated with a reduction in systemic circulating Th-1 (IFN-γ secreting) CD4+ T-236 

cells (Kemp et al., 2002; Zhang et al., 2007). Polymorphisms in the adaptor MAL, which 237 

regulates IFN-γ signalling (Ni Cheallaigh et al., 2016), have been associated with altered 238 

susceptibility to a number of infectious diseases including severe pneumococcal disease 239 

(Khor et al., 2007). In HIV-infected adults, alveolar Th17 responses against S. pneumoniae 240 

are preserved (Peno et al., 2018), whereas the proportion of CD4+ T cells among lymphocytes 241 

is decreased, with loss of polyfunctional IFN-γ and TNF-α-secreting CD4+ cells (Jambo et al., 242 
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2011), suggesting alternative mechanisms for their increased susceptible to pneumococcal 243 

pneumonia. Our findings on CD4+ Th1 skewed responses and exogenous IFN-γ effect on AM 244 

antimicrobial function support the idea that Th1 type responses and interferons are crucial in 245 

controlling bacteria at the early stages of infection. Moreover, we observed a rapid priming of 246 

AMs when co-cultured with autologous lung derived CD4+ T cells in vitro. Along the same 247 

lines, a very recent study in mice described a similar mechanistic link between adaptive and 248 

innate immune memory, suggesting that T cells can reciprocally interact with innate 249 

macrophages on the mucosal surface to prime them and trigger macrophage memory 250 

acquisition. T cells jump-started this process via IFN-γ (Yao et al., 2018).  251 

In addition, our study highlighted that IFN-γ has dose-dependent effects on human AM 252 

function, which offers an explanation to the contradictory reports around this topic. For 253 

instance, in murine models high production of IFN-γ during influenza infection impaired 254 

phagocytosis and killing of S. pneumoniae by alveolar macrophages (Mina et al., 2015; Sun 255 

and Metzger, 2008). In contrast, many other evidences suggest that induction of IFN-γ 256 

secretion, related to non-acute viral infection, is beneficial for innate immune cells, promoting 257 

a range of antimicrobial functions, plus macrophages polarisation and activation (MacMicking, 258 

2012; Matsuzawa et al., 2014; Yao et al., 2018).  259 

Whereas the cytokine milieu in Spn colonised individuals, along with the CD4+ Th1 profile, 260 

suggest an AM polarisation towards the M1 phenotype, human AMs have been shown to co-261 

express M1/M2 markers and therefore they do not fit neatly in the current macrophage 262 

classification (Hussell and Bell, 2014; Mitsi et al., 2018).  Although, our knowledge on human 263 

AMs polarization states in homeostasis  is largely unknown, a recent study highlighted that 264 

human AMs possess considerable phenotypic diversity (Morrell et al., 2018). By assessing 265 

AMs gene expression levels, we revealed that AM population derived from Spn colonised 266 

individuals was characterised by increased antigen-presentation and decreased monocytes 267 

signature. Our flow-based data corroborated this result by showing an increased AM to 268 
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monocyte ratio in colonised individuals. The positive correlation of AM OPA with genes such 269 

as  NT5E (or CD73) (Eichin et al., 2015) and TBX21 (a master regulator of Th1 responses)  270 

are indications that monocytes-to-macrophages differentiation and M1 polarisation occurs in 271 

the human lung in presence of carriage. Studies on human monocytes/macrophages have 272 

reported detectable expression of CD73 in only M(LPS-TNF) polarised cells and increased of 273 

T-bet mRNA displayed by M1 polarised macrophages (Bachmann et al., 2012; Martinez et al., 274 

2006). The positive association of AM OPA with TLR8 - an endosomal receptor that 275 

recognizes mainly single stranded RNA (ssRNA)- implies that viral ssRNA, such as influenza, 276 

might was present in the lung of a subset of individuals. Activation of TLR8 signalling pathways 277 

leads to production of proinflammatory cytokines and chemokines and to increased antiviral 278 

response. Whereas in this study we did not investigate the role of CD8+ T cells upon AM 279 

function,  the late study conducted in mice revealed that effector CD8+ T cells, in the context 280 

of respiratory adenoviral infection, are able to prime AMs and render innate memory via IFN-281 

γ production (Yao et al., 2018). Furthermore, it has been reported that activation of TLR8 282 

signalling (TLR8-MyD88-IRAK4 signalling pathway) can reverse the suppression function of 283 

CD4+ Treg cells (Peng et al., 2005). 284 

In addition, it would be of interest to investigate whether nasal colonisation leads to recruitment 285 

of monocytes to the alveolar spaces, as a response to partial depletion of AM resident 286 

population, which was not possible in the present study due to the single time point sampling. 287 

