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Abstract

Staphylococcus aureus is a facultative intracellular pathogen that invades a wide range
of professional and nonprofessional phagocytes by triggering internalisation by
interaction of surface-bound adhesins with corresponding host cell receptors.
Here, we identified a new concept of host cell internalisation in animal-pathogenic
staphylococcal species. This new mechanism exemplified by Staphylococcus
pseudintermedius ED99 is not based on surface-bound adhesins but is due to excreted
small neurochemical compounds, such as trace amines (TAs), dopamine (DOP), and
serotonin (SER), that render host cells competent for bacterial internalisation. The
neurochemicals are produced by only one enzyme, the staphylococcal aromatic amino
acid decarboxylase (SadA). Here, we unravelled the mechanism of how neurochemicals
trigger internalisation into the human colon cell line HT-29. We found that TAs and
DOP are agonists of the a2-adrenergic receptor, which, when activated, induces a
cascade of reactions involving a decrease in the cytoplasmic cAMP level and an
increase in F-actin formation. The signalling cascade of SER follows a different pathway.
SER interacts with 5HT receptors that trigger F-actin formation without decreasing
the cytoplasmic cAMP level. The neurochemical-induced internalisation in host cells is
independent of the fibronectin-binding protein pathway and has an additive effect.
In a sadA deletion mutant, ED99AsadA, internalisation was decreased approximately
threefold compared with that of the parent strain, and treating S. aureus USA300 with

TAs increased internalisation by approximately threefold.
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1 | INTRODUCTION

Staphylococcus aureus is a facultative intracellular pathogen that
triggers internalisation by nonphagocytic cells such as endothelial,
epithelial, and mammary cells; fibroblasts; and osteoclasts and can
persist intracellularly for various periods of time (Dziewanowska et al.,
1999; Garzoni & Kelley, 2009; Lowy, 2000; Sinha et al., 2000). Upon
internalisation, S. aureus can escape phagosomal membranes by the
actions of phenol-soluble modulin alpha (PSMa) and a cyclic dipeptide,
phevalin, produced by a nonribosomal peptide synthetase (NRPS;
Blattner et al., 2016; Zimmermann & Fischbach, 2010). Triggering the
internalisation of pathogenic bacteria into host cells is an advantage
because the pathogens are largely protected from the immune defence
system and antibiotics. It is also assumed that internalisation favours
persistence and chronicity of an infection, particularly if cells adapt to
small-colony variants, which show an increased persistence within
host cells (Sendi & Proctor, 2009; von Eiff et al., 1997). Internalised
staphylococci may induce apoptosis or autophagy or exist free within
the cytoplasm (Mauthe et al., 2012; Menzies & Kourteva, 1998).

One of the key players in triggering internalisation into the host
cell is the fibronectin-binding proteins (FnBPs), which are anchored
in the cell wall of S. aureus (Burke, Di Poto, Speziale, & Foster, 2011;
Jonsson, Signas, Miiller, & Lindberg, 1991). FnBPs bind fibronectin,
which in turn interacts with the a5B81 integrin of host cells, thus
triggering internalisation (Fowler, Johansson, Wary, & Hook, 2003; Sinha
et al., 1999). This mechanism is the FnBP-Fn-a5B1 integrin-mediated
pathway for adherence and internalisation into nonprofessional
phagocytic cells (NPPCs). In addition to this pathway, several other
surface proteins have been identified that boost internalisation into
host cells. One protein is the major autolysin, Atl and AtIE from S. aureus
and Staphylococcus epidermidis, respectively, that interacts with the
heat shock cognate protein Hsc70 as a host cell receptor to trigger
2010). This Atl-mediated

internalisation mechanism may represent a “back-up” mechanism in

internalisation  (Hirschhausen et al,
S. aureus internalisation, whereas it may represent the major or even sole
mechanism involved in the internalisation of coagulase-negative
staphylococci and thus may play an important role in the pathogenesis
of chronic and relapsing infections with these pathogens. Another class
of proteins involved in internalisation comprises the lipoproteins (Lpls)
encoded in an S. aureus pathogenicity island, vSaa (Nguyen et al.,
2015). Some other staphylococcal surface proteins involved in
internalisation were reviewed recently (Josse, Laurent, & Diot, 2017).
However, it must not always be a surface-bound protein that triggers
internalisation into host cells. Recently, a completely new mechanism of
internalisation has been uncovered in mainly animal-pathogenic
staphylococcal species (Lugman et al., 2018). They produce the so-called
trace amines (TAs) by decarboxylation of aromatic amino acids:
Phenylalanine is converted to phenethylamine (PEA), tryptophan to
tryptamine (TRY), and tyrosine to tyramine (TYM). These staphylococcal
strains are also able to decarboxylate dihydroxyphenylalanine and
5-hydroxytryptophan to the neurotransmitters dopamine (DOP) and
serotonin (SER), respectively. All of these neurochemicals are generated
by only one enzyme, the staphylococcal aromatic amino acid (AAA)

decarboxylase (SadA). Interestingly, AAAs are mainly taken up by
the cells, they are then decarboxylated by SadA in a pyridoxal
phosphate-dependent reaction, and the products are secreted without
being further metabolised (Table S2). This seemingly useless and
energy-consuming reaction gained importance when it was revealed
that TAs and the neurotransmitters DOP and SER significantly increase
the internalisation of staphylococci in host cells (Lugman et al., 2018).
To study this mechanism in more detail, we used Staphylococcus
pseudintermedius ED99 as a model strain because its genome was first
sequenced (Ben Zakour, Bannoehr, van den Broek, Thoday, & Fitzgerald,
2011); it is representative of this species that causes deep pyodermas
and atopic dermatitis in canine and feline pets (Bannoehr et al., 2011;
Fitzgerald, 2009; Hill et al., 2006; Kadlec et al., 2010). To prevent relaps-
ing infections and transmission to humans, which occurs occasionally
(Paul, Damborg, & Guardabassi, 2014; Pottumarthy et al., 2004), an
aggressive antibiotic therapy is recommended (Guardabassi, Schwarz, &
Lloyd, 2004; Scott, Peters, & Miller, 2006). A number of virulence factors
have been identified in this organism, including the FnBPs SpsD and
SpsL, which, similar to their S. aureus counterparts, support invasion into
canine epithelial cells (Bannoehr et al., 2011; Pietrocola et al., 2015).
Although we know that the a2-adrenergic receptor on the host
side plays a crucial role in TA-mediated internalisation, the
molecular mechanism of how these neurochemicals boost bacterial
internalisation in host cells is unknown. We show that these
neurochemicals use two different pathways, TAs and DOP, by
activating the a2-adrenergic receptor, whereas SER is an agonist of
the 5HT receptors, to increase F-actin formation and increase the
internalisation readiness of the host cells; therefore, bacterial

internalisation is an active process of the host cell.

