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ABSTRACT Mpycoplasma pneumoniae and Streptococcus pneumoniae are the most
common bacterial causes of pneumonia in children. The clinical characteristics of
pneumonia differ significantly between the two bacteria. We aimed to elucidate the
differences in pathogenesis between M. pneumoniae and S. pneumoniae by charac-
terizing the respiratory epithelial cell immune response to both pathogens. Using
primary human bronchial epithelial cells in air-liquid interface cultures, we observed
lower production of the proinflammatory cytokines interleukin-6 (IL-6) and IL-8 in
response to M. pneumoniae than to S. pneumoniae. In contrast to the differences in
proinflammatory cytokine production, Toll-like receptor 2 (TLR2)-mediated signaling
in response to M. pneumoniae was stronger than to S. pneumoniae. This difference
largely depended on TLR1 and not TLR6. We found that M. pneumoniae, but not S.
pneumoniae, also induced signaling of TLR10, a coreceptor of TLR2 that has inhibi-
tory properties. M. pneumoniae-induced TLR10 signaling on airway epithelial cells
was partially responsible for low IL-8 production, as blocking TLR10 by specific anti-
bodies increased cytokine production. M. pneumoniae maintained Th2-associated
cytokine production by epithelial cells, which concurs with the known association of
M. pneumoniae infection with asthma. M. pneumoniae left IL-33 levels unchanged,
whereas S. pneumoniae downregulated IL-33 production both under homeostatic
and Th2-promoting conditions. By directly comparing M. pneumoniae and S. pneumo-
niae, we demonstrate that M. pneumoniae avoids induction of proinflammatory cyto-
kine response despite its ability to induce robust TLR2 signaling. Our new findings
suggest that this apparent paradox may be partially explained by M. pneumoniae-
induced signaling of TLR2/TLR10.

KEYWORDS host response, IL-33, IL-8, Mycoplasma pneumoniae, primary bronchial
epithelial cells, Streptococcus pneumoniae, TLR10, TLR2, pneumonia, respiratory
pathogens

acterial pneumonia in children is a major cause of death in low- and middle-
income countries and a common cause of morbidity and hospitalization in high-
income countries (1). Currently Mycoplasma pneumoniae is the most common cause of
bacterial pneumonia in hospitalized children, followed by Streptococcus pneumoniae
(2). There are several clinical differences between respiratory tract infections (RTIs)
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induced by M. pneumoniae and those induced by S. pneumoniae: M. pneumoniae respi-
ratory tract infections present as subacute infections with fluctuating fever, cough, and
moderate dyspnea, whereas S. pneumoniae respiratory tract infections cause acute,
high fever (3, 4). C-reactive protein and peripheral blood leukocyte numbers are typi-
cally elevated in infections caused by S. pneumoniae, whereas they remain low in M.
pneumoniae infections (5). M. pneumoniae usually causes mild infections, whereas S.
pneumoniae pneumonias are generally more severe and more often lead to mortality
and intensive care unit (ICU) admission. The immunological basis for these clinical dif-
ferences is not known.

The epithelium of the respiratory tract separates the airway lumen from lung tissue
and plays an essential role in the defense against microorganisms. Apart from provid-
ing a physical barrier, respiratory epithelial cells have important roles in the host
immune response. Epithelial cells can recognize bacteria by expressing a diverse array
of innate pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), NOD-
like receptors (NLR), and RIG-I-like receptors (6). PRR-induced signaling not only leads
to the production of defensins and mucus by the epithelial cells but also to the pro-
duction of chemokines and cytokines. These chemokines and cytokines recruit and
activate immune cells, such as monocytes, neutrophils, and lymphocytes, which further
contribute to barrier function. However, these responses need to be tightly regulated
to balance pathogen clearance with collateral tissue damage due to overzealous
inflammation. Furthermore, inappropriate activation of the immune system in the re-
spiratory tract can lead to chronic pulmonary conditions, such as asthma.

The cell wall of S. pneumoniae contains TLR2- and TLR4-recognized lipids and lipo-
peptides, and although M. pneumoniae does not possess a cell wall, its cell membrane
does contain TLR2- and TLR4-binding ligands (7-10). Not only can bacterial lipids and
lipopeptides be bound by TLR2 and TLR4 homodimers, heterodimers of TLR2 with
TLR1, TLR6, and possibly TLR10 have similar capacities, albeit with different specificities
for particular lipid moieties (11-14). Furthermore, lipids can require loading on TLRs by
scavenger receptors such as CD36 (15), and the assembly of TLR heterodimers can
require coreceptors, such as CD14 (16). Importantly, TLR10, either as a homodimer or a
heterodimer with TLR1 or TLR6, is the only TLR that relays inhibitory signals and can
thereby dampen inflammatory responses (14, 17).

In this study, we directly compared M. pneumoniae- and S. pneumoniae-induced epi-
thelial cell responses to gain better insight in the underlying immune response during
respiratory tract infections in children. We describe the first direct comparison
of the epithelial response to these two major causes of pneumonia in children.
Understanding the mechanisms of the epithelial response will allow for the discovery
of new diagnostic biomarkers that can predict severity of infection, as well as the
design of immunomodulatory therapies to reduce the severity of RTls.