The one-time point sampling also disabled comparisons of immune-responses pre- and post- 288 

colonisation on an individual level. Therefore, future studies including baseline sampling of the 289 

lung mucosa will attribute clarity to the direct effect of Spn carriage on the pulmonary immune-290 

responses.  291 

In conclusion, this study emphasises the effect that nasal pneumococcal carriage has upon 292 

pulmonary immunity. The seeding of human lung with AM populations of different 293 

developmental origin, which exert prolonged, enhanced opsonophagocytic properties and 294 
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immunological memory, are findings with implications for vaccine development. 295 

Pneumococcal vaccines that focus solely on inducing a robust Th17 response may not be the 296 

best strategy for vaccine targeting serotype-independent protection against pneumonia. On 297 

the other hand, such a non-specific boosting of innate lung immunity, may be an alternative 298 

attractive strategy to successful pneumonia prevention, especially for the new-borns, whose 299 

immune system is still developing, or for the elderly, whose acquired immunity is beginning to 300 

wear off.  In particular the elderly, who have been ascribed as the age group with the lowest 301 

pneumococcal colonisation rates and higher community acquired pneumonia cases, would 302 

benefit by the boosting effect that mucosal stimulation with whole cell pneumococcus confers 303 

to the pulmonary immunological mechanisms. These results suggest that a nasally 304 

administered live-attenuated pneumococcal vaccine could confer broad protection against 305 

pneumonia.  306 

STAR METHODS 307 

Study design and bronchoalveolar lavage collection 308 

Healthy, non-smoking, adult volunteers aged from 18-50 years, enrolled in one of the 309 

Experimental Human Pneumococcal Carriage studies(Gritzfeld et al., 2013) between 2015-310 

2018(Jochems et al., 2018; Jochems et al., 2017) underwent an one-off research 311 

bronchoscopy, as previously described(Mitsi et al., 2018; Zaidi et al., 2017). Experimental 312 

human pneumococcal challenge (EHPC) was conducted at Liverpool as previously 313 

described(Ferreira et al., 2013; Gritzfeld et al., 2013). Briefly, mid-log-growth vegitone culture 314 

of Streptococcus pneumoniae serotype 6B (strain BHN418) was prepared and stored at -80oC, 315 

and independently tested by Public Health England for purity and antibiotic sensitivity. 80,000 316 

colony-forming-units (CFU) were sprayed into each nostril of participants. Pneumococcal 317 

colonisation was detected by classical microbiology methods and individuals were defined as 318 

Spn colonised (carriage positive) if any nasal wash culture following experimental challenge 319 

grew S. pneumoniae serotype 6B. Bronchoalveolar lavage samples were obtained from 29 to 320 
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203 days post intranasal pneumococcal inoculation (Fig.1a). Spn colonised (carriage positive) 321 

individuals received 3 doses of amoxicillin at the end of the clinical trial (at day 14, 27 or 29), 322 

prior to the bronchoscopy procedure.  323 

 324 

Ethics statement   325 

All volunteers gave written informed consent and research was conducted in compliance with 326 

all relevant ethical regulations. Ethical approval was given by the National Health Service 327 

Research Ethics Committee (REC). Ethics Committee reference numbers: 15/NW/0146, 328 

14/NW/1460 and 15/NW/0931 and Human Tissue Authority licensing number: 12548. 329 

Bacterial strains 330 

S. pneumoniae strain 6B (BHN418) was cultured in Vegitone infusion broth (Fluka 41860, 331 

Sigma-Aldrich, Missouri, USA) for human intranasal inoculation or in Todd Hewitt broth 332 

supplemented with 0.5% yeast extract (THY) for the alveolar macrophage opsonophagocytic 333 

assay, at 37˚C with 5% CO2 until early log phase.  Similarly, S. pyogenes (MGA315) was 334 

cultured from a single colony in Brain Heart Infusion (BHI) broth overnight at 37oC with 5% 335 

CO2.  S. aureus (human isolate from EHPC trial) and E. coli (NCTC86) were cultured in BHI 336 

and Luria Broth (LB), respectively, from a single colony overnight, on a shaking rotor at 37oC 337 

with aeration. All bacterial stocks were grown till the early log phase and were stored at -80C 338 

till further use.  339 

Bronchoalveolar lavage processing 340 

Bronchoalveolar lavages (BAL) samples were processed as previously described (Mitsi et al., 341 

2018; Zaidi et al., 2017).  Briefly, the BAL fluid was filtered using sterile gauze and centrifuged 342 

at 400g for 10 min at 4 °C. The supernatant was removed, the cell pellet was resuspended 343 

and washed with PBS. The centrifugation step was repeated once, and the cell pellet was 344 

resuspended in cold RPMI medium (Gibco™ RPMI 1640 Medium) containing antibiotics 345 
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(Penicillin, Neomycin and Streptomycin, Sigma-Aldrich, Sigma Chemical Co) (hereafter 346 

referred to as complete RPMI). Cell counts in each BAL sample were performed using a 347 

haemocytometer. 348 

Alveolar macrophages isolation  349 

AMs were routinely separated from other cell populations by seeding and adherence on 24-350 

well plate (Greiner Bio-One, Kremsmünster, Austria), as previously described (Wright et al., 351 