2 | EXPERIMENTAL PROCEDURES

2.1 | Bacterial strains and growth conditions

Staphylococcus strains were cultivated in basic medium (BM; 1% soy
peptone, 0.5% yeast extract, 0.5% NaCl, 0.1% glucose, and 0.1%
Ko;HPO,4, pH 7.2) at 37°C with continuous shaking at 150 rpm.
When appropriate, the medium was supplemented with 10 pg ml™
chloramphenicol for Staphylococcus strains. The staphylococcal strains
used in this study are listed in Table S1.

2.2 | Ethics statement

The use of human stool samples was approved by the Ethics Commission
of the University of Tubingen (Approval no. 320/2017BO2). Stool
samples were obtained from 19 adult probands (ages 20-70). The
samples were anonymised, and the probands provided written
consent. The C57BL6 mice used in the experiments were kept at
the Institute of Pharmacy and used according to the rules of the animal

welfare and ethical committee.
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2.3 | Neurochemical quantification in human stool
samples

Stool samples were diluted in phosphate-buffered saline (PBS) and
centrifuged at 5,000 g for 20 min, and the supernatants were
subjected to HPLC analysis for quantification of neurochemicals.
HPLC analyses were conducted using reversed-phase HPLC
(RP-HPLC) on an Eclipse XDB-C18 column (Agilent) with a 15 min
linear gradient of 0.1% phosphoric acid to acetonitrile at a flow rate
of 1.5 ml min™'. Quantification of neurochemicals was calculated
using a standard curve (Figure S2).

2.4 | Internalisation assay in HT-29 cell line

HT-29 cells, a human colon adenocarcinoma cell line purchased from
DSMZ (DSMZ no. ACC 299), were seeded in 24-well plates (5 x 10° cells
per well) in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal
bovine serum (FBS) and an antibiotic mix and incubated at 37°C in 5%
CO,, for 48 hr prior to the addition of bacteria. Overnight cultures of
bacteria were washed twice in DPBS and added to HT-29 cells at a
multiplicity of infection (MOI) of 30. To study which 5HT receptor plays
a role in internalisation, 50 pg ml™* SER and 5HT antagonists were
added to the wells upon internalisation. Subsequently, the cell culture
was incubated at 37°C in 5% CO,, for 2 hr. Bacterial internalisation into
HT-29 cells was carried out as described previously (Nguyen et al.,
2015). For the combination of SER and antagonists, the antagonists were
added 30 min prior to the addition of SER.

2.5 | Internalisation assay in primary epithelial cells
isolated from mouse colons

C57BL6 mice were killed by cervical dislocation prior to opening the
abdomen. The colon was removed, cut into three pieces, and kept on
ice. The colon was cleared from faeces by flushing it three times with
ice-cold PBS using a syringe. After opening the colon longitudinally, the
epithelial layer was removed by scratching with a plastic spatula, the
tissue was disintegrated through homogenisation with a pipette, and
the cells were suspended in ice-cold PBS. Primary epithelial colon cells
were then counted and seeded into a 24-well plate in DMEM with
10% FBS. We then added antagonists (phentolamine [PTL], ondansetron,
and SB-207266) at a final concentration of 50 pg ml™* and incubated the
cells for 30 min at 37°C in 5% CO,. TRY, epinephrine (EPI), and SER were
then added into the wells separately, and the cell culture was incubated
further at 37°Cin 5% CO, for 30 min. We then added S. pseudintermedius
ED99AsadA at an MOI of 100 and incubated the cells at 37°Cin 5% CO,
for 2 hr. Bacterial internalisation into HT-29 cells was carried out as
described previously (Nguyen et al., 2015).

2.6 | Cytotoxicity assay with human cell lines

We used HT-29 cells to investigate the toxicity of adrenergic receptor

antagonists and 5HT receptor antagonists on cells. Prior to the
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cytotoxicity assay, HT-29 cells were seeded in flat-bottom 96-well
plates with 10° cells per well and incubated overnight in DMEM with
10% FBS and an antibiotic mix at 37°C in 5% CO,. The host cells were
treated with various concentrations (25, 50, 100, and 200 pg ml™?) of
PTL, WAY100635, SB207266, GR127935, and
SB224289 for 3 hr. The cytotoxicity assay was performed using
Cell Proliferation Kit | (MTT; Roche, Germany). At 570 and 690 nm
(reference), the absorbance of the formed formazan was determined.

ondansetron,

2.7 | Intracellular cAMP level measurement of
HT-29 cells

Prior to cAMP measurement, HT-29 cells were seeded in a black
flat-bottom 96-well plate with 1 x 10° cells per well and incubated
overnight in DMEM with 10% FBS and an antibiotic mix at 37°C in
5% CO,. Cells were then treated with TAs and/or antagonists for
3 hr before cAMP measurement. For the combination of TAs and
antagonists, the antagonists were added 30 min prior to addition of
the TAs. For treatment with bacteria, we used wild-type (WT) ED99,
AsadA, and a complemented mutant at an MOI of 30 and AAAs,
L-DOPA, and 5-HTP separately at a concentration of 100 pg ml™t
and incubated the cells for 3 hr at 37°C in 5% CO,. Lysostaphin was
then added to the cell cultures, and cells were incubated further for
30 min. Cells were then washed three times, and cAMP levels
were measured using a cAMP Glo™ Assay (Promega) according to
the protocol provided by the company.