RESULTS

Moderate activation of human primary bronchial epithelial cells by M. pneumo-
niae compared to S. pneumoniae. The respiratory tract epithelium recruits and acti-
vates immune cells in response to microorganisms by secreting chemokines and
cytokines, such as interleukin-8 (IL-8), IL-6, and CCL20 (18, 19). We set out to evaluate
chemokine and cytokine production by primary bronchial epithelial cells (PBECs) upon
coculture with M. pneumoniae or S. pneumoniae in air-liquid interface (ALI) cultures. We
detected increased levels of IL-8 in supernatant of PBECs that were incubated with the
highest dose of S. pneumoniae, i.e., 100 bacteria/cell (Fig. 1A). Although M. pneumoniae
induced IL-8 production, these levels were significantly lower than those of S. pneumo-
niae (Fig. 1A). Similarly, CCL2 and CCL20 production were markedly increased in PBECs
stimulated with S. pneumoniae, whereas PBECs stimulated with M. pneumoniae only
showed a trend toward increased CCL2 and CCL20 levels (Fig. 1B and C; see also Fig.
S1B and C in the supplemental material). Overall, these data show that PBECs produce
significantly higher amounts of proinflammatory chemokines upon interaction with S.
pneumoniae than with M. pneumoniae.
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FIG 1 Reduced activation of primary human bronchial epithelial cells by M. pneumoniae compared to S. pneumoniae. (A to C) Primary human bronchial
epithelial cells cultured in air-liquid interface were stimulated with live M. pneumoniae or S. pneumoniae at a multiplicity of infection of 10 or 100. To
reduce potential influence of patient-specific characteristics, primary cells of three different donors were used for all experiments. (A) Levels of IL-8 in
culture medium after 24 h of stimulation. (B) Levels of CCL-2 in culture medium after 24 h of stimulation. (C) Levels of CCL20 in culture medium after 24 h
of stimulation. Combined data of three individual donors from two independent experiments. For every donor, we performed two biological replicates of
which we took two technical replicates. Bars represent means, and error bars show standard error of the mean (SEM). *, P < 0.05; **, P < 0.01 (repeated

measures ANOVA with post hoc Bonferroni correction).

M. pneumoniae-induced cytokine production is lower than S. pneumoniae-
induced production in both upper and lower respiratory tract epithelial cells.
Having established that PBECs display a different response to M. pneumoniae and S.
pneumoniae, we next determined whether epithelial cells from the upper and lower re-
spiratory tract responded differently, as this has been shown for other respiratory
pathogens (20). We therefore compared IL-8 production by Detroit 562 cells derived
from the nasopharynx with IL-8 production by alveolar A549 cells. IL-8 levels in super-
natants of both epithelial cell types were significantly higher after stimulation with S.
pneumoniae than M. pneumoniae (Fig. 2A and B; see also Fig. S2A and B in the supple-
mental material). We observed a similar pattern for IL-6, with M. pneumoniae consis-
tently inducing lower cytokine levels (Fig. 2C and D; see also Fig. S2C and D).
Furthermore, production of CCL20 was strongly elevated in both Detroit 562 and A549
cells after S. pneumoniae stimulation in contrast to M. pneumoniae-induced CCL20 pro-
duction. (Fig. 2E and F). Similar results were obtained for the monocyte attractant CCL2
(Fig. S2F to H). Together, these data show that proinflammatory cytokine and chemo-
kine production induced by M. pneumoniae was significantly lower than that induced
by S. pneumoniae and that this difference was present in epithelial cells derived from
both the upper respiratory tract and the lower respiratory tract. This difference was not
explained by differences in growth speed between M. pneumoniae and S. pneumoniae,
since growth of S. pneumoniae with the experimental time frame was not substantial
(Fig. S2I). Furthermore, even after stimulation with M. pneumoniae at an multiplicity of
infection (MOI) of 2,500, IL-8 production by A549 cells did not exceed production in
response to S. pneumoniae at and MOI of 100 (Fig. S2J).

M. pneumoniae induces stronger TLR2 signaling than S. pneumoniae. We won-
dered if the difference in epithelial cytokine responses to M. pneumoniae and S. pneumo-
niae was associated with differences in TLR activation. Both bacteria contain structures that
bind to TLR1/2 and TLR2/6 heterodimers, and TLR-induced signaling can lead to cytokine
production by respiratory epithelial cells (7-10, 21). TLR1, TLR2, TLR4, and TLR6 mRNA tran-
scripts were expressed by all respiratory epithelial cell lines tested, although mRNA levels
of TLR2 and TLR4 in A549 cells were lower than those in Detroit 562 and Calu-3 cells (Fig.
3A to D). Using specific TLR1/2, TLR2/6, and TLR4 ligands (i.e., PAM3CSK4, FSL-1, and lipo-
polysaccharide (LPS), respectively), we confirmed that TLR-induced activation alone is suffi-
cient to trigger cytokine production by Detroit 562 and A549 cells (see Fig. S3A to E in the
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FIG 2 M. pneumoniae-induced cytokine production is reduced compared to S. pneumoniae-induced
production in both upper and lower respiratory tract epithelial cells. Respiratory epithelial cell lines
Detroit 562 and A549 were stimulated with live M. pneumoniae and S. pneumoniae at a multiplicity of
infection of 10 or 100. (A to D) IL-8/IL-6 protein concentration in culture supernatant harvested after
24 h of stimulation (n = 5/condition). (E and F) CCL20 protein levels in culture supernatant harvested
after 24 h of stimulation. (A to D) Data of at least two independent experiments. (E and F) Data of
three experiments. All measurements consist of two technical replicates. (A to F) Bars represent
means, and error bars show standard error of the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001

