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ARTICLE INFO ABSTRACT

Keywords: Background:: The effects of the com quorum sensing system during colonisation and invasion of Streptococcus
Pneumococcus pneumoniae (Spn) are poorly understood.
Pathogenesis

Methods: We developed an ex vivo model of differentiated human airway epithelial (HAE) cells with beating
ciliae, mucus production and tight junctions to study Spn colonisation and translocation. HAE cells were inoc-
ulated with Spn wild-type TIGR4 (wtSpn) or its isogenic AcomC quorum sensing-deficient mutant.

Results: Colonisation density of AcomC mutant was lower after 6 h but higher at 19 h and 30 h compared to
wtSpn. Translocation correlated inversely with colonisation density. Transepithelial electric resistance (TEER)
decreased after pneumococcal inoculation and correlated with increased translocation. Confocal imaging illus-
trated prominent microcolony formation with wtSpn but disintegration of microcolony structures with AcomC
mutant. AcomC mutant showed greater cytotoxicity than wtSpn, suggesting that cytotoxicity was likely not the
mechanism leading to translocation. There was greater density- and time-dependent increase of inflammatory
cytokines including NLRP3 inflammasome-related IL-18 after infection with AcomC compared with wtSpn. ComC
inactivation was associated with increased pneumolysin expression.

Conclusions: ComC system allows a higher organisational level of population structure resulting in microcolony
formation, increased early colonisation and subsequent translocation. We propose that ComC inactivation un-
leashes a very different and possibly more virulent phenotype that merits further investigation.

Quorum sensing

Human bronchial epithelial cell culture model
Colonisations

Invasion

1. Introduction subsequent carriage in the upper airways is considered a “conditio sine

qua non” for the development of pneumococcal respiratory tract in-

Community-acquired pneumonia due to Streptococcus pneumoniae
(Spn) is associated with high morbidity and mortality worldwide (Welte
et al., 2012). Currently there are at least 100 different pneumococcal
serotypes known with different ability to cause mucosal and invasive
pneumococcal disease (IPD) (Ganaie et al., 2020). Colonisation with
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fections and IPD (Bogaert et al., 2004; Scott et al., 2012). A critical
colonisation density in the nasopharynx above which there is a high risk
for pneumococcal pneumonia versus asymptomatic colonisation has
been demonstrated in adults and children (Albrich et al., 2012;
Boix-Palop et al., 2021; Carr et al., 2021).
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Fig. 1. Modelling pneumococcal invasive disease: from colonisation (apical) to transmigration and translocation (basolateral). Left, non-infected model. Primary human
bronchial epithelial cells were isolated from bronchial biopsy samples from 5 donors (a). Cells were transferred as a single cell suspension (b) to a transwell insert that
contains a membrane with pore size of 1 um and incubated with culture medium in both the apical and basolateral side. Cells were incubated until the formation of a
confluent monolayer when the cell culture medium was removed from the apical side to expose cells to air (air-liquid interface). Incubation was continued until the
establishment of a differentiated pseudostratified bronchial epithelium (c) with tight junctions (d) mucus production (e), ciliary activity (f). Right, infected model. To
simulate the in-vivo pathogenesis and assess colonisation (g) and epithelial adhesion, transmigration (h) through the epithelium and finally translocation to the
basolateral side (“invasive pneumococcal disease”, i), the established epithelium was inoculated on the apical side with different strains of Streptococcus pneumoniae
(j) at 15 or 30 multiplicity of infection (MOI) and infected cells were incubated for 6 h, 19 h or 30 h. Finally, 3 different spaces (apical, epithelial, basolateral) were
evaluated as follows: Pneumococci in the apical and basolateral side were cultured (k), cytotoxicity of the epithelium was assessed by obtaining the transepithelial
electrical resistance (TEER), the release of lactate dehydrogenase (LDH) as well as by confocal microscopy (1). In addition, the epithelial response to pneumococcus

was evaluated for the release of cytokines and zonulin-1 (m) including the corresponding mRNA expression.