2.8 | F-actin measurement

Prior to the cAMP measurement, HT-29 cells were seeded in a black
flat-bottom 96-well plate with 5 x 10* cells per well and incubated
for 48 hr in DMEM with 10% FBS and an antibiotic mix at 37°C in
5% CO,. Cells were then treated with TAs and/or antagonists for
3 hr before F-actin measurement. For the combination of TAs and
antagonists, the antagonists were added 30 min prior to addition of
the TAs. For treatment with bacteria, we used WT ED99, AsadA, and
a complemented mutant at MOI of 30 and AAAs, L-DOPA, and
5-HTP separately at a concentration of 100 ug ml™! and incubated
the cells for 3 hr at 37°C in 5% CO.,. Lysostaphin was then added to
the cell cultures, and cells were incubated further for 30 min. The
treated cells were washed with DPBS, permeabilised with 0.1% (v/v)
Triton X-100, stained with ActinGreen™ 488 ReadyProbes® (Thermo
Fischer) for 30 min and washed again three times with DPBS, and the
relative fluorescence intensity was measured at 495 nm for the
excitation and 518 nm for the emission using a Tecan Infinite M200.

2.9 | Microscopy analysis

HT-29 cells were seeded in glass-bottom cell culture dish plates
(Greiner) with 1.5 x 10° cells per plate and incubated for 48 hr in
DMEM with 10% FBS and an antibiotic mix at 37°C in 5% CO,. Cells

were then treated with either TRY or SER at a concentration of
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50 pg ml™! and incubated for 2 hr at 37°C in 5% CO,. Prior to
microscopy, the treated cells were washed with DPBS, fixed with
0.4% paraformaldehyde, permeabilised with 0.1% (v/v) Triton X-100,
stained with ActinGreen™ 488 ReadyProbes® (Thermo Fisher) for
30 min and washed again three times with DPBS. Confocal microscopy
was performed using a Zeiss Axio Observer Z1 LSM800 equipped with
an Airyscan detector and C Plan-Apo 63x/1.4 Qil DIC objective (Zeiss).
Images were acquired via the ZEN 2.3 image analysis software package
(Zeiss). Because the changes in fluorescence intensity cannot be
sufficiently distinguished simply by eye, ImageJ software was used to
calculate the fluorescence intensity. We calculated the fluorescence
intensity by subtracting the background signal of the selected area from

the total area signal, as previously described (Gavet & Pines, 2010).

2.10 | Growth curve and viability assay

We inoculated S. pseudintermedius ED99 in BM and incubated the
suspension overnight at 37°C with 150 rpm shaking as a preculture.
For the growth curve, we inoculated the preculture into fresh BM in
the presence of 50 pg ml™! antagonist (PTL, ondansetron,
SB-207266, or WAY100265). We measured the ODs7g every 2 hr
from O to 24 hr. We also carried out a viability assay by inoculating
with the preculture to a final ODsyg of 0.06 in DMEM in 24-well
plates in the presence of antagonists (50 ug mi™) to mimic the
conditions in the internalisation assay and incubated at 37°C with
5% CO, for 2 hr. We plated the medium at 0 and 2 hr and compared
the colony-forming units (CFU) on BM agar.

2.11 | Statistical significance

Multiple comparisons were analysed using one-way analysis of
variance with Dunnett's posttest. Normal distributions were
analysed by Student's t test. Statistical analyses were performed with
GraphPad Prism or Minitab software, with significance defined as

P < .05; n represents the number of independent biological replicates.

3 | RESULTS

3.1 | Neurochemicals prime host cells to increase
internalisation activity

It has been demonstrated that SadA-expressing staphylococci are
distinguished by significantly higher internalisation frequency due to
the production of TAs, DOP, and SER, and such staphylococcal
strains are prevalent in human faeces (Lugman et al., 2018).
We carried out internalisation assays with the human colon epithelial
cell line HT-29 at an MOI of 30 and investigated the internalisation
frequency of various staphylococcal strains that do not produce TAs:
S. pseudintermedius ED99AsadA, S. epidermidis RP62A, S. aureus
USA300, and S. aureus 2F8, an S. aureus strain isolated from human
stool samples. All strains responded with a roughly threefold increase

in internalisation upon addition of TRY and SER (final concentration

50 pg ml™Y). Interestingly, when we preincubated HT-29 cells for
30 min with TRY and SER and removed the neurochemicals by a wash
step before adding the bacterial cells, there was still an observed increase
in internalisation (Figure 1). This finding shows that the HT-29 cells are
primed by the neurochemicals to increase internalisation readiness.

In addition to performing assays with the HT-29 cells, we also
performed an internalisation assay using primary colon cells isolated
from mice. As reported in the literature, the a2-adrenergic receptor
is expressed in the colon of rats (Schultheiss & Diener, 2000), and

the gastrointestinal tract of mice appears to be similar to that of rats
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FIGURE1 TRY and SER increase the internalisation of staphylococci
into HT-29 cell. (a) HT-29 cells were preincubated with TRY and SER
(50 pg ml™Y) separately for 30 min prior the addition of bacteria with
washing step to get rid of the added TRY and SER and without
washing. Different staphylococcal species were added at MOI of 30
into the cell culture. In these assays, we used Staphylococcus
pseudintermedius ED99 AsadA; (b) Staphylococcus epidermidis RP62A,;
(c) Staphylococcus aureus USA300; and (d) S. aureus 2F8, a strain
isolated from human stool sample. The addition of TRY and SER with
and without washing step significantly increased the internalisation of
staphylococci into HT-29 cells. (e) TRY and SER also increased the
internalisation of S. pseudintermedius ED99 AsadA in primary epithelial
cells isolated from mouse colon. The graphs show representative data
from at least three independent experiments. Each data point is the
mean value + SEM, *P < .05; **P < .01; ***P < .001; and ****P < .0001,
by students t test
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(Chen, Brown, Xie, Green, & Lyte, 2003). The mouse colon also
expresses the 5HT3 and 5HT4 receptors (Chetty, Irving, & Coupar,
2009; Hoffman et al., 2012). We used S. pseudintermedius ED99AsadA
as the bacterial model at an MOI of 100 and in the presence of TRY,
EPI, and SER with and without antagonists (PTL, ondansetron, and
SB207266; final concentration of 50 pg ml ™). The experiments
showed that TRY, EPI, and SER increased internalisation significantly,
which was nullified by the antagonists (Figure 1e). This result suggests
that activation of a2-adrenergic and 5HT receptors increases the
internalisation of bacteria into host cells and that this effect is nullified
by the antagonists. In a control experiment, we showed that the
antagonists had no significant effect on the growth and viability of
S. pseudintermedius ED99 (Figure S5).