(ANOVA with post hoc Bonferroni correction).
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FIG 3 In contrast to M. pneumoniae, S. pneumoniae lowered Th2-associated cytokine production in resting and IL-1 alpha stimulated respiratory
epithelial cells. (A) TLR1, TLR2, TLR4, and TLR6 relative gene expression in unstimulated respiratory epithelial cells (n = 3 to 4/group). (E and F)
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supplemental material). Next, we directly compared TLR2-mediated NF-«B activation
induced by heat-killed M. pneumoniae and S. pneumoniae using TLR2 reporter cells. M.
pneumoniae induced stronger TLR2-mediated signaling than S. pneumonia (Fig. 3E), which
was in contrast to the cytokine responses (Fig. 1 and 2). Results were similar for both heat-
killed and living M. pneumoniae and S. pneumoniae (Fig. S3F). Since S. pneumoniae cells are
five times larger than M. pneumoniae cells, we also assessed TLR2-mediated signaling upon
incubation of the reporter cells with equal weights of bacteria (22). Under these conditions,
the difference between M. pneumoniae- and S. pneumoniae-induced TLR2-mediated signal-
ing was even larger (Fig. 3F). Next, we evaluated if TLR2-mediated signaling in response to
M. pneumoniae involved TLR1 or TLR6. In both TLR1- and TLR6-deficient TLR2 reporter lines,
both bacteria still induced TLR2-mediated signaling, although the responses were mark-
edly reduced (Fig. 3G and H). In TLR1-deficient TLR2 reporter lines, there was almost no dif-
ference in TLR2-mediated signaling between M. pneumoniae and S. pneumoniae (Fig. 3G),
while in TLR6-deficient TLR2 reporter lines, this difference was still present (Fig. 3H).
Combined, these findings show that M. pneumoniae more potently induces TLR2-mediated
signaling than S. pneumoniae and suggest that TLR2/1 ligands in M. pneumoniae are largely
responsible for this difference.

Since TLR2/1 heterodimers only partly explained the differences between M. pneumoniae
and S. pneumoniae, we looked at TLR4, as some reports have indicated that M. pneumoniae
and S. pneumoniae express ligands that bind TLR4 (8, 10). A549 cells were responsive to
TLR4-mediated signaling as shown by upregulating /L6 and CXCL8 gene expression after
stimulation with LPS (Fig. S3D and E). However, neither heat-killed M. pneumoniae nor S.
pneumoniae induced TLR4-mediated signaling in our TLR4 reporter cell system in contrast
to the Gram-negative bacterium Haemophilus influenzae (Fig. S3G).

Since TLR10 has been shown to be an inhibitory coreceptor of TLR2, we set out to
examine its potential involvement in M. pneumoniae-induced epithelial responses (17, 23).
TLR10 gene expression was present in A549 respiratory epithelial cells and PBECs (data not
shown). Blocking TLR10 using specific antibodies increased IL-8 production of A549 cells in
response to M. pneumoniae but not S. pneumoniae (Fig. 31 and J). In contrast, IL-6 produc-
tion in response to M. pneumoniae did not increase when blocking TLR10 signaling (Fig.
S3H). Since TLR10 has been reported to bind similar ligands as TLR2/1, we next examined if
M. pneumoniae lipoproteins could be the ligand for TLR10. Incubation of A549 respiratory
epithelial cells with M. pneumoniae lipoproteins inducted high amounts of IL-8 (Fig. 3K).
Coincubation with a TLR10-blocking antibody yielded a further increase in IL-8 levels.

We also evaluated the role of the intracellular bacterial sensors NOD1 and NOD2, as M.
pneumoniae and S. pneumoniae have been shown to be capable of an intracellular lifestyle
in epithelial cells (24, 25). However, incubation with heat-killed M. pneumoniae and S. pneu-
moniae did not induce NOD1- or NOD2-mediated NF-«B signaling in NOD signaling re-
porter cells (data not shown). We next assessed if M. pneumoniae and S. pneumoniae were
capable of activating Nucleotide-binding oligomerization domain, Leucine rich Repeat and
Pyrin domain containing receptors (NLRPs) and inducing inflammasome activation by
measuring IL-183 levels in response to bacterial stimulation. M. pneumoniae did not lead to
the production of IL-13, whereas S. pneumoniae led to inflammasome activation as dem-
onstrated by potent induction of IL-1 (Fig. 3L).