Spn encodes and produces different quorum sensing (QS) systems
including the com QS system. Recent studies showed that Com regulates
colonisation and biofilm production on human lung and pharyngeal
cells (Vidal et al., 2013a). Com, encoded by the locus comABCD, regu-
lates expression of genes which are involved in competence-induced
bacterial killing and fratricide, production of lantibiotics (Phr peptide
QS), and increased virulence due to increased production of capsular
polysaccharides (Trappetti et al., 2017). Despite years of investigation in
the field, and the known importance of the Com for the biology of
pneumococcus, the role of Com in invasion and translocation -the
hallmark of pneumococcal invasive disease- has not been investigated
yet and it represents an important gap in our understanding of pneu-
mococcal pathogenesis.

To study pneumococcal-human interaction, animal models and
immortalised cell culture models are generally utilised. The latter
frequently consists of cancer cell lines, which represent an “artificial”
environment lacking natural tissue diversity, differentiation and func-
tionality (e.g. mucus production) of involved specialised airway cells
and the 3D structure of the human lung epithelium, including the
physiological air-liquid interface (ALI) and formation of tight-junctions
(TJs) (Chiavolini et al., 2008; Hocke et al., 2017). Recently, an experi-
mental human Spn carriage model has been developed (Gritzfeld et al.,
2013; Felice et al., 1987; Wright et al., 2013). 24 h after individuals were
infected with Spn serotype 6B strain, a different cytokine response was
observed in those who were colonised by Spn compared to those infected
but cleared the infection (Nikolaou et al., 2021). Whereas the human
carriage model is helpful for carriage and vaccine studies, for ethical
reasons studies on pneumococcal virulence and lung pathogenesis are
challenging in human volunteers.

An ex vivo tissue model of primary human airway epithelial cells
(HAE) with an air-liquid interface (ALI) was recently developed to study
coronavirus pathogenesis (Dijkman et al., 2013a). This model includes a
pseudo-stratified HAE cell layer containing basal, secretory, columnar,
and ciliated cell populations. Thus, the ex vivo system recapitulates
essential aspects of human airway epithelia, namely (i) presence of
well-defined human airway epithelial cell types, which become (ii)
functional and differentiated by producing mucus and showing ciliary
activity, and (iii) maintains physico-biochemical barriers, such as the

mucus layer, and a well-formed TJ belt with development of a
trans-epithelial electrical resistance (TEER). These advantageous phys-
iological characteristics and absence of an ex vivo model of human lung
infection motivated us to adopt this ex vivo HAE-ALI model. We there-
fore infected differentiated human lung cells with a reference Spn strain
TIGR4 (wildtype) or its isogenic AcomC mutant and comprehensively
compared colonisation, invasion, translocation, cytotoxicity, and human
lung epithelial cell response.

2. Material and methods
2.1. Differentiated respiratory epithelium

Bronchial epithelial cells were isolated from bronchial biopsy sam-
ples of 5 different human donors with a median age of 70 years and
cryopreserved as previously described (Dijkman et al., 2013a). This was
done in accordance with local regulations from Cantonal Hospital St.
Gallen, Switzerland, St. Gallen Lung Biopsy Biobank (SGLBB) with
approval by the ethics committee of the Canton St. Gallen (EKSG
11/044). Bronchial epithelial cells were cultured in flat bottom 12-well
plates (Greiner bio-one, Switzerland) on an insert covered by a mem-
brane with 1 um pores until formation of a confluent differentiated
epithelial monolayer with beating cilia and mucus production at the ALI
apical side. Cells were counted to 500’000 per insert by flow cytometry
(BD FACSCANTO II, Becton Dickinson, United States). This process was
monitored by TEER measurement until a stable mean resistance was
reached.