3.2 | The neurochemical-triggered internalisation
pathway does not interfere with the FnBP-Fn-a531
integrin pathway

As it is well known that the FnBP-Fn-asB; integrin-mediated
pathway plays a major role in internalisation into NPPCs, we asked the
question of whether there is an interference of the pathway with
neurochemical-induced internalisation. All four strains tested above
(Figure 1) produce fibronectin-binding proteins that may trigger
internalisation into host cells (Pietrocola et al., 2015; Sinha et al., 2000);
even S. epidermidis has such a protein, named Embp (Williams,
Henderson, Sharp, & Nair, 2002). Therefore, it is impossible to verify
interference between the two pathways. To answer this question, we
carried out internalisation assays with S. aureus 8325-4 and S. aureus
8325-4AfnbAB as well as with Staphylococcus carnosus TM300 and
S. carnosus TM300 (pFnBA4). In S. aureus 8325-4AfnbAB, the two
fibronectin-binding protein A- and B-encoding genes are deleted,
and S. carnosus TM300 does not have fibronectin-binding proteins
(Rosenstein et al., 2009); therefore, we cloned the S. aureus FnBPA-
encoding gene, fhbA, into TM300. Internalisation assays with all four
strains in HT-29 cells showed that the addition or preincubation of
TRY and SER increased the internalisation frequency approximately
threefold (Figure 2). The impact of FnBP on internalisation is observed
if one compares S. aureus 8325-4 with S. aureus 8325-4AfnbAB; in the
latter clone, the internalisation frequency was approximately 10-fold
lower than that in the former clone. In contrast, in S. carnosus, TM300
(pFnNBA4) internalisation was approximately 10-fold higher than that of
the parent strain (Figure 2). These results indicate that neurochemical-
induced internalisation does not interfere with the FnBP-Fn-a581

integrin pathway, thus representing a separate pathway.

3.3 | SadA-expressing staphylococci decrease
cytoplasmic cAMP levels in HT-29 cells

Although we know that, on the host side, the a2-adrenergic receptor
plays a role in the adherence and internalisation of SadA-expressing
staphylococci, nothing is known regarding the underlying mechanism

and what happens downstream of the a2-adrenergic receptor. In most
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FIGURE 2 TRY and SER increase the internalisation independent of
FnBP. (a) We incubated HT-29 cells with Staphylococcus aureus 8325-
4 WT and AfnbAB and (b) it resulted that the antagonists we used S.
carnosus TM300 WT and pfnbA4 in the presence of TRY and SER at
concentration 50 pug ml™* with and without washing. The addition of
TRY and SER significantly increased the internalisation three to four
times higher than the control even in the absence of FnBP. The graphs
show representative data from at least three independent
experiments. Each data point is the mean value + SEM, *P < .05;

**P < ,01; ***P < .001; and ****P < .0001, by students t test

human cell types, the aya-adrenergic receptor is linked to a G; protein,
and thus receptor occupation inhibits adenylate cyclase (AC) activity.
For example, EPI (synonym of adrenaline) activates thrombocytes by
interacting with the a2-adrenergic receptor, which causes activation
of Gju2 followed by AC inhibition and consequently a decrease in cyto-
solic cAMP and cAMP-dependent protein kinases (Aktories & Jakobs,
1981; Brass, Woolkalis, & Manning, 1988; Keularts, van Gorp, Feijge,
Vuist, & Heemskerk, 2000). Intrigued by these findings, we wondered
whether TAs, DOP, and SER have an effect on the cytosolic cAMP
level in HT-29 cells. Therefore, we examined the effect of
S. pseudintermedius ED99, ED99AsadA, and ED99AsadAcom (sadA-
complemented mutant) on cytosolic cAMP production in HT-29. To
allow the production of TAs and DOP, we fed the bacteria with the
AAAs (Phe, Trp, and Tyr) as well as with L-DOPA and 5-HTP at a final

concentration of 100 ug ml™! each, thus enabling the production of
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TAs as well as DOP and SER. The cytoplasmic cAMP level in HT-29
cells was significantly decreased with only ED99 and ED99AsadAcom
in the presence of AAAs and L-DOPA but not in the presence of 5-
HTP. The cAMP level was even higher in the ED99AsadA-treated cells
than in the control cells (Figure 3a). These results indicate that the TAs
(TRY, PEA, and TYM) and DOP produced by ED99 activate the a2-
adrenergic receptor, which causes a decrease in cytosolic cAMP. This
outcome is similar to that described above for the EPI effect. In con-
trast to TAs and DOP, 5-HTP, the precursor of SER, did not affect
the cytoplasmic cAMP level significantly (Figure 3a).

3.4 | TAs and DOP decrease cytoplasmic cCAMP
levels in HT-29 cells

To confirm our results obtained with the ED99 clones, we investigated
whether TAs, DOP, SER, and EPI (each at a final concentration of
50 pg ml™Y) affect cAMP production in HT-29 cells. As shown in
Figure 3b, TRY, PEA, TYM, DOP, and EPI caused a significant decrease
in cAMP production. The highest decrease was observed with EPI,
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which is known to be the true ligand of adrenergic receptors and
was used as a positive control. The next highest decrease was
observed with DOP followed by TRY, PEA, and TYM. SER did not
decrease cAMP production, which confirms the results with ED99
and 5-HTP (Figure 3a). Using TRY as an example, we demonstrated
that the decrease in cytoplasmic cAMP is concentration dependent
(Figure 3c); at 25 pg ml™* of TRY, a significant decrease in the cCAMP
level in HT-29 cells was observed.