In contrast to M. pneumoniae, S. pneumoniae lowered Th2-associated cytokine
production in resting and IL-1 alpha stimulated respiratory epithelial cells. We
observed that M. pneumoniae could robustly activate TLR2 signaling but did not evoke

FIG 3 Legend (Continued)

TLR2 signaling as assessed by fold increase in bioluminescence of TLR2-luciferase reporter cells upon stimulation with different doses of heat-
killed bacteria compared to vehicle controls (n = 3/dose). (G) TLR2 signaling as assessed by fold increase in bioluminescence of TLR1~/~ TLR2-
luciferase reporter cells stimulated with multiple doses of bacteria (n = 3/dose). (H) TLR2 signaling as assessed by fold increase in
bioluminescence of TLR6/~ TLR2-luciferase reporter cells stimulated with multiple doses of bacteria (n = 3/dose). (I and J) IL-8 levels in culture
medium after 24 h of stimulation of A549 cells with M. pneumoniae or S. pneumoniae in the presence of TLR10 blocking antibody or isotype
control. (K) IL-8 levels in culture medium after 24 h of stimulation of M. pneumoniae lipoproteins with either a TLR10-blocking antibody or
isotype control. (L) IL-13 levels in culture medium after 24 h of stimulation with live M. pneumoniae or S. pneumoniae at an MOI of 10 or 100. (A
to D) Data of two independent experiments. (E to L) Data shown of one representative experiment. Bars and dots represent group means, and
error bars show SEM. **, P = 0.01; ***, P < 0.001 (comparing 50% effective concentration [EC,,] of fitted dose-response curves or 2-way ANOVA).
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a strong proinflammatory response in respiratory epithelial cells, which was partly
explained by inhibitory signaling by TLR10. Apart from this quantitative difference, we
speculated that M. pneumoniae and S. pneumoniae would induce qualitatively different
responses. M. pneumoniae did not activate an anti-inflammatory program in epithelial
cells as gene expression of IL10 and TGFBT were undetectable in our system (data not
shown). Neither did we observe a Th17-associated response, as IL17C mRNA levels
were below the detection limit, even in S. pneumoniae-stimulated cells (data not
shown).

Next, we looked at the production of Th2-associated cytokines by respiratory epi-
thelial cells, since several studies have suggested that M. pneumoniae infections are
associated with the onset of asthma and/or predispose to asthma exacerbations (26,
27). Respiratory epithelial cells are known to be important players in asthma by pro-
ducing Th2-associated cytokines, such as IL-25 and IL-33 that drive Th2-associated
inflammation (28). We evaluated the effect of M. pneumoniae on the production of the
Th2-associated cytokine IL-33 by respiratory epithelial cells. However, incubation of
Calu-3 or A549 cells with M. pneumoniae did not result in increased /L33 gene expres-
sion (Fig. 4A and B). In contrast, S. pneumoniae showed a 4-fold downregulation of /L33
mRNA levels in Calu-3 cells (Fig. 4A). Although expression of IL25 mRNA was not de-
tectable in our model (data not shown), IL-25 receptor (IL77RB) mRNA levels were also
downregulated after S. pneumoniae stimulation in both Calu-3 and A549 cells. Again,
incubation of epithelial cells with M. pneumoniae did not change IL17RB mRNA expres-
sion levels compared to those of control epithelial cell cultures (Fig. 4C and D). These
data suggest that under homeostatic conditions, M. pneumoniae does not induce pro-
duction of Th2-associated cytokines in respiratory epithelial cells. This could be differ-
ent when M. pneumoniae interacts with respiratory epithelial cells concomitantly with
a Th2-associated stimulus, such as IL-Ta. IL-1a is known to be essential for the Th2
response to house dust mite in vivo by inducing IL-33 in respiratory epithelial cells (29).
We confirmed that IL-1« led to increased amounts of /L33 mRNA in Detroit 562 cells
(Fig. 4E). M. pneumoniae stimulation of respiratory epithelial cells in the presence of IL-
1a changed IL33 gene expression less than 2-fold (Fig. 4E). Whereas, in Detroit 562 cells
stimulated with S. pneumoniae in the presence of IL-1«, we again observed a downreg-
ulation of IL33 gene expression compared with that of IL-1a alone (Fig. 4E).
Importantly, IL-1a did not lead to overstimulation of epithelial cells, rendering them
insensitive for further stimulation, since IL-1a in combination with FSL-1 did increase
IL33 gene expression (see Fig. S4A in the supplemental material). M. pneumoniae in the
presence of IL-1a did not increase CXCL8 mRNA levels (Fig. 4F), whereas without IL-1a
M. pneumoniae did increase IL-8 (Fig. 2A). Simultaneous with IL33 downregulation, up-
regulated CXCL8 gene expression was detected after S. pneumoniae stimulation (Fig.
4F). Consequently, S. pneumoniae strongly promoted respiratory epithelial cells to trig-
ger a Th1 environment, as demonstrated by the high CXCL8/IL33 ratio, even under Th2-
promoting conditions (Fig. 4G).