2.2. Pneumococcal infection

Spn strains were inoculated in a 200 pl suspension of balanced salt
solution (BSS, for detailed composition, see supplemental file) on the
apical side at different multiplicity of infection (MOI). ALI medium
(Fulcher et al., 2005) was added to the basolateral side. Pneumococci
colonizing the apical compartment or invasive Spn in the basolateral
compartment were counted by dilution and plating onto blood agar
plates (measured as cfu/ml). Inactivated TIGR4 or latex particles served
as negative controls.
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Fig. 2. Confocal microscopy of human airway epithelial (HAE) cell cultures infected with wtSpn and AcomC mutant. HAE cells infected with wtSpn or AcomC mutant
are shown after 6 h (A, B), 19 h (C, D) and 30 h (E, F) post-inoculation. Within each panel (A-F), the top row shows uninfected HAE cells, the second row HAE cells
infected with 15 MOI, the third row HAE cells infected with 30 MOI and the fourth row shows HAE cells infected with 50 MOI of pneumococci. Inmunostaining,
indicated on top of each panel, was performed with DAPI (4',6-diamidino-2-phenylindole) for nuclei, monoclonal antibodies against anti-p-tubulin IV to detect
ciliated cells (light blue), against ZO-1 for tight junctions (red) and fluorescein-conjugated antibody against S. pneumoniae (green, indicated at TIGR4 or AcomC).
Columns depict stacks in XY plain or where indicated, orthogonal ZY plain. The panels in the XY plain provide a view from the top of the respective insert at the level
shown in the ZY plain. This has to be taken into account when comparing signal intensities between different panels. For precise quantifications, we refer to Fig. 3.
Yellow arrow shows pneumococci underneath both cilia staining and ZO-1 signal. The preparations were examined with confocal microscopy. Bars in
all panels= 10 pm.
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Fig. 2. (continued).

2.3. Bacterial strains

Pneumococcal strains were grown in Todd Hewitt broth containing
0.5% (w/V) yeast extract (THY) media at 37 °C and 5% CO2 until they
reached a phase of logarithmic growth. For most experiments wild-type
(wt) encapsulated serotype 4 TIGR4 strain (labelled as wtSpn, unless
specified otherwise) or an isogenic TIGR4AcomC mutant (Vidal et al.,
2013b) was used to study the influence of the Com quorum sensing
system. Growth curves for wtSpn and AcomC mutant were similar
(supplemental Fig. 1A). Both bacterial strains were further compared
regarding four additional properties. Comparable results were obtained
for both strains in terms of HyO2 production (supplemental Fig. 1B).
Western blot and haemoglobin release assay (as a measure of
Ply-induced hemolysis) revealed that the AcomC mutant produced more
pneumolysin (Ply) than the wtSpn under the culture conditions assessed
in this study (supplemental Figs. 1C and 1D). Confocal microscopy and
flow cytometry assays demonstrated similar expression of serotype 4
capsular antigen in both strains (supplemental Figs. 1E and 1F). Further
details on the methods used can be found in the supplemental file.

2.4. Confocal microscopy analysis

Confocal imaging analysis was performed as a non-quantitative
method to visualize the ultrastructure of the epithelium and the locali-
zation location of pneumococci during colonisation, invasion and
translocation. Infected HAE cultures were fixed with 4%

paraformaldehyde (PFA) for 30 min at room temperature, followed by
rinsing of the apical and basolateral sides three times with 1 ml of
phosphate-buffered saline (PBS). Fixed HAE cultures were immuno-
stained using a previously described procedure (Dijkman et al., 2013b).
Briefly, images were captured using a Zeiss LMS 710 confocal micro-
scope (Zeiss, Jena, Germany) and analyzed and processed using IMARIS
Version 7.7.2 (Oxford Instruments, Bitplane AG, Ziirich, Switzerland).

2.5. Trans-epithelial electrical resistance (TEER)

To measure the integrity of TJ in the epithelial monolayers, TEER
measurement (in /cm2) was performed using the Epithelial Volt/Ohm
(TEER) Meter (EVOM2®, World Precision Instruments, Sarasota, FL,
United States) in different donors according to the manufacturer’s in-
structions. The first measured TEER level was set at 100% as a baseline
and TEER measurements over time were calculated as percentage of
baseline values. To avoid cross-contamination when obtaining bacterial
counts from the apical and basolateral compartments, separate inserts
were used for TEER measurement.

2.6. Cytokine detection by multiplex ELISA cytokine array and
quantitative PCR

Inflammatory cytokines were measured in the supernatant by a
multiplex ELISA array (Eve Technologies, Calgary, Canada). In addition,
mean mRNA expression was measured relative to § -actin from the lysate
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2.7. Zonulin-1 detection by ELISA and quantitative PCR

Zonulin-1 (ZO-1) expression was measured in the supernatant by an
ELISA array (My BioSource, Unites States). In addition, total RNA was
extracted (RNeasy® Mini Kit, Qiagen, Netherlands) after homogeniza-
tion of the lysate of the epithelium using QIAshredder® (Qiagen,
Netherlands). Subsequently, mean mRNA expression was measured
relative to p-actin (QuantStudio® 5, Applied Biosystems, United States).
The B-actin primer (forward AGC CTC GCC TTT GCC GA and reverse
CTG GTG CCT GGG GCG) as well as probe (5’ Hex CCG CCG CCC GTC
CAC ACC CGC C and 3’ BHQ-1) sequences were utilized.