3.5 | SadA-expressing staphylococci increase F-actin
formation in HT-29 cells

It has been shown that a decrease in cytoplasmic cAMP levels in host
cells is correlated with increasing polymerisation of actin to F-actin
(Ganguly, Saxena, & Chattopadhyay, 2011). Therefore, we investi-
gated the effect of ED99, ED99AsadA, or ED99AsadAcom on F-actin
formation. As shown in Figure 4a, ED99- and ED99AsadAcom-
induced F-actin formation was significantly increased compared with
that induced by ED99AsadA. These results were confirmed when
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FIGURE 3 TAs and DOP decrease the intracellular cAMP level of HT-29 cells. (a) HT-29 cells were incubated with ED99 (parent strain),
ED99AsadA, and complemented mutant (ED99AsadAcomp) together with the AAAs (W, F, Y), L-DOPA, or 5-HTP, each in a final concentration
100 pg mi~L. Addition of AAAs and L-DOPA decreased the intracellular cAMP level of HT-29 cells significantly when they were treated with ED99
and ED99AsadAcomp, whereas with ED99AsadA the cAMP level was increased. The cAMP levels of HT-29 cells incubated with ED99AsadA were
not significantly different compared with the control. (b) HT-29 cells were treated with different neurochemicals at final concentration 50 pug mi™%.
Intracellular cAMP level of HT-29 cells were significantly decreased in the presence of TRY, PEA, TYM, and DOP but not with SER. We used EPI
(epinephrine) as positive control as it is an endogenous agonist of a2-adrenergic receptors. (c) The decrease of intracellular cAMP level in HT-29
cells when incubated with TRY was dose dependent (P <.0001). The graphs show representative data from at least three independent
experiments. Each data point is the mean value + SEM, *P < .05; **P < .01; ***P < .001; and ****P < .0001, by students t test for (a) and (b) and by
one-way analysis of variance with Dunnett posttest for (c). All cCAMP levels were normalised to control
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FIGURE 4 Neurochemicals induce F-actin
formation in HT-29 cells. (a) HT-29 cells were
incubated with ED99 WT, AsadA, and
complemented mutant and AAAs, L-DOPA,
and 5-HTP separately (final concentration
100 pg mi™Y). Addition of AAAs and L-DOPA
increased the F-actin level of HT-29 cells in
WT and complemented mutant significantly.
The F-actin levels of HT-29 cells incubated
with ED99AsadA were not significantly
different compared with the control. (b) HT-
29 cells were treated with different
neurochemicals at final concentration

50 pg mi™L. F-actin level of HT-29 cells were
significantly increased in the presence of TRY,
PEA, TYM, DOP, and SER. We used EPI as
positive control because it is known as the
true ligand for adrenergic receptor. (c) The
increasing of F-actin level in HT-29 cells when
incubated with TRY were dose dependent
manner (P <.0001). Representative data from
at least three independent experiments are
shown. For all graphs, each data point is the
mean value + SEM, *P < .05; **P < .01;

***P < ,001; and ****P < .0001, by students t
test for (a) and (b) and by one-way analysis of
variance with Dunnett posttest for (c). All F-
actin levels were normalised to control
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HT-29 cells were treated with TAs, DOP, SER, and EPI (the latter as a
positive control). Again, EPI induced the highest F-actin formation,
followed by DOP, SER, TRY, PEA, and TYM (Figure 4b). Surprisingly,
SER, which hardly decreased cAMP levels, as shown in Figure 3a,b,
induced F-actin formation. Using TRY as an example, we showed that
actin polymerisation was dose dependent (Figure 4c); at only 25 pg ml
"1 TRY, a significant increase in actin polymerisation was achieved in
HT-29 cells. The results show that TAs, DOP, and SER produced by
ED99 or ED99AsadAcom increased F-actin formation in HT-29. F-
actin formation was also illustrated by microscopic analyses of TRY-
and SER-treated HT-29 cells by determining fluorescence intensity
using Image)J software; increased F-actin formation was indicated by
increased fluorescence intensity compared with that of control cells
(Figures 5 and S3).

3.6 | Neurochemicals affect the cytoplasmic cAMP
and F-actin levels of HT-29 cells via the a2-adrenergic
receptor and 5HT receptors

We also raised the question of whether activation of the a2-adrenergic
and 5HT-receptors by TAs, DOP, EPI (the latter was used as a positive
control) and SER cause a decrease in cAMP levels and an increase in F-
actin formation. To answer this question, we tested these neurochem-
icals in the presence of PTL. PTL is a competitive antagonist of al- and
a2-adrenergic receptors, leading to muscle relaxation and a widening of
the blood vessels (Mostaghim, Thomas, & Ramwell, 1988; Saeed,
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Sommer, Holtz, & Bassenge, 1982). If the a2-adrenergic receptor plays
arole in the decrease in cCAMP, the decrease should be reversed in the
presence of PTL. This effect is exactly what we observed for TAs, DOP,
and EPI (Figure 6a). However, not only cytoplasmic cAMP but also F-
actin formation were reversed in the presence of PTL (Figure 6b). As
HT-29 cells show only a low expression of al-adrenergic receptor
(Agrawal, Wildrick, & Boman, 1992), it is likely that the a2-adrenergic
receptor controls the cytoplasmic cAMP and F-actin levels upon stimu-

lation by neurochemicals.