DISCUSSION

The immunological basis for the clinical differences between M. pneumoniae and
S. pneumoniae pneumonia is unknown. Yet, understanding these mechanisms will give
better insight in pneumonia pathogenesis and potentially unveil targets for immunomodu-
latory therapies that can lower pneumonia severity. We show that both M. pneumoniae
and S. pneumoniae induce proinflammatory cytokine production in respiratory epithelial
cells, confirming previous studies (30, 31). We extend these observations by showing that
respiratory epithelial cell responses to M. pneumoniae and S. pneumoniae differ both in
quantity and in quality. Proinflammatory cytokine and chemokine production by respira-
tory epithelial cells in response to M. pneumoniae was lower than that in response to
S. pneumoniae, as demonstrated by lower IL-8, IL-6, CCL20, and CCL2 levels and the ab-
sence of IL-1. In contrast, M. pneumoniae induced substantially stronger TLR2 signaling
than S. pneumoniae. This difference depended mostly on TLR1 and not on TLR6.
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FIG 4 S. pneumoniae lowered Th2-associated cytokine production in resting and IL-1 alpha stimulated respiratory epithelial cells, whereas M. pneumoniae
did not. Respiratory epithelial cell lines Detroit 562, Calu-3, and A549 were stimulated with live M. pneumoniae and S. pneumoniae with a multiplicity of
infection of 10 or 100. (A and B) /L33 mRNA as fold increase to controls after 5 h of stimulation (n = 6 to 8/condition). (C and D) IL77RB mRNA as fold
increase to controls after 5 h of stimulation (n = 6/condition). (E to G) Detroit 562 cells were incubated with IL-1 alpha and simultaneously stimulated with
live M. pneumoniae or S. pneumoniae at a multiplicity of infection of 10 or 100. /L33 and CXCL8 gene expressions were assessed after 5 h. (n = 4/condition).
Combined data of at least two independent experiments. All measurements consist of two technical replicates. (A to D) Data points represent biological
replicates, and lines group medians. ANOVA with post hoc Bonferroni correction. (E to G) Bars represent group means, and error bars show SEM. Repeated
measures ANOVA with post hoc Bonferroni correction. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Furthermore, TLR10 signaling was only induced by M. pneumoniae and dampened proin-
flammatory IL-8 production but not IL-6. There were marked qualitative differences
between M. pneumoniae- and S. pneumoniae-induced levels of Th2-associated cytokines.
Only S. pneumoniae showed a downregulation of IL-33 in respiratory epithelial cells under
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homeostatic conditions as well as in the presence of Th2-skewing cytokines. Meanwhile, af-
ter stimulation with M. pneumoniae, respiratory epithelial cells maintained production of
Th2-associated cytokines.

IL-8 levels were consistently higher in supernatants of respiratory epithelial cells that
were stimulated with S. pneumoniae compared to M. pneumoniae. This quantitative differ-
ence might be explained by the differential activation of TLR10 by both pathogens.
Blocking TLR10 increased IL-8 production by A549 respiratory epithelial cells after M. pneu-
moniae stimulation, which demonstrates that M. pneumoniae contains ligands for TLR10,
which has not been shown previously. Our data on TLR10 blockade shows that M. pneumo-
niae lipoproteins are a ligand for TLR10. In contrast, proinflammatory cytokine production
by S. pneumoniae was unchanged by blocking TLR10, suggesting S. pneumoniae does not
contain TLR10 ligands. By engaging with this inhibitory TLR, M. pneumoniae thus dampens
IL-8 production by epithelial cells. This fits with the clinical observation that M. pneumoniae
lower respiratory tract infections generally have a milder disease course, as systemic IL-8
levels have been shown to correlate with the severity of pneumonia in children (32, 33).
Pneumonia caused by M. pneumoniae is associated with lower levels of the acute phase
response protein CRP than S. pneumoniae lower respiratory tract infections (34). Indeed, we
found that IL-6, which mediates the acute phase response, was less elevated in cocultures
of epithelial cells and M. pneumoniae compared to S. pneumoniae (35). We did not observe
differences in proinflammatory cytokine production between respiratory tract cell lines
derived from the upper versus the lower respiratory tract. However, our model system
does not account for the influence of microbiota and the presence of cell types other than
respiratory epithelial cells. These factors likely contribute to a local niche that could influ-
ence differences in cytokine responses between the upper and lower respiratory tract.

To our surprise, we found that M. pneumoniae more potently induces TLR2 signal-
ing compared to S. pneumoniae, whereas proinflammatory cytokine production in
response to M. pneumoniae was in fact lower. This suggests that the differences in
cytokine production by respiratory epithelial cells may be explained by cotriggering of
TLR2 and another PRR by M. pneumoniae, which could result in dampening rather than
activating innate immunity in epithelial cells. Indeed, we observed that TLR10, which
has been shown to recognize triacylated lipoproteins and to have inhibitory effects on
TLR2 signaling, was partially responsible for inhibition of immunity to M. pneumoniae
(17, 23). TLR10 signaling in response to M. pneumoniae lowered IL-8 production, which
could limit recruitment of neutrophils during M. pneumoniae infection, thereby damp-
ening inflammation.

The difference in TLR2 signaling between M. pneumoniae and S. pneumoniae was
larger when correcting for bacterial size. Possibly, the small size of M. pneumoniae and
subsequent lower TLR2 signaling can be helpful to evade an immune response and
maintain a state of asymptomatic carriage. This effect could be even more pronounced
because bacterial growth of M. pneumoniae in vivo is lower than that of S. pneumoniae.
This suggests that higher M. pneumoniae bacterial loads would lead to stronger
immune activation and subsequently to more severe disease. However, studies on the
relationship between microbial load and disease severity are conflicting (36, 37).