2.8. Cytotoxicity

Lactate dehydrogenase (LDH), which is released during cell lysis,
was measured in supernatant as a marker of cytotoxicity using the
colorimetric non-radioactive cytotoxicity assay CytoTox96® according
to the manufacturer’s instructions (Promega, Madison, WI, United
States). Cytotoxicity was measured in supernatant from HAE cells with
and without infection with wildtype and AcomC. BSS was used as
negative control. As an assay positive control, HAE cells were incubated
with lysis solution as indicated by the manufacturer. Results were read
using a photometer Tecan Sunrise® (Tecan, Mannedorf, Switzerland) at
0D490. To quantify LDH release in the supernatant, a standard curve
was produced with serial dilutions of purified LDH provided in the kit,

Cilia+ZO-1+Spn
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diluted in phosphate-buffered saline (PBS) + 1% bovine serum albumin
(BSA). The concentration of LDH was measured using Konelab 60
(Thermofischer, Switzerland). The standard curve spanned from 500 U/
ml through 15 U/ml, the latter considered the limit of detection. A linear
regression analysis was performed and used to calculate the concen-
tration in the supernatants. To assess whether lactate LDH was released
from epithelial cells or pneumococcus during an infection experiment
we measured LDH release from Spn in the absence of HAE cells. For this
purpose, Spn at 15 MOI were placed in BSS without culture medium and
without HAE cells on a membrane with 0.4 ym pore size.

2.9. Flow cytometry

Non-infected HAE cells from two donors were taken from culture,
washed and trypsinised to a single cell suspension. 10* cells were stained
using three fluorescent-labelled antibodies (CD326 APC, CD31 PE and
7AAD PerCP-Cy5). Cells were acquired by flow cytometry (FACSCanto,
Becton, Dickinson and Company, United States) and fibroblasts were
defined as negative for CD326 or CD31 (see supplemental Fig. 2).

2.10. Transmission electron microscopy

Cells were cultivated as described previously and treated with 50
MOI Spn for 19 h at 37 °C and 5% COa. Cells were fixed in 3% glutar-
aldehyde in 0.1 M sodium cacodylate buffer and were washed in 0.2 M
sodium cacodylate buffer. After a post-fixation step in 2% osmium te-
troxide in 0.1 M sodium cacodylate buffer, samples were dehydrated
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through a graded ethanol series followed by acetone and finally
embedded in Epon resin (Sigma-Aldrich, Buchs, Switzerland). Ultrathin
sections were contrasted with 2% uranyl acetate and lead citrate (Rey-
nolds 1963) before imaged in a Zeiss EM 900 (Carl Zeiss Microscopy
GmbH, Germany) at 80 kV.

Spn 50 MOI

Fig. 2.

2.11. Statistical analysis

Continuous variables were compared using the Mann-Whitney U test
or non-paired t-test, as appropriate. Time course of TEER measurements
was compared between different doses of the same strain using
Spearman correlation coefficients. The dose- and time-dependent dif-
ferences of TEER measurements between two strains were analyzed
using 3-way analysis of variance (ANOVA) using donor as block factor.
Statistical analyses were performed using Prism (GraphPad Software,
San Diego, CA, United States) and R (Vienna, Austria). P-values < 0.05
were considered statistically significant.

3. Results
3.1. Primary HAE cells differentiate ex-vivo upon exposure to air

To model pneumococcal colonisation and invasive disease, cells from
five different donors were cultured (Fig. 1). Integrity, and differentiation
upon exposure to air [i.e., beating cilia (supplemental Movie 1-3), and
mucus production] was observed by traditional light microscopy (Fig. 1).
Confocal imaging showed ciliated structures and formation of a well-

Cilia+ZO-1+Spn
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defined TJ complex, as evidenced by the presence of zonulin-1 (Fig. 2,
Z0-1 in control cells). We confirmed by flow cytometry that HAE cells
were mostly epithelial cells [CD326 + /CD31-] and by confocal micro-
scopy the absence of fibroblasts (supplemental Fig. 3). Ultrastructure of
the TJ was revealed by transmission electron microscopy (supplemental
Fig. 3A-C). Thus, fully differentiated, pseudostratified, ciliated HAE cells
are predominantly bronchial epithelial cells.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2020.101681.