3.7 | SER did not significantly affect the cytoplasmic
cAMP level but increased F-actin formation in HT-29
cells

HT-29 cells have four 5HT (SER) receptors: 5HT1A, 5HT1B (Ataee,
Ajdary, Zarrindast, Rezayat, & Hayatbakhsh, 2010), 5HT3, and 5HT4
(Ataee et al., 2010). To investigate which receptors are involved, we
tested different specific antagonists of the various 5HT receptors:
WAY100635 (5HT1A antagonist [Forster et al., 1995]), SB207266
(5HT4 antagonist [Fedouloff et al., 2001; Wardle et al., 1996]), and
ondansetron (5HT3 antagonist [Butler, Hill, Ireland, Jordan, & Tyers,
1988]). We also tested two 5HT1B antagonists, SB224289 and
GR127935 (Lucas, Segu, & Hen, 1997; Selkirk et al., 1998); however,
these two compounds were toxic to HT-29 and HaCaT cells (Figure
S1). Therefore, we did not use these two compounds for further
experiments. Although WAY100635 is reported to be a potent



LUQMAN ET AL.

8of15 | WILEY

Control TRY

_
O
S

2 30000 * *
] ==
c
2
E
o
o
c
o
Q
w
5 10000
3
w
3
['4
& &
& &

SER

FIGURE 5 TRY and SER increase F-actin formation in HT-29 cells. (a) We specifically imaged F-actin formation in HT-29 cells treated with TRY,
SER, and DMSO (as a control) using ActinGreen fluorescence dye. On average, HT-29 cells treated with TRY and SER (each 50 pg ml™*) appeared
to have more F-actin (indicated with red arrows) compared with control cells. (b) ImageJ analyses calculating the fluorescence intensity of confocal
images indicate a higher amount of F-actin in TRY- and SER-treated cells. The fluorescence intensity was calculated from at least five different
observation areas for each treatment. For the graph, each data point is the mean value + SEM, *P < .05 by students t test

dopamine D4 receptor agonist (Chemel, Roth, Armbruster, Watts, &
Nichols, 2006), it did not influence our results, as this receptor is most
likely not expressed in HT-29 cells. When testing SER together with
5HT antagonists, only the 5HT1A antagonist WAY100635 but
not the 5HT3 and 5HT4 antagonists caused a significant increase in
cAMP levels (Figure 6c). All three antagonists decreased F-actin
formation, but only the WAY100635 and SB207266 antagonists
decreased F-actin formation below that of the control (Figure é6d),
indicating that the two antagonists have an inverse agonist effect.
The addition of ondansetron alone or together with SER did not affect
cAMP or F-actin formation. These results suggest that SER-induced
upregulation of F-actin formation is triggered by the 5HT1A, 5HTS3,
and 5HT4 receptors.

We investigated whether SER-induced F-actin formation also trig-
gers an increased invasion frequency. To avoid interference from the
AAAs present in the medium, we carried out invasion studies with
the sadA mutant, ED99AsadA. SER always caused an increase in
internalisation. In the presence of SER and the 5HT1A antagonist
(WAY100635), 5HT3 antagonist (ondansetron), or 5HT4 antagonist
(SB207266), the effect of SER was nullified (Figure 7a-c).
Internalisation was decreased below that of the control with only
the 5HT1A antagonist (WAY100635; Figure 7a). In conclusion, these
results show that SER increases bacterial internalisation by activating
5HT1A, 5HT3, and 5HT4.

If the antagonists were used alone in the absence of SER, only
WAY100635 (5HT1A antagonist) and SB207266 (5HT4 antagonist)
caused a decrease in internalisation below that of the control. Such
an inverse agonist effect has also been reported previously (Claeysen
et al., 2000; Cosi & Koek, 2000; Newman-Tancredi, Conte, Chaput,
Spedding, & Millan, 1997; Figure 7a,c).

3.8 | Neurochemicals are present in human stool
samples

We also addressed the question of how relevant our in vitro results
are in relation to the in vivo situation. Therefore, we tested stool sam-
ples from 19 adults by HPLC analysis to determine the abundance and
concentration of TRY, PEA, TYM, DOP, and SER. In 80-100% of the
samples, we detected TRY, TYM, DOP, and SER; PEA was only
~25% less prevalent than the other neurochemicals (Figure S4a).
Regarding the concentration, TYM was present in high concentrations
(ranging from 7.6 to 621 pg g‘1 of faeces), followed by DOP, TRY, and
SER, whereas PEA was the least abundant, ranging from 0.8 to 12 ug g
-1 (Figure S4b). In 50% of the samples, the total concentration of neu-
rochemicals reached >100 pg g%, and in one case, it reached
>600 pg g%, suggesting that neurochemicals are highly abundant in
the intestine and might affect bacterial colonisation and internalisation
as shown in in vitro assays.

4 | DISCUSSION

Bacterial pathogens can be classified as exclusively extracellular, dually
intracellular/extracellular and exclusively intracellular bacteria based
on their infective lifestyle in the host (Silva, 2012). S. aureus, Strepto-
coccus pyogenes, Pseudomonas aeruginosa, and Escherichia coli are typ-
ical examples of bacteria that have been regarded as extracellular
pathogens causing, for example, wound infections, osteomyelitis, scar-
let fever, certain forms of pneumonia, and urinary tract infections.
However, there are now numerous examples in which all these species

use an intracellular phase (Casadevall, 2008; Silva, 2012). S. aureus is
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FIGURE 6 TAs and DOP can bind to a-adrenergic receptor and SER can bind to 5HT receptors to induce host cells response. (a) We treated
HT-29 with PTL (a-adrenergic receptor antagonist) before addition of neurochemicals in order to block the receptor and prove that TRY, PEA,
TYM, and DOP can interact to a-adrenergic receptor in HT-29 and lead to induce further host cells response. We also used EPI as positive
control. Treatment with PTL (final concentration 50 pg ml™) showed that intracellular cAMP level did not decrease significantly in the
presence of TRY, PEA, TYM, DOP, and EPI (final concentration 50 pg ml™2). (b) HT-29 cells treated with PTL alone (final concentration