2012). After 4h adherence step, the non-adherent fraction was removed, and the AMs were 352 

washed with complete RPMI, following overnight incubation at 37˚C with 5% CO2. In the 353 

experiments that highly pure AM population was requested, AMs were purified from the whole 354 

BAL sample through cell sorting (FACs ARIAII), following seeding on 96-well plate and 355 

overnight incubation at 37oC, 5% CO2.  356 

Alveolar macrophage opsonophagocytic killing (OPA) 357 

AMs opsonophagocytic capacity was evaluated as previously described with minor 358 

modifications (Wright et al., 2013). Briefly, live S. pneumoniae serotype  6B  (inoculation strain) 359 

or S. pyogenes or S. aureus or E. coli  were opsonized in a 1∶16 final dilution of human 360 

intravenous immunoglobulin (IVIG, Gamunex, Grifols Inc, Spain) in HBSS +/+ (with Ca2+ Mg2+) 361 

at 37oC for 15min. AMs were washed twice with RPMI without antibiotics, and incubated with 362 

an opsonized bacterial strain in Opsonisation Buffer B (HBSS +/+ plus 1% gelatine solution 363 

and 5% FBS)  and baby rabbit complement (Mast Group) at 37˚C on a shaking rotor for 60min. 364 

Multiplicity of infection (MOI) used was 1 :100  for all the gram-positive bacteria. 365 

Opsonophagocytic killing assay for the gram-negative (E. coli) was modified as described 366 

elsewhere (MOI= 1:20 for 30min)(Abbanat et al., 2017).  In the assays where isolated by cell 367 

sorting AMs were infected with opsonised spn6B, the MOI was modified to 1:20 due to 368 

increased loss of cells during the high-throughput cell sorting. In some experiments AMs were 369 

stimulated with 2ng/ml, 20ng/ml, 200ng/ml and 2,000ng/ml of recombinant IFN-γ (Bio-techne).  370 

 371 
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Flow cytometry assays  372 

In each flow cytometry assays, the corresponding cell population was stained with 373 

predetermined optimal concentration of fluorochrome-conjugated monoclonal antibodies 374 

against human cell surface proteins or intracellular cytokines. 375 

AM and monocyte immunophenotyping: Myeloid lineage cells were immunophenotyped using 376 

monoclonal antibodies for key surface markers. In brief, whole BAL cells (1 x 106 cells) were 377 

stained with Aqua Viability dye (LIVE/DEAD® Fixable Dead Cell Stain kit, Invitrogen, UK), 378 

anti-CD45 FITC, anti-CD80 APC-H7, anti-CD86 PE, anti-CD206 PE-CF594, anti-CD14 PerCP 379 

Cy5.5, anti-CD16 PE Cy7, anti-CD163 APC, anti-CD11b AF700, anti-CD11C PB, anti-CD64 380 

BV605 and anti-HLADR BV785. All the samples were acquired on a FacsAria III 381 

sorter/cytometer (BD Biosciences) and analyzed using Flowjo version 10 (Treestar). BAL 382 

samples with macroscopically visual red blood cell contamination were excluded from the 383 

analysis. 384 

AM stimulation with HI-Spn6B and IFN-γ: 1 million of BAL cells per condition, resuspended in 385 

complete RPMI, were added in 24-well plate and incubated overnight at 37oC, 5% CO2. Non-386 

adherent cells were removed, and AMs were washed 3x with pre-warmed plain RPMI, 387 

following stimulation with 10x increased concentration of IFN-γ (2ng/ml, 20ng/ml, 200ng/ml 388 

and 2,000ng/ml) for 30min. Post the cytokines stimulation, cells received 5μg/ml of heat-389 

inactivated (HI) Spn6B and were incubated for 2 hours. Non-cytokine/non-Spn treated and 390 

non-cytokine/Spn treated controls were included per volunteer. Cytokines were retained within 391 

the cells by the addition of GolgiPlug (BD Biosciences) and stimulation for 2 more hours. Post 392 

incubation time, AMs were washed with PBS and detached from the wells by adding of 2.5mM 393 

EDTA solution. Cells were collected in FACs tubes and pelleted (1500 rpm for 10 min 394 

centrifugation), following staining for human AM surface markers - anti-CD14 PerCyP5.5, anti-395 

CD169-PE, CD206 PE-CF594 and CD45- Pacific Orange-   and anti-TNF-a BV605 (BD 396 

Biosciences). 397 
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Transcription factors analysis: 1 million of BAL cells were washed with 3 mL of PBS and 398 

stained with Aqua Viability dye (LIVE/DEAD Fixable Dead Cell Stain kit, Invitrogen, UK) and 399 

the surface markers CD3-APC.cy7, CD4–PerCP5.5, CD8–AF700, CD69–BV650, CD49a-400 

APC, anti-CD25-PE.TexasRed and CD45-BV711 (Biolegend, San Diego, CA). For 401 

permeabilization and fixation, Foxp3/Transcription Factor Staining Buffer Set (eBiosciences, 402 