3.1.1. Inoculation of pneumococci results in stable apical colonisation at
6h

To resemble natural lung infection where nutrients are acquired by
Spn from human cells, i.e., instead from the cell culture medium, BSS
was added to the apical side of differentiated HAE cells before infecting
the cells with wtSpn or the AcomC mutant. Colonising Spn at the apical
side reached a plateau and the highest density (~10'° cfu/ml) within
6 h of incubation after which there was no further increase (Fig. 3A, B,
C). In contrast, Spn was cultured in low frequency from the basolateral
side (translocation, “invasive disease”) at this time point at any of the
utilised inocula (Fig. 3D).

Three-dimensional (3D) reconstruction of confocal z-stacks and
analysis of orthogonal zy planes demonstrated Spn on the apical side of
differentiated HAE cells (i.e., above the TJ staining) (Fig. 2A, arrow).
Spn formed microcolonies particularly colocalising with cilia (Figs. 2A,
2B, arrow). Dotted cilia were noticed in areas where Spn colonised HAE
cells suggesting that bacteria had degraded cilia (Fig. 2 A-F, arrows).
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Taken together, this suggests that at 6 h post-inoculation, pneumococci
were mainly attached on top of HAE cells, representing colonisation.

3.2. Loss of com quorum sensing induces a disorganised adhesion
phenotype with translocation to the basolateral side

An important role of the Com QS system is to provide extracellular
DNA (eDNA) during colonisation, a response mediated by a density
threshold. We therefore assessed the adhesion phenotype and trans-
location of the isogenic AcomC mutant strain. At 19 h post-inoculation
there was a trend for increasing apical Spn densities with increasing
doses whereas this trend was not seen after 30 h suggesting steady state
of colonisation after 6 h (Fig. 3 A-C). Compared to wtSpn, the AcomC
colonised significantly less at 6 h post-inoculation but at higher levels at
19 h and 30 h (Fig. 3 A-C). In contrast, more AcomC than wtSpn trans-
located at 6 h. Compared to 6 h, there was an increased number of Spn
identified at the basolateral side at 19 h and 30 h with higher counts for
wtSpn (Fig. 3 D-F).

In confocal imaging, there was prominent microcolony formation
with wtSpn on top of HAE cells at 19 h and 30 h compared to increasing
disintegration of microcolony structures over time with AcomC (Fig. 2 C-
F). zy confocal sections revealed the colocalisation of intracellular Spn
with both cilia and ZO-1 at all time points (transmigration, Fig. 2 C-F,
yellow arrows). These experiments suggest that pneumococcus primar-
ily attaches to ciliated structures to gain access to human lung cells
(Figs. 2A, 2B, yellow arrows). Translocation to the basolateral side
increased from 6 h to 19-30 h post-inoculation correlating inversely

with colonisation density.

3.3. Pneumococcal translocation correlates with a decreased
transepithelial electrical resistance, that is specific and depends on time
and dose of Spn

To begin studying the invasion mechanism, TEER was measured
across HAE cells infected with TIGR4 as a correlate of the integrity of the
TJ complex (Fig. 4A). Overall, a similar trend of decline was present over
time, but with varying magnitude and timing. Starting TEERs ranged
from 600 to 800 ©/cm?. There was a drop of median TEER at 6 h post-
infection followed by a continued decrease. At 19 h post-infection, TEER
had decreased by ~60% (Fig. 4A) and by ~85% at 28 h post-inoculation
in comparison to the uninfected control (Fig. 4B). A similar time-
dependent TEER decrease was observed when HAE cells were inocu-
lated with a lower dose (Fig. 4B) or with another reference Spn strain
(ATCC 49619, Fig. 4C). However, this decrease was specific for pneu-
mococcal infection as it was different from TEER courses after incuba-
tion with latex particles (Fig. 4C) or with heat-killed wtSpn
(supplemental Fig. 3) or BSS alone (0 MOI). Increasing inocula were
associated with faster TEER decrease in wtSpn (r —-0.81, p = 0.002;
Fig. 4C). A time-course study revealed that TEER decreased earlier and
more rapidly with the AcomC mutant compared to wtSpn while levelling
off at 19 h and at 30 h with steeper slopes for higher inocula. The strain
had an effect on TEER over time showed, as indicated by a significant
interaction of the two variables (p < 0.001). Indeed, TEER showed a
faster decrease with AcomC with a significant TEER difference at 6 h, but
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not at 19h and 30 h (p =0.01, p=0.18 and p = 0.15, respectively;
Fig. 4D). Thus, periods with steeper TEER decrease correlated with pe-
riods of increased translocation (Fig. 3D-F).