50 pug mlI™Y) did not significantly affect F-actin level. Meanwhile, when we added PTL prior the addition of TRY, PEA, TYM, DOP, and EPI (final
concentration 50 pg ml™Y), PTL nullified the enhancement effect of those compounds in F-actin formation to the control. (c) We treated HT-29
with 5HT receptor antagonists (final concentration 50 pug ml™) before addition of SER (final concentration 50 pg ml™%) in order to block the
receptor and measured the intracellular cAMP level of HT-29 cells. No significant changes in the intracellular cAMP level in addition of 5SHT
antagonists and SER except WAY100635. Addition of WAY100635 alone and together with SER increased the intracellular cAMP level of HT-
29 cells significantly compared with control. (d) The addition of ondansetron (final concentration 50 pg ml™%) prior the addition of SER (final
concentration 50 pg mi™Y) nullified the increasing effect of SER in F-actin formation to the control level. The addition of WAY100635 and
SB207266 alone and together with SER even decreased the F-actin formation in HT-29 cells significantly compared with the control.
Representative data from at least three independent experiments are shown. For all graphs, each data point is the mean value + SEM, *P < .05;
P < .01; **P < .001; and ****P < .0001, by students t test. All cCAMP and F-actin levels were normalised to control

one such facultative intracellular pathogen invading a wide range of fibronectin as a bridging molecule (Sinha et al., 1999); FnBPs can
host cells, both professional (macrophages) and nonprofessional also bind to human Hspé0 (Dziewanowska et al., 2000); the major
phagocytes such as epithelial, endothelial cells, osteoblasts, fibroblasts, autolysin, Atl, binds to Hsc70 and to the a5B1 integrin
and keratinocytes (Loffler, Tuchscherr, Niemann, & Peters, 2014). The (Hirschhausen et al., 2010); extracellular adherence protein, Eap,
advantage of an intracellular lifestyle is long-term persistence in the contributes to internalisation by epithelial cells and fibroblasts via
host tissue, as bacteria are largely protected against antimicrobial an unknown receptor (Haggar et al, 2003); and the Lpls mediate
treatments and the host immune system (Sendi & Proctor, 2009). internalisation by human keratinocytes and mouse skin also via a
It is well known that a crucial early step in infection development still-unknown receptor (Nguyen et al., 2015).

is tight adherence of the pathogen to host matrices or host cells. In Exemplified of S. pseudintermedius ED99, we identified a new con-
particular, S. aureus expresses an exceptionally large variety of sur- cept of host cell internalisation that plays a role especially in animal-
face proteins called adhesins (Clarke & Foster, 2006) that can be pathogenic staphylococcal species expressing SadA or nonaureus
divided into proteins that are covalently bound to bacterial peptido- staphylococcal strains (Maali et al., 2016; Valour et al., 2013). In con-
glycan, the MSCRAMMs (Foster & Hook, 1998); rebinding secreted trast to all published pathways, this pathway does not involve a staph-
proteins, the SERAMs (Chavakis, Wiechmann, Preissner, & Herr- ylococcal surface protein that interacts with a corresponding host cell
mann, 2005); or membrane-anchored lipoproteins (Shahmirzadi, receptor to trigger invasion.

Nguyen, & Go6tz, 2016). Some of these adhesins trigger invasion by We unravelled two internalisation pathways in the colon carci-
interacting with a cognate receptor on host cells. For example, noma cell line HT-29 (Rousset, 1986; Turner, Ray-Prenger, & Bylund,

FnBPs bind to the host cell integrin a5B81 through cellular or soluble 1985). One pathway is triggered by TAs and DOP. Binding of these
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FIGURE 7 The blockage of 5HT receptors by antagonists leads to
the decreasing of staphylococcal internalisation. Internalisation of
ED99AsadA was enhanced around twofold in the presence of SER
(25 pg mI™* as final concentration) but was decreased to control
level (10% DMSO) when SER was applied together with 25 pug ml™t
antagonists. We used (a) WAY100635 as 5HT1A antagonist, (b)
ondansetron as 5HT3 antagonist, and (c) SB207266 as 5HT4
antagonist. Representative data from at least three independent
experiments are shown. For all graphs, each data point is the mean
value = SEM, *P < .05; **P < .01; ***P < .001; and ****P < .0001, by
students t test

neurochemicals to the a2-adrenergic receptor triggers repression of
cytoplasmic cAMP production, and low cAMP levels activate polymer-
isation of G-actin to F-actin. The cytoplasmic cAMP level in HT-29
cells was significantly decreased in the presence of AAAs and L-DOPA
in the presence of only ED99 and the complemented mutant,
ED99AsadAcom, but not in the presence of 5-HTP (Figure 3a,b). The
other pathway is triggered by SER. Although SER does not alter the
cAMP level, it also increases F-actin formation (Figure 6d). By using
various 5HT antagonists, we showed that SER interacts with at least
three 5HT receptors in HT-29 cells. This interaction triggers G-actin
polymerisation to F-actin without significantly affecting the cytoplas-
mic cAMP level (Figure 8).

The a2-adrenergic receptor-mediated effect of TAs and DOP,
namely, lowering cytoplasmic cAMP levels and increasing F-actin for-
mation, is the same as that observed with EPI (adrenaline), a well-
known agonist of the a2-adrenergic receptor (Tian, Duzic, Lanier,
& Deth, 1994; Figure 4). Based on our knowledge of the EPI-
mediated pathway, we propose the following downstream reactions
after activation of the a2-adrenergic receptor by TAs, DOP, and
EPI. Activation of the a2-adrenergic receptor causes dissociation of
the alpha subunit of G protein-Gi, and this subunit binds to AC,
causing its inactivation (Turner et al., 1985) and a decrease in the
intracellular cAMP level (Figure 6a). The decreased cAMP level
induces F-actin formation (Whelan & Senger, 2003; Figure 6b),
which leads to the formation of pedestal-like structures that are
known to play a role in bacterial adherence and internalisation
(Bhavsar, Guttman, & Finlay, 2007; Carabeo, 2011; dos Reis & Horn,
2010; Finlay, Rosenshine, Donnenberg, & Kaper, 1992; Finlay,
Ruschkowski, & Dedhar, 1991), in the host cells and an approxi-
mately threefold increase in adherence and internalisation of staphy-
lococci by HT-29 cells. The activation of the a-adrenergic receptor in
colonic mucosa also increases the internalisation of E. coli O157:H7
and Salmonella choleraesuis (which has no SadA homologue and does
not produce TAs), as reported by (Green, Lyte, Kulkarni-Narla, &
Brown, 2003).