Most surprisingly TLR4 signaling was not induced by M. pneumoniae or S. pneumo-
niae, whereas other studies suggest both bacteria contain TLR4 ligands (8, 10). In this
study, we used heat-killed bacteria to assess TLR signaling, which could have affected
our results. However, we obtained similar results when using ethanol-treated bacteria,
suggesting that the lack of TLR4 signaling was not due to heat inactivation of lipopro-
teins. The main TLR4 binding component of S. pneumoniae is pneumolysin, which
could be produced in a phase-dependent way, explaining different findings in litera-
ture (10). Furthermore, we directly assessed the ability of S. pneumoniae to induce
TLR4 signaling using a TLR4 reporter cell line, which does not recapitulate any indirect
effects of TLR4 in vivo.

TLR2/1 and TLR2/6 heterodimers recognize triacylated and diacylated lipoproteins,
respectively, and both lipoproteins are present in M. pneumoniae (11, 38, 39). Observations
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in the TLR1-deficient TLR2 reporter system suggest that TLR2 signaling by M. pneumoniae
largely depends on TLR1 and that M. pneumoniae contains triacylated lipoproteins capable
of strongly activating TLR2. Although TLR2 signaling in the TLR7- and TLR6-deficient re-
porter systems was markedly reduced, we still observed substantial TLR2 signaling at
higher concentrations of bacterial antigen. This could indicate that although TLR1 and
TLR6 contribute to TLR2 signaling in response to M. pneumoniae and S. pneumoniae, nei-
ther are essential. Perhaps other coreceptors on respiratory epithelial cells, such as CD14,
LBP, and CD36, or the formation of TLR2 homodimers can compensate for the loss of TLR1
or TLR6 (9, 15, 40, 41). However, the highest concentrations of bacterial antigen used in
our assay could be supraphysiological and not reflect levels in vivo. Our data certainly do
not rule out the possibility that M. pneumoniae signals via TLR2/6, but TLR2/1 heterodimers
could be more important than previously realized.

Levels of IL17C mRNA were undetectable in respiratory epithelial cells. However,
there could still be a role for respiratory epithelial cells in the Th17 response via the
production of IL-6. IL-6 was produced in respiratory epithelial cells (Fig. 2) and has
been shown to enhance the production of IL-17A by lymphocytes in response to stim-
ulation with M. pneumoniae (42). The same study showed IL-10 production in response
to M. pneumoniae, which coincided with increased levels of FOXP3 mRNA, suggesting
that T cells could be the source of IL-10 during M. pneumoniae infection and not respi-
ratory epithelial cells.

The correlation found in the literature between M. pneumoniae pneumonia and asthma
can be explained by the following two phenomena: (i) M. pneumoniae triggers and/or con-
tributes to the development of asthma, and (i) having asthma makes patients more suscep-
tible to M. pneumoniae pneumonia. We found no evidence for induction of Th2-associated
cytokines in respiratory epithelial cells by M. pneumoniae even though respiratory epithelial
cells are known to be key players in asthma by producing IL-25 and IL-33 that drive Th2-
associated inflammation (28). Alternatively, it could be that asthma increases patient suscep-
tibility to M. pneumoniae infection, since asthma has been shown to be a risk factor for
several infections, including invasive pneumococcal disease (43). Asthma patients are
known to have reduced Th1 responses after infectious challenges (44), whereas Th1
responses are thought to be important for the clearance of M. pneumoniae infections (45).
We show that M. pneumoniae stimulation of resting epithelial cells hardly instigates pro-
duction of proinflammatory, Th1-associated cytokines. When combined with already
reduced responses in asthma patients, this could lead to increased susceptibility to M.
pneumoniae infection. Additionally, established asthma in a murine model decreased TLR2
expression, which coincided with decreased clearance of M. pneumoniae (46). In our study,
we showed that M. pneumoniae strongly induces TLR2 signaling in human respiratory epi-
thelial cells and that TLR2 activation leads to proinflammatory cytokine production (Fig. 3),
which could indicate that TLR2 is needed for clearance of M. pneumoniae. Through these
mechanisms, asthma patients could have an increased susceptibility to M. pneumoniae
infection, which would explain the correlation between asthma and M. pneumoniae found
in clinical studies (26, 27, 47).

By directly comparing M. pneumoniae and S. pneumoniae, we show that there are
important differences in the immune response by respiratory epithelial cells to both
pathogens, which provide insight into the regulation of the immune system during re-
spiratory tract infection. These differences in the height and the quality of the innate
epithelial response matched with clinical differences between M. pneumoniae and S.
pneumoniae RTls and provide new targets for diagnostic and prognostic biomarkers
and opportunities for immunotherapy of RTls.