San Diego, CA) was used as per the manufacturer’s instructions, following intracellular 403 

staining with T-bet-APC, Gata-3-PE and Foxp3-FITC. All samples were acquired on a LSRII 404 

flow cytometer (BD Biosciences). 405 

INF-γ, TNF-a and IL-17 producing CD4+ T cells post stimulation with HI-Spn6B:  Cells were 406 

harvested, stained and analysed as previously described, with minor modifications(Wright et 407 

al., 2013; Wright et al., 2012). In brief, non-adherent cells were collected from the BAL samples 408 

post an adherence step, centrifuged at 1,500rpm for 5min, resuspended in complete RPMI 409 

and seeded in 96-well plates at equal concentrations of 600,000 to 1 million cells per condition. 410 

Cells were stimulated with 5μg/ml of HI-Spn6B and incubated for 2 hours at 37oC, following 411 

addition of GolgiPlug (BD Biosciences) and overnight incubation at 37oC, 5% CO2. A non-412 

stimulated with Spn6B (mock) cell condition was included per volunteer.  After 16 hours, the 413 

cells were washed with PBS and stained with Violet Viability dye (LIVE/DEAD Fixable Dead 414 

Cell Stain kit, Invitrogen, UK) and anti-CD3-APCH7, TCR-–PECy7 (BD Biosciences, USA), 415 

anti-CD4–PerCP5.5, anti-CD8–AF700, anti-CD69–BV650, anti-CD25-PE.TxsRed, anti-416 

CD103–BV605, anti-CD49a-APC (Biolegend, San Diego, CA). For the assessment of 417 

intracellular cytokine production, after permeabilization and fixation, the cells were stained with 418 

the following markers: anti-IFN-γ-PE, anti-IL17A–BV510 and TNF-α–BV711 (BD 419 

Biosciences). All samples were acquired on a LSRII flow cytometer (BD Biosciences). 420 

Luminex analysis of Bronchoalveolar lavage fluid  421 

The acellular BAL fluid (BAL supernatant) was collected post centrifugation of whole BAL 422 

sample (400g for 10min at 4oC), divided to 1ml aliquots and stored at -80oC until analysis. On 423 
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the day of the analysis samples were concentrated x10 (1ml of BAL concentrated to 100ul 424 

using vacuum concentrator RVC2-18), following acquisition using a 30-plex magnetic Luminex 425 

cytokine kit (ThermoFisher) and analysed on a LX200 with xPonent3.1 software following 426 

manufacturer’s instructions. Samples were analysed in duplicates and BAL samples with a 427 

CV > 50 % were excluded. 428 

AMs gene analysis using Nanostring platform 429 

Nanostring was used as previously described(Jochems et al., 2018). Briefly, AMs were sorted 430 

by FACsARIA II cell sorter and stored in RLT buffer (Qiagen) with 1% 2-mercaptoethanol 431 

(Sigma) at -80C until RNA extraction. Extraction was performed using the RNEasy micro kit 432 

(Qiagen) with on column DNA digestion. Extracted RNA was quantified by qPCR targeting 433 

B2M gene (Bioanalyzer, Agilent).  The single cell immunology v2 kit (Nanostring) was used 434 

with 20 pre-amp cycles for all samples. Hybridized samples were prepared on a Prep Station 435 

and scanned on a nCounter® MAX (Nanostring). Raw counts were analysed using the 436 

R/Bioconductor package DESeq2 for internal normalization, which gave lower variance than 437 

normalizing to included housekeeping genes. DEG were identified using a model matrix 438 

correcting for repeated individual measurements. Log CPM from raw counts were calculated 439 

using the ‘edgeR’ package. 2logFold chances were further analysed by the ‘fgsea’ package, 440 

through BMT pathways gene set enrichment analysis.  441 

Bacterial DNA extraction from BAL samples 442 

Extraction of bacterial DNA from the BAL samples was performed as previously described 443 

with minor modifications (VC,2018, EN,2018 or EG,2018). Briefly, 15mls of BAL sample was 444 

centrifuged at 4,000rpm for 15min. Following centrifugation, the supernatant was discarded, 445 

and DNA was extracted from the pellet using the Agowa kit for bacterial DNA extraction. The 446 

extracted DNA was eluted in a volume of 63ul of elution buffer. DNA purity and quality were 447 

assessed by a spectrophotometer (Nanodrop ND-1000, Thermo Fisher Scientific).  448 
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Quantification of pneumococcal DNA by qPCR 449 