3.4. Pneumococcal translocation is not induced by cytotoxicity

To evaluate whether translocation of pneumococci was due to
cytotoxicity, lactate dehydrogenase (LDH) release in the supernatant
was measured after inoculation of HAE cells with wtSpn or AcomC. LDH
levels were similar 6 h post-inoculation with both strains but signifi-
cantly higher with AcomC after 19 h and 30 h of incubation (Fig. 5A).
For both wtSpn and AcomC, LDH levels significantly increased with
longer incubation (Fig. 5A). Higher LDH levels were observed with
AcomC mutant compared to wtSpn for all inoculation doses (Fig. 5B).
When there was no translocation, LDH levels did not differ between both
strains until 19 h but were higher with AcomC after 30 h (Fig. 5C). With
translocation, higher LDH levels were seen with AcomC compared to
wtSpn at 19 h and 30 h (Fig. 5D). Surprisingly, among wtSpn, inserts
with translocation showed significantly lower LDH levels at 19 h and
30 h than those without translocation (Fig. 5E). In contrast, among
AcomC, LDH levels were similar regardless of translocation (Fig. 5F).

Spn also produces a homolog LDH enzyme during its metabolism
(Gaspar et al., 2014). We therefore quantified the amount of LDH in
cultures of wtSpn grown for up to 30 h and LDH levels were below the
limit of detection (15 U/L).

Collectively, this indicates higher cytotoxicity by infection with
AcomC mutant than wtSpn which does not correspond to periods of
increased translocation. Therefore, cytotoxicity is likely not the

mechanism leading to translocation.

3.5. Inoculation of HAE cells with pneumococci results in disintegration of
the TJ

Since intracellular pneumococci colocalised with ZO-1 staining, we
quantified the release of ZO-1 into the supernatants using ELISA. ZO-1
levels were significantly higher in HAE cells infected with AcomC
mutant than wtSpn (p < 0.0001; Figs. 6A, 6B). ZO-1 levels increased
over time, particularly in HAE cells infected with AcomC (Fig. 6B) but
were independent of inoculum density (Fig. 6C) and were not linked to
translocation (Fig. 6D).

To investigate whether ZO-1 in the supernatant was released from
damaged HAE cells or resulted from upregulated gene expression, ZO-1
mRNA was measured in infected HAE cells. Lower ZO-1 transcription
levels were detected in HAE cells infected with AcomC mutant than with
wtSpn (supplemental Fig. 5A). This became apparent at 19 h and was
significant at 30 h post-infection (supplemental Fig. 5B), but without a
dose-response effect (supplemental Fig. 5C). There was a non-significant
trend for downregulation of ZO-1 expression in inserts with trans-
location compared to those without translocation, both for wtSpn and
AcomC (supplemental Fig. 5).

Overall, these results confirm that increased ZO-1 levels in super-
natant cannot be attributed to increased ZO-1 expression but rather to
increased release of ZO-1 into the supernatant.
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Fig. 3. Quantification of Streptococcus pneumoniae colonisation of and translocation. Pneumococci were infected at the apical side of differentiated HAE cells at a
multiplicity of infection (MOI) of 15, 30 and 50. The density of bacteria in the apical and basolateral space was obtained by dilution and plating (CFU) at 6 h, 19 h

and 30 h post-inoculation.