SER follows a different pathway, although with the same out-
come. SER did not decrease the intracellular cAMP level (Figure 6c)
but did increase the F-actin level (Figure 6d). This finding is explain-
able because studies by Ataee et al. (Ataee, Ajdary, Rezayat, et al.,
2010; Ataee, Ajdary, Zarrindast, et al, 2010) showed that HT-29
cells express various 5HT receptors: 5HT1A, 5HT1B, 5HT3, and
5HT4. 5HT1A is a G protein-coupled receptor (Raymond, Mukhin,
Gettys, & Garnovskaya, 1999) with many effectors, and one of them
is AC. 5HT1A activation induces activation of protein kinase C
(PKC), Src kinase, and mitogen-activated protein (MAP) kinases and
inhibition of AC (Raymond et al., 2001), thus causing a decrease in
the cytoplasmic cAMP level (Aune, McGrath, Sarr, Bombara, &
Kelley, 1993; Fargin et al., 1989). Both 5HT3 and 5HT4 activation
induce F-actin formation by Ca2+- and PKC-dependent pathways
(Gill et al., 2008). Therefore, in contrast to 5SHT1A, 5HT4 activation
increases the intracellular cAMP level (Kuemmerle, Murthy, Grider,
Martin, & Makhlouf, 1995) by activating AC (Raymond et al.,
2001). Because of the opposing effects of 5HT1A and 5HT4
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AAAs, L-DOPA,

FIGURE 8 The neurochemicals TAs, DOP,

and SER produced by SadA-expressing

staphylococci enhance bacterial

internalisation into host cells. SadA-expressing

staphylococci convert aromatic amino acids

(AAAs), L-DOPA, and 5HTP into &
corresponding trace amines (TAs), dopamine

(DOP), and serotonin (SER), respectively. TAs

and DOP interact with a2-adrenergic receptor 5HT
(a2-AR) while SER with 5HT receptors. The receptors
signaling of TAs and DOP via a2-AR leads to a

decrease of cytoplasmic cCAMP level and actin l‘
polymerisation. SER signals via interaction \

with 5HT receptors leading also to actin N

polymerisation, however, without affecting
the cytoplasmic cAMP level. In the presence
of SadA or neurochemicals internalisation into
host cell is boosted about two to three fold

activation, their effect is nullified, and as a consequence, we
observed no change in the intracellular cAMP level of HT-29 cells
treated with SER. However, blocking 5HT1A with the inhibitor
WAY100635 increased cAMP levels, decreased F-actin formation
(Figure 6c,d), and decreased internalisation of ED99AsadA (Figure 7
a) because WAY 100635 has an inverse agonist effect (Cosi & Koek,
2000; Newman-Tancredi et al., 1997). Similar effects were also
observed when we treated HT-29 cells with the 5HT4 antagonist
(SB207226) and the 5HT3 antagonist (ondansetron); in both cases,
F-actin formation and internalisation of ED99AsadA were decreased.
In conclusion, activation of 5HT1A, 5HT3, and 5HT4 by SER
increases staphylococcal internalisation in HT-29 cells.

The bacterial invasion process and the subsequent infection
course in different cell types have in common that the uptake mech-
anism requires an intact cytoskeleton and is an active process of the
host cells (Ellington et al., 1999; Josse et al., 2017; Kahl et al., 2000;
Mempel et al., 2002; Menzies & Kourteva, 1998). Directly after
infection, bacteria are usually located within phagosomes, but they
can later escape to the cytoplasm, which is often associated with
apoptosis of host cells (Grosz et al., 2014; Loffler et al., 2014).

The final questions are about the relevance of neurochemical-
triggered internalisation in vivo and whether there are sufficient
amounts of AAAs in the various body fluids to play a role in infection.
In blood, there is approximately 60-80 uM each AAA, totaling 200 uM
(Forteschi et al., 2015). In the kidneys, there are comparable amounts
(Li, Tang, & Mu, 2011). Here, we show that in 50% of the human stool
samples, the total neurochemicals reached >100 ug g™* and, in some
cases, >600 pg g1, suggesting that neurochemicals are highly abun-
dant in the intestine and might influence bacterial colonisation and
internalisation, as shown in vitro.

In the case of the neurochemical level in human stool samples,
SadA-expressing staphylococci might contribute to the neurochemical
level. However, there are many other factors that also play a role, for
example, the intestine epithelial cells, the enterochromaffin cells

(Pettersson, Newson, Ahlman, & Dahlstrom, 1980), and various other
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bacteria that can produce neurochemicals (Williams et al., 2014). It is
difficult, if not impossible, to determine the origin of TAs in the human
intestine.

5 | CONCLUSION

In this study, we wanted to determine the pathway of neurochemical-
triggered internalisation into host cells. We identified a new
mechanism of how pathogenic staphylococci can increase their
internalisation into host cells. Not a cell surface protein but rather
excreted neurochemicals, TAs, DOP, and SER, boost actin cytoskeletal
remodelling to increase the internalisation rate by approximately
threefold. The aromatic amino acid decarboxylase gene, sadA, is
responsible for the production of the neurochemicals and is present
in most animal-pathogenic staphylococcal species. The internalisation
can be subdivided into three steps: actin recruitment, engulfment,
and actin disassembly as a driving force for internalisation (Carabeo,
2011). It is most likely that the sadA gene increases the
virulence potential (internalisation, persistence, and cytotoxicity) of
staphylococci. As the neurochemicals are diffusible, the internalisation
of S. aureus can be boosted by coinfecting bacteria that produce

these compounds.
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