Presence of pneumococcal DNA in BAL samples was determined using primers and probe 450 

specifically designed for 6B serotype, targeting on a capsular polysaccharide gene known as 451 

wciP, the rhamnosyl transferase gene. The primers and probe sequences were: forward 452 

primer 5’- GCTAGAGATGGTTCCTTCAGTTGAT- 3’; reverse primer 5’- 453 

CATACTCTAGTGCAAACTTTGCAAAAT- 3’ and probe 5’- [FAM] ACT GTC TCA TGA TAA 454 

TT [MGBEQ] -3’ as previously published (Tarrago et al., 2008). Primers and probe used in 455 

their optimised concentrations, 900nM primers and 200nM TaqMan MGB probe per reaction. 456 

A non-template control and a negative control per DNA extraction, were included in every run. 457 

DNA was amplified with the real-time PCR System (Agilent Technologies, Statagene 458 

Mx3005P) by using the following cycling parameters: 95oC for 10 min, followed by 40 cycles 459 

at 95oC for 15 sec and 60oC for 1 min. A standard curve of a 10-fold dilution series of genomic 460 

DNA extracted from SPN6B was used. The genomic DNA was extracted using the Qiagen 461 

Genomic-tip 20/G Kit (Qiagen) and quantified by nanodrop.   The conversion from weight 462 

pneumococcal DNA to number of DNA copies S. pneumoniae was based on the weight of one 463 

genome copy TIGR4 calculated by the genome length in base pairs times the weight of a DNA 464 

base pair (650 Dalton). The lower limit of detection (LLOD) of the method was set at 40 cycles. 465 

Amplification values >40. A sample was considered positive if at least two of three yielded a 466 

positive result within the <40-cycle cut-off. Data was analysing using MxPro software.  467 

Confocal microscopy 468 

Fresh BAL cells were washed and stained for surface markers (anti-CD14 texas Red and 469 

CD45-AlexaFluor647).  Cells were permeabilised and incubated with anti-6B pneumococcal 470 

antisera for 30 minutes on ice and then secondary-conjugated antibody (anti-rabbit 488) for 471 

30 more minutes. After washing, cells were cytospun onto microscope slides and allowed to 472 

air dry. DAPI solution was applied directly on the spun cells for 5 minutes. After washing, 473 

samples were mounted using Aqua PolyMount (VWR International) with a coverslip onto the 474 
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microslide. The entire cytospin for each sample was manually viewed by microscopy for 475 

detection of pneumococci. Multiple fields of view (>3) were imaged for each sample. Images 476 

were captured using either an inverted TissueFAXS Zeiss Confocal Microscope. Z stacks were 477 

recorded at 1μm intervals at either 40x oil or 63x oil objectives. The confocal microscope 478 

operator (CW) was blinded to the colonisation status of the volunteer at the time of sampling.  479 

 480 

Quantification and statistical analysis 481 

Statistical analyses were performed using GraphPad Prism (Version 6, GraphPad Software, 482 

La Jolla, CA) and R software (version 3.5.1), including Bioconductor packages. Two-tailed 483 

statistical tests were used throughout the study. If two parametric groups were compared, a 484 

two-tailed t test was used for unpaired and paired groups. If two non-parametric groups were 485 

compared, a Mann-Whitney or Wilcoxon test was used for unpaired and paired groups 486 

respectively. When log-normalized data was not normally distributed, non-parametric tests 487 

were performed. For gene expression and Luminex analysis p values were corrected by 488 

applying multiple correction testing (Benjamin-Hochberg). To quantify association between 489 

groups, Pearson or Spearman correlation test was used for parametric or non-parametric 490 

groups, respectively. Differences were considered significant at p ≤ 0.05 (*p< 0.05, **p< 0.01, 491 

***p< 0.001, ****p< 0.0001). 492 
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Figure Legends 657 
 658 
Figure 1: AMs display an increased opsonophagocytic activity (OPA) against bacterial pathogens for 659 

a prolonged period post nasal pneumococcal carriage.  a) Defined time period of BAL samples 660 

collection from Spn colonised and non- colonised individuals within three independent Experimental 661 

Human Pneumococcal Challenge (EHPC) studies. b) Capacity of AMs derived from non-colonised 662 

individuals (Carriage neg - black dots, n= 35) and Spn colonised individuals (Carriage pos - red circles, 663 

n=36) to uptake pneumococci in vitro (p=0.005) by Mann-Whitney test. Geometric mean with 95% CI. 664 

Multiplicity of infection (MOI) used was 1: 100. c) Chronological representation of all BAL samples 665 

(n=71) collected from one to six months post intranasal pneumococcal inoculation divided into three 666 

consecutive time periods. T1: p= 0.001, T2: p= 0.003 and T3: p= 0.82 by Mann-Whitney test. Geometric 667 

mean with 95% CI. d-g) AMs capacity to uptake Spn6B, S. aureus, S. pyogenes and E. coli. Geometric 668 

mean with 95% CI. **p= 0.009, *p= 0.038, **p= 0.009 and p=0.25 by Mann-Whitney test. 669 