MATERIALS AND METHODS

Bacterial culture and lipoprotein isolation. M. pneumoniae strain M129 (ATCC 29342) was cultured in
SP4 medium at 37°C/5% CO, until color change of the medium (48). CFU counts were determined by culture
on PPLO agar plates (BD Difco) at 37°C. S. pneumoniae strain D39 (NCTC 7466) was cultured in Todd-Hewitt
broth (Sigma-Aldrich, St. Louis, USA) until an optical density at 600 nm (ODy,,) of 0.6 was reached. CFU counts
were determined using Todd-Hewitt agar plates (Sigma-Aldrich). Haemophilus influenzae strain 576 (ATCC
9334) was cultured in Miller-Hinton broth supplemented with 15 ng/mL NAD (Sigma-Aldrich) and 15 pwg/mL
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hemin (Sigma-Aldrich) at 37°C/5% CO, until an ODy, of 0.5 was reached. CFU counts were determined using
Mdller-Hinton agar plates (Sigma-Aldrich). Homogenous bacterial suspensions were aliquoted and stored at
—80°C until use. Bacteria for TLR reporter assays were heat-killed by incubating at 56°C for 30 min. Protein
concentrations of the bacterial suspensions were determined using Pierce BCA protein assay kit (Thermo
Fisher Scientific, Waltham, USA) according to manufacturer’s instructions. For isolation of M. pneumoniae lipo-
proteins, M. pneumoniae bacterial suspension was added to TX-114 at 0 to 4°C. After centrifugation at
15,000 x g, the supernatant was harvested. Supernatant was then incubated at 37°C and centrifuged. The
lower TX phase was harvested, and lipoproteins were precipitated using methanol at —80°C.

Air-liquid interface culture of primary human bronchial epithelial cells. Primary bronchial epithe-
lial cells (PBECs) were isolated from surgically resected lung tissue obtained from patients who had underly-
ing conditions such as cancer. The resected tissues were macroscopically and microscopically checked by a
pathologist for the absence of (suspected) lesions (Erasmus MC, Rotterdam, The Netherlands; METC 2012-
512). To reduce potential influence of patient-specific characteristics, primary cells of three different donors
were used for experiments. After excision, the tissues were trimmed, washed, and incubated overnight at 4°C
with 0.15% protease XIV in Hanks’ balanced salt solution (HBSS). Thereafter, cell culture was performed as
described previously (49, 50). In brief, cells were resuspended in serum-free keratinocyte medium (KSFM) (Life
Technologies Europe B.V.) supplemented with 0.2 ng/mL human epidermal growth factor, 25 wg/mL bovine
pituitary extract, and 1 wM isoproterenol and cultured until confluent in plates coated with 10 wg/mL human
fibronectin, 30 wg/mL bovine serum albumin (BSA), and 10 wg/mL PureCol. Before seeding the epithelial cells
in the air-liquid interface (ALI) culture system, transepithelial resistance (TEER) was measured. When there
was sufficient barrier function, as evidenced by TEER, epithelial cells were trypsinized and used in ALI cultures.
Hereto, 80,000 cells/well were seeded onto coated 12-well transwell inserts (Corning Inc., Corning, USA) and
cultured in bronchial epithelial growth medium (BEGM) (ScienCell Research Laboratories, Carlsbad, USA) sup-
plemented with 1 nM retinoic acid (RA) at 37°C in a humidified incubator with 5% CO,. When cells reached
full confluence, the BEGM medium was removed from the apical chamber and only supplied to the basal
chamber and supplemented with 50 nM RA. The medium was changed every other day, and the apical
chamber was rinsed with phosphate-buffered saline (PBS). Stimuli were applied to the apical chambers (50).

Culture and stimulation of respiratory epithelial cell lines. Detroit 562 (CCL-138; ATCC, Manassas,
USA) and Calu-3 (HTB-55; ATCC) cell lines were cultured on a collagen (Advanced BioMatrix, San Diego, CA,
USA) and fibronectin (Merck Millpore, Burlington, USA) coat in modified Eagle’s medium (MEM) containing
Earl’s salts and t-glutamine (Gibco, Carlsbad, USA) and supplemented with 20% heat-inactivated fetal calf se-
rum (FCShi; Bodinco, Alkmaar, The Netherlands) at 37°C/5% CO, until confluent. Cells were harvested using
5 mg/mL trypsin (Sigma-Aldrich) and seeded at 800,000 cells/well in collagen/fibronectin-coated 24-well
plates (Greiner Bio-One). A549 cells (CCL-185; ATCC) were cultured in RPMI 1640 medium containing L-gluta-
mine (Gibco) and supplemented with 10% FCShi until confluent. After trypsinization, A549 cells were seeded
at 800,000 cells/well in a 24-well plate. After 1 day of culture, medium was replaced by medium with 1%
FCShi. Two days after seeding, cells were incubated with homogenous bacterial cell suspensions at 10 to
1,000 bacteria per cell. Furthermore, cells were stimulated with 100 ng/mL FSL-1 (Sigma-Aldrich), 1 mg/mL
Pam3CSK4 (InvivoGen, San Diego, USA), or 10 to 100 ng/mL LPS (InvivoGen). TLR10-blocking was performed
using a monoclonal anti-TLR10 antibody and isotype antibody as a control, clones 3C10C5 and MOPC-21,
respectively (Hycult Biotech, Uden, The Netherlands).