3.6. Temporal expression of specific host cytokines reflects colonisation
and translocation

Secretion of 42 different human cytokines was evaluated during
colonisation and translocation in the supernatants of HAE cells inocu-
lated with pneumococci in comparison to either uninfected HAE control
cells or wtSpn infected cells versus those infected with AcomC.
Remarkably, compared to non-infected cells, at the initial colonisation
stage only IL-18 was significantly increased by ~60-fold in HAE cells
infected with wtSpn and AcomC mutant (Fig. 7A-7E). Additional cyto-
kines were downregulated by the infection with the AcomC mutant
compared to that of wtSpn, including IL-13, and platelet-derived growth
factor (PDGF) (Fig. 7F). Furthermore, in HAE cells infected with the
AcomC, levels of IL-18 were significantly increased at 19 h and 30 h
post-infection (Figs. 7B and 7C) compared to the 6 h colonisation stage,
whereas there was no further increase for wtSpn beyond 6 h (Figs. 7B,
7C, 7E and 7F).

Infection with wtSpn did not consistently induce a significant change
in the secretion of other cytokines at 6 h and 19 h, in comparison to the
uninfected control. Only at 30 h post-infection, secretion of IL-8 and
epidermal growth factor was significantly increased at all inoculated
densities (Fig. 7D). In contrast, whether compared against the unin-
fected control or against cytokine production by cells infected with
wtSpn, differentiated HAE cells infected with AcomC mutant had
significantly higher levels of G-CSF at 19 h post-infection and at 30 h
increased levels of IL-1a, IL-1RA, IL-1B, IL-4, IL-8, IL-9, TNF-a, and
significantly decreased detection of several cytokines including IL-3, IL-
7 and RANTES (Figs. 7E and 7F). Overall, we identified a signature of
cytokine production in response to the absence of the competence
stimulating peptide.

Together, our data reveal an increased cytotoxic phenotype upon
inactivation of com quorum sensing signalling.

4. Discussion

This differentiated HAE model simulates the entire pathway from
pneumococcal colonisation of human lower airways to transepithelial
migration and IPD. Cultures from the basolateral space revealed an in-
fectious dose- and time-dependent penetration through the respiratory
epithelium accompanied by an epithelial response. Confocal imaging
demonstrated co-localisation of pneumococci with TJ and cilia and
subsequent degradation of ciliary and TJ structures. Translocation into
the basolateral space coincided with loss of epithelial integrity as shown
by a TEER decrease. The host response to pneumococcal invasion was
characterised by an increase of proinflammatory cytokines but it was
altered when the com QS system was inactivated. Our model suggests
that Com is associated with microcolony formation during colonisation
and translocation, whereas inactivation of comC-mediated signalling
correlates with epithelial disruption with increased cytotoxicity and an
increased inflammatory response.

The Com pathway is a well-studied QS system. It allows bacterial
intercellular communication and enables fratricide, uptake of exoge-
nous DNA and genetic recombination (Prudhomme et al., 2016; Vidal
et al., 2013a). comC encodes the competence stimulating peptide (CSP)
that activates the QS system. Its inactivation results in vitro in a
decreased production of early stages of biofilms (Trappetti et al., 2011;
Vidal et al., 2013a).

Likewise, in the current study, inactivation of comC led to early
reduced and disorganised pneumococcal colonisation along with
increased cytotoxicity and upregulated cytokine response but impaired
later transmigration. This is consistent with loss of a highly orchestrated
host-pathogen interaction. Microinvasion was followed by an inflam-
matory response which was postulated as a mechanism for subsequent
pneumococcal clearance (Weight et al., 2019). Given the increased
identification of hormones and molecules that block bacterial QS
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infection was set to 100%. Changes of TEER are shown as percentage of decrease considering the baseline TEER maximum (100%) resistance (A-D).

systems, it is likely that blocking com-QS may modulate severe cases of
human pneumococcal disease. This potential mechanism is under
investigation in our laboratories.