 670 

Figure 2: AMs priming and cross-talk with autologous CD4+ T subsets.  a) Comparison of phagocytic 671 

activity between sorted AM and sorted AM plus autologous BAL isolated CD4
+
 T cells from both Spn 672 

colonised (n= 13) and non-colonised individuals (n=11). MOI=1:20. AM and CD4
+
 T cells were used in 673 

a 10:1 ratio. p< 0.0001 in both groups by paired t-test. Comparison of AM basal killing activity between 674 

the two groups. *p= 0.018 by unpaired t-test with Welch’s correction. Comparison of AM killing 675 

activity in the presence of lung CD4+ T cells between carriage negative and positive volunteers. **p= 676 

0.001 by unpaired t-test with Welch’s corrections. b-d) Intracellular staining of CD4+ T cells for T-bet, 677 

Gata-3 and Foxp3 transcription factors as percentage of CD3+CD4+ BAL lymphocytes. Geometric mean 678 

with 95% CI. **p= 0.003, p= 0.85, p= 0.33 respectively by unpaired t-test with Welch correction test.  679 

 680 

Figure 3: Associations of AM phagocytic activity with CD4+ Th1 and Th17 responses.  a) From left to 681 

right are illustrated correlations between levels of IFN-γ expressing CD4+ T cells at baseline (non-682 

stimulated), total IFN-γ expressing CD4+ T cells post stimulation with Heat Inactivated (HI) Spn6B and 683 

the Spn-specific responding CD4+ T cells (unstimulated condition subtracted from Spn-stimulated 684 

condition) with alveolar macrophage OPA. Spearman Rho and p values are shown. b) Correlation of 685 

Spn-specific, TNF-a expressing CD4+ T cells with AM OPA. Spearman Rho and p value are shown. c)  686 

From left to right are illustrated the levels of IL-17A expressing CD4+ T cells at baseline and the levels 687 

of total and Spn-specific, IL-17A expressing CD4+ T cells in association with AM OPA. No significant 688 

correlations. Spearman Rho and p values are shown.  689 
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Figure 4: Lung cytokine milieu, alterations post nasal carriage and the effect of IFN-γ on AMs 690 

opsonophagocytic function.  691 

a) Heatmap of the 30 cytokines levels, expressed as log10 median (pg/mL), measured in the BAL fluid 692 

(n=20 carriage negative and n=22 carriage positive individuals). b-d) Levels of significantly different 693 

cytokines between the two groups, expressed as pg/ml. GM-CSF, IFN-γ and IFN-a with *p= 0.032, 694 

*p=0.047 and *p=0.043 respectively, analysed by Mann-Whitney test.  e) The effect of 10x increasing 695 

doses of exogenous IFN-γ (2-2000ng/ml) on the capacity of AM to uptake pneumococcus (live Spn6B 696 

used, MOI= 1:100) . AM isolated from 6 non-challenged subjects. Individuals samples are depicted and 697 

connected with dashed lines. ** p< 0.01 by Friedman test followed by Dunn’s multiple comparison. f) 698 

TNF-a production from AMs, pre-treated or not with exogenous IFN-γ (2-2000ng/ml), following 699 

stimulation with HI-Spn6B. AM isolated from 4 non-challenged subjects. Individuals samples are 700 

depicted and connected with dashed lines. *p< 0.05, ** p< 0.01 by Friedman test followed by Dunn’s 701 

multiple comparison. 702 

 703 

Figure 5: Pneumococcal carriage triggers monocyte to macrophage differentiation. a) Levels of 704 

monocytes and AMs in the BAL of carriage negative (n=8, black dots) and carriage positive individuals 705 

(n=9, red dots), expressed as percentage of CD45
+
 cells. Significant comparison of AM levels and AM: 706 

Monocytes ratio between the two study groups, * p=0.046 by Mann-Whitney test. Medians and 707 

interquartile ranges are shown per cell population. b) Monocytes and neutrophils analysed based on 708 

their CD14, CD16 expression.  For monocytes CD16 expressional levels divided them to two subsets, 709 

CD14
hi

CD16
lo 

and CD14
hi

CD16
hi.   

Medians and interquartile ranges are shown per cell population. c) 710 

Top pathways after gene set enrichment analysis for pathways and function applied on 2logFC (n= 5 711 

subjects per group). NES presented in gradient colour. Red shades indicate pathways over-presented, 712 

whereas blue shades pathways under-presented in the carriage positive group.  100% Significance 713 

scored the pathways with **p <0.001, 80% pathways with *p<0.05 and 20% pathways with p>0.05. d-714 

e) Correlations between alveolar macrophage OPA and 2log CPM of TBX21 and NT5E, respectively.  715 

 716 

Figure 6: Evidences of pneumococcal presence in the lung of nasopharyngeal Spn colonised 717 

individuals. a) Positive correlation between the nasal pneumococcal density, expressed as the Area 718 

Under the Curve (logAUC) and the copies of pneumococcal DNA (Spn6B) detected in the BAL fluid of 719 