In some experiments, Detroit 562 cells were incubated with bacteria in the presence of IL-1 alpha
(5 ng/mL; Immunotools, Friesoythe, Germany). Cells were harvested 4 to 6 h after stimulation to isolate
RNA for gene expression analysis. Culture supernatants were harvested at 24 h after stimulation to
assess cytokine levels.

RNA extraction and quantitative PCR of gene expression. RNA was isolated using NucleoSpin
RNA extraction kit (Macherey-Nagel, Diiren, Germany). cDNA was synthesized using the SensiFast cDNA
synthesis kit according to manufacturer’s instructions (Bioline Reagents, London, UK). Real-time PCR was
performed using specific primers and SYBR green (Bioline Reagents) with the CFX96 real-time system
C1000 (Bio-Rad Laboratories, Hercules, USA). The quantification cycle (Cq) was determined using Bio-Rad
CFX manager algorithm (Bio-Rad Laboratories). GAPDH was used as a reference gene for normalizing
gene expression. The following primer sets were used: GAPDH, Fw 5'-GTCGGAGTCAACGGATT-3’, Rv 5'-
AAGCTTCCCGTTCTCAG-3'; CCL2 (MCP-1), Fw 5'-TCCAGCATGAAAGTCTCTG-3', Rv 5'-CGAGCCTCTGCA
CTGA-3'; CCL20 (MIP-3@), Fw 5'-GAAGGCTGTGACATCAATG-3', Rv 5'-CCCCAGCAAGGTTCTT-3"; IL33,Fw
5'-AACACCCCTCAAATGAATC-3', Rv 5'-CTTGCATTCAAATGAAACAC-3'; CXCL8 (IL-8), Fw 5'-CCGGAAGGAA
CCATCT-3’, Rv 5'-TTGGGGTGGAAAGGTT-3'; IL17RB (IL-25 receptor), Fw 5'-GGCACGAAAGGATCAAG-3’,
Rv 5’-CTGCAATGGTTTTGAAGAA-3'. More detailed information can be found in the supplemental
material.

Protein quantification (ELISA and LEGENDplex). Interleukin-6 (IL-6) and IL-8 in culture superna-
tants were measured by enzyme-linked immunosorbent assay (ELISA) using specific antibody pairs
(Thermo Fisher Scientific) following manufacturer’s instructions. 3,3",5,5'-Tetramethylbenzidine (Sigma-
Aldrich, USA) was used as a substrate. Optical density was measured at 450 nm using a microplate
reader (SpectraMax iD3; Molecular Devices, San José, CA, USA). CCL2 and CCL20 levels were measured
using the LEGENDplex bead-based immunoassay (BioLegend, San Diego, CA, USA) according to manu-
facturer’s instructions.

Toll-like receptor and NOD-like receptor signaling reporter assays. Human endothelial kidney cells
(HEK293) were transfected using PolyFect (Qiagen Benelux, Venlo, The Netherlands) with TLR/NLR-encoding
constructs, i.e, TLR2, TLR4, NOD1, and NOD2 (InvivoGen, Toulouse, France). After selection, these cells were
subsequently transfected with a reporter vector expressing luciferase under the control of a NF-«B-respon-
sive promoter (pNifty2-luc; InvivoGen). Stably transfected clones were selected and used in bioassays. Cells
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were plated at 10° cells/well in flatbottomed 96-well plates and incubated with indicated amounts of heat-
killed bacteria or TLR-ligands for 16 h at 37°C. Subsequently, HEK293 cells were lysed in Steadylite solution
(PerkinElmer, Waltham, MA), and bioluminescence was measured using a Victor3 reader (PerkinElmer). As a
positive control for the presence of the pNifty2-luc vector, recombinant tumor necrosis factor alpha (TNF-a)
(InvivoGen) was used. Specific synthetic TLR ligands (InvivoGen) were used as positive controls for TLR signal-
ing. TLR1™/~ and TLR6 ™/~ lines were generated on a HEK293-TLR2/CD14/pNifty2-luc background by trans-
fecting them with CRISPR/Cas9 all-in-one plasmids (GeneCopoeia, Rockville, MD). Clonal lines were generated,
and knockouts were validated using Sanger sequencing and confirmed in bioassays using TLR1/2- and TLR2/
6-specific ligands.

Statistical analysis. GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA) was used for statisti-
cal analysis. Technical duplicates were taken of every sample and averaged before data analysis. ELISA and
quantitative PCR (qPCR) data were assumed to be log-normally distributed. All data were log(10)-transformed
before statistical hypothesis testing. Repeated measures analysis of variance (ANOVA) with post hoc Bonferroni
multiple comparison test was used to compare different stimulations on PBECs of multiple individual donors.
ANOVA with post hoc Bonferroni multiple comparison test was used to determine statistical significance when
comparing stimulation with various bacteria to the medium control. Nonlinear regression (dose-response
curves) was used to compare differences between M. pneumoniae and S. pneumoniae in TLR triggering at dif-
ferent bacterial antigen concentrations. Statistical significance was defined as P < 0.05. Choice of statistical
test is reported in figure legends. Exact P values are reported in the supplemental material.
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