Upregulation of proinflammatory cytokines correlated with cyto-
toxicity. For example, levels of both IL-18 and LDH were increased in
those HAE cells infected with AcomC mutant compared to uninfected
cells and with those infected with the wtSpn. The release of activated IL-
18 and IL-1 is a hallmark of canonical -caspase-1-dependent- activation
of the NLRP3 inflammasome (Surabhi et al., 2020). Cell death can occur
by uncontrolled activation of the NLRP3 inflammasome, known as
pyroptosis (Jing et al., 2021; Ta and Vanaja, 2021). IL-18 has both
IFNy-dependent and -independent proinflammatory activity (Novick
et al., 2013). Therefore, evidence from this model indicates that pneu-
mococci elicit a distinct IL-18 mediated inflammatory response that can
induce differentiated human lung cells to undergo pyroptosis, particu-
larly when com-QS is inactivated. Both hydrogen peroxide and the
pneumolysin (Ply) have been involved in triggering pyroptosis of in
vitro cultured human bronchial cells (Karmakar et al., 2015; Surabhi
et al., 2022) and in murine neutrophils. The genes encoding Ply (ply) and
spxB, encoding an enzyme responsible for most hydrogen peroxide, are
upregulated when Spn infects human lung cells(Aprianto et al., 2018).
Our data showed no difference in hydrogen peroxide production be-
tween wtSpn and AcomC mutant. Interestingly, inactivation of comC was
associated with an increased expression of the pore-forming and
pro-inflammatory pneumolysin, an observation which to our knowledge
has not been reported yet, and which is subject to further investigation
in our laboratories. In contrast, a luxS mutant for a different pneumo-
coccal quorum sensing system was previously shown to have reduced
pneumolysin gene expression (Joyce et al., 2004). Because the HAE
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model has unique characteristics not present in immortalized lung cells,
the possibility exists that other unknown molecules are expressed when
infecting HAE cells and contribute to the exacerbated activation of the
inflammasome. Our laboratories are exploring this possibility as well.
Except for immortalised cell cultures and animal models, we are
aware of only three published lung tissue models (Marks et al., 2012;
Szymanski et al., 2012; Weight et al., 2019). The first model used a lung
mucoepidermoid carcinoma cell line (NCI-H292) or
paraformaldehyde-fixed primary differentiated tracheobronchial
epithelial cells from healthy volunteers to study pneumococcal biofilms
(Marks et al., 2012). A second model investigated infection on fresh lung
tissue cylinders. In contrast, in our model bronchial epithelial cells are
harvested to a single cell suspension that allows cryopreservation and
stocking cells for repeated experiments. A third model describes an
experimental human pneumococcal carriage model and in addition a
HAE model that recapitulated in vivo findings (Weight et al., 2019). This
epithelial model is very similar to ours. Importantly and confirming the
applicability of our HAE model to in vivo situations, Weight et al. also
reported adhesion, microcolony formation and epithelial invasion of a
serotype 6B pneumococcus. This model focussed on the first 3 h of
pneumococcal infection whereas we studied infection for up to 30 h.
There are several major strengths of our experimental setup which
make it more physiologic compared to traditional cell cultures. First, we
used a more realistic ex vivo model with differentiated cells. Secondly,
pneumococci were inoculated on the apical side in the absence of cell
culture medium. Consequently, bacteria acquired nutrients directly
from their interaction with differentiated HAE cells. Unlike homogenous
colonisation on the cell substrate seen in models where bacteria are
inoculated in cell culture medium, in our model, colonising
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pneumococci formed microcolonies. Similarly, Trappetti et al. also re-
ported that a wtSpn strain formed microcolonies whereas the isogenic
AcomC mutant was unable to attach (Trappetti et al., 2011). Our ex vivo
model indicated a loss of microcolony formation over time with a dis-
organised adhesion pattern in those infected with an inactivated comC
system. Third, epithelium and response to infection is donor specific.
Results that are generally reproducible with different human donors can
thus be generalised. Donor-specificity is a great asset as this model re-
flects the individual physiological situation and susceptibility to colo-
nisation and infection more closely than artificial systems or
immortalised cell lines. Limitations of our HEA model include the lack of
an adaptive immune response and the time required for epithelial
differentiation.

In conclusion, our experiments indicate that the comC system allows
a higher organisational level of population structure resulting in
microcolony formation, increased early colonisation and subsequent
translocation. We propose that inactivation of QS unleashes a very
different and possibly more virulent phenotype of pneumococci that
merits further investigation. This finding was observed using an ex vivo
primary HAE model that recapitulates pathophysiological events of
pneumococcal colonisation and invasion. It may thus allow identifica-
tion of novel mechanisms to improve diagnostics and determine new
preventive and therapeutic targets to combat pneumococcal diseases.
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