Spn colonised individuals. r= 0.71, *p=0.02 by Pearson correlation test. b) Duration and density of 720 

nasal colonisation per individual with detected Spn6B DNA in the BAL fluid (9 in 22 Spn colonised). The 721 

end of each coloured line indicates the time point that the subject has cleared colonisation, assessed 722 
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by classical microbiology. c) Positive correlation between the nasal pneumococcal density (logAUC) 723 

and sorted AMs opsonophagocytic activity (n=13). Pearson correlation, r= 0.06, *p=0.02. d-e) 724 

Representative images taken by confocal microscope showing: d) pneumococci around AMs and e) 725 

internalised pneumococci by AMs derived from Spn colonised individuals. CD14-red, nucleus-726 

DAPI/blue and Spn6 capsule-green. Scale bar= 2μm.  727 

 728 

Figure 7: Schematic overview 729 

 730 

 731 

 732 

Figure S1: Gating strategy of CD4+ T cells for transcriptions factors - Tbet, Gata-3 and Foxp3 - 733 

expression for one representative volunteer.  734 

 735 

Figure S2: Gating strategy of cytokine (INF-γ, TNF-a and IL-17A) producing cells analysis at baseline 736 

and post-stimulation with HI-Spn6B. Gates from one representative volunteer are shown. 737 

 738 

Figure S3: Gating strategy of TNF-a expression intracellularly by AMs post treatment with IFN-g and 739 

stimulation with HI-Spn6B.  Gates from one representative volunteer are shown.  740 

 741 

Figure S4: Gating strategy of monocytes analysis for one representative volunteer.  742 

 743 

 744 

Cytokine 
Median 
concentration 
Carriage neg. 

Median 
concentration 
Carriage pos. 

p-value 
adjusted 
p-value 

IL2 0.17 0.17 9.36E-01 9.36E-01 

IL17 0.30 0.30 1.42E-01 6.34E-01 

TNFα 0.42 0.42 7.41E-01 9.31E-01 

FGF 
Basic 

0.65 0.65 1.83E-01 6.34E-01 

GM-CSF 0.49 0.96 3.41E-02 4.84E-01 

EGF 1.01 1.01 6.19E-01 9.12E-01 

IL 10 0.92 1.11 4.43E-01 8.31E-01 

IL 1β 1.09 1.09 2.90E-01 7.25E-01 

IL 4 1.25 1.24 6.17E-01 9.12E-01 

Eotaxin 1.19 1.33 9.14E-01 9.36E-01 



28 
 

RANTES 1.79 1.79 9.03E-01 9.36E-01 

IL 5 2.30 2.78 3.61E-01 8.31E-01 

IFN-γ 1.89 3.20 4.84E-02 4.84E-01 

IFNα 2.96 3.61 4.43E-02 4.84E-01 

MIG 2.07 7.37 1.11E-01 6.34E-01 

IL 13 4.87 6.03 1.00E-01 6.34E-01 

IL 12 8.13 7.07 8.84E-01 9.36E-01 

MIP 1α 9.35 9.57 4.29E-01 8.31E-01 

MIP 1β 11.00 11.42 5.03E-01 8.87E-01 

IL 15 16.56 11.29 2.32E-01 6.34E-01 

IL 6 13.49 16.22 2.03E-01 6.34E-01 

IL 2R 17.62 22.65 4.06E-01 8.31E-01 

IL 7 17.58 25.34 1.77E-01 6.34E-01 

IP 10 23.07 29.58 2.12E-01 6.34E-01 

G-CSF 33.03 43.81 7.33E-01 9.31E-01 

MCP 1 51.34 48.13 8.95E-01 9.36E-01 

VEGF 56.40 61.40 6.38E-01 9.12E-01 

HGF 79.20 73.13 8.00E-01 9.36E-01 

IL 8 61.92 90.55 5.38E-01 8.97E-01 

IL 1RA 959.97 775.27 7.45E-01 9.31E-01 

 745 

Table S1.  Levels of 30 cytokines and chemokines measured the in the BAL fluid of carriage 746 

negative (n=20) and carriage positive (n=22) volunteers, who underwent research 747 

bronchoscopy up to 50 days post the pneumococcal inoculation. Levels are expressed as 748 

pg/ml and are ordered from low to high values. Median per group, p-values by Mann-Whitney 749 

test and p-values corrected by multiple-comparison testing (Benjamini-Hochberg) are 750 

displayed.  751 

 752 

 753 

Gene log2FoldChange p-value 
adjusted   
p-value  

C1QA -1.73 1.17E-03 4.25E-01  
CD14 -1.86 3.95E-03 5.00E-01  
CSF1R -1.84 7.82E-03 5.00E-01  
IRF4 1.77 8.43E-03 5.00E-01  
C1QB -1.66 9.23E-03 5.00E-01  
CXCL11 1.96 1.05E-02 5.00E-01  
GPI -1.27 1.13E-02 5.00E-01  
NT5E 1.38 1.81E-02 5.00E-01  
CCND3 -1.45 1.83E-02 5.00E-01  
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CLEC7A 2.37 2.10E-02 5.00E-01  
CEACAM6 1.29 2.16E-02 5.00E-01  
LY96 2.19 2.24E-02 5.00E-01  
TAPBP -1.34 2.41E-02 5.00E-01  
TNFSF4 1.32 2.61E-02 5.00E-01  
HLA-
DRB3 

-3.36 2.82E-02 5.00E-01 
 

ITGAX -1.83 2.85E-02 5.00E-01  
IL13 1.18 2.98E-02 5.00E-01  
FCGRT -1.32 3.18E-02 5.00E-01  
CMKLR1 -1.55 3.28E-02 5.00E-01  
TNFSF13B 1.78 3.37E-02 5.00E-01  
CD164 2.01 3.48E-02 5.00E-01  
S100A8 -1.46 3.52E-02 5.00E-01  
CXCL2 2.08 3.62E-02 5.00E-01  
PYCARD -1.02 3.62E-02 5.00E-01  
TBX21 1.42 3.67E-02 5.00E-01  
TAGAP 1.08 3.72E-02 5.00E-01  
KLRC4 1.24 3.78E-02 5.00E-01  
CCRL1 1.27 3.85E-02 5.00E-01  
GAPDH -1.42 4.05E-02 5.08E-01  
IL10RA -1.14 4.48E-02 5.43E-01  
TLR8 1.56 4.72E-02 5.45E-01  
KIR3DL2 1.25 4.84E-02 5.45E-01  
ITGB2 -1.41 4.94E-02 5.45E-01  

     

Table S2. List of differentially expressed genes (DEG with p < 0.05) in sorted AMs on the day 754 

of the bronchoscopy (36 to 115 days post intranasal inoculation), compared Spn colonised 755 

(n=5) to non-colonised (n=5) individuals. Log2fold change (carriage positive over carriage 756 

negative), p-values by Mann-Whitney test and corrected p-values by using Benjamini-757 

Hochberg procedure are displayed.  758 

 759 

 760 

Variable1 Variable2 p value Rho 

KLRD1 OPA 0.007 0.818 

SLAMF1 OPA 0.008 0.806 

IL13RA1  OPA 0.011 0.760 

CCL15 OPA 0.016 0.758 

KIR3DL1 OPA 0.018 0.745 

KLRAP1 OPA 0.018 0.745 
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IL16 OPA 0.021 0.733 

PRDM1 OPA 0.024 0.721 

CCR10 OPA 0.028 0.709 

LAG3 OPA 0.028 0.709 

TRAF4 OPA 0.028 0.709 

IRF8 OPA 0.030 0.681 

EDNRB OPA 0.035 0.669 

KLRK1 OPA 0.035 0.669 

IL6R OPA 0.035 0.685 

NT5E OPA 0.035 0.685 

ZAP70 OPA 0.035 0.685 

DPP4 OPA 0.039 0.657 

CD7 OPA 0.039 0.673 

CEACAM6 OPA 0.039 0.673 

FCER1A OPA 0.039 0.673 

LILRA4 OPA 0.039 0.673 

IL12A OPA 0.042 0.650 

BCL2 OPA 0.044 0.661 

MASP2 OPA 0.044 0.661 

TBX21 OPA 0.044 0.661 

TNFRSF9 OPA 0.044 0.661 

HLA.DOB OPA 0.049 0.648 

IRF5 OPA 0.049 0.648 

LILRA3 OPA 0.049 0.648 

LILRA5 OPA 0.049 0.648 

SELL OPA 0.049 0.648 

TLR8 OPA 0.049 0.648 

TNFRSF14 OPA 0.049 0.648 

 761 

Table S3. List of genes for which expression significantly positively correlates with AM 762 

opsonophagocytic activity.  763 

Methods of spn6B DNA detection in 
BAL and NP 

Carriage pos. Carriage neg. 

Spn6B detected in the BAL by qPCR 
  9/22 (41%) 0/21 (0%) 

Live Spn6B detected in BAL by 
culturing   2/16 (12.5%) 0/10 (0%) 

Live Spn6B detected in NP swabs by 
culturing  0/6 (0%) 0/6 (0%) 

 764 

Table S4. Methods of Spn6B detection in lung and nose the day of research bronchoscopy.  765 
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Spn6B DNA was detected in 41% of carriage positive volunteers (9 in 22 carriers) by qPCR targeting a 766 

Spn6B specific capsular polysaccharide gene. Spn6B DNA was not detected in any (0/21) non-colonised 767 

subjects. Nasopharyngeal (NP) samples were taken prior to the bronchoscopy from 12 participants. 768 

No live SPN6B was detected in any NP sample after culturing, whereas in two Spn-colonised volunteers 769 

SPN6B growth was observed by classical microbiology plating of BAL fluid.  770 

 771 

 772 

 773 

 774 

 775 
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