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ABSTRACT

Transcription factors of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B)
family control important signaling pathways in the regulation of the host innate immune system.
Various bacterial pathogens in the human gastrointestinal tract induce NF-«B activity and provoke pro-
inflammatory signaling events in infected epithelial cells. NF-«B activation requires the phosphoryla-
tion-dependent proteolysis of inhibitor of kB (IkB) molecules including the NF-«kB precursors through
ubiquitin-mediated proteolysis. The canonical NF-kB pathway merges on IkB kinases (IKKs), which are
required for signal transduction. Using CRISPR-Cas9 technology, secreted embryonic alkaline phos-
phatase (SEAP) reporter assays and cytokine enzyme-linked immunosorbent assay (ELISA), we
demonstrate that the actin-binding protein cortactin is involved in NF-«B activation and subsequent
interleukin-8 (IL-8) production upon infection by Helicobacter pylori, Salmonella enterica and Pseu-
domonas aeruginosa. Our data indicate that cortactin is needed to efficiently activate the c-Sarcoma
(Src) kinase, which can positively stimulate NF-«kB during infection. In contrast, cortactin is not
involved in activation of NF-kB and IL-8 expression upon infection with Campylobacter species
C. jejuni, C. coli or C. consisus, suggesting that Campylobacter species pluralis (spp.) induce a different
signaling pathway upstream of cortactin to trigger the innate immune response.
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INTRODUCTION

Nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-«B) is a family of
conserved transcription factors representing major dimeric transcriptional regulators that are
expressed in all differentiated mammalian cell types [1]. They inhabit important functions in
a wide range of cellular processes, including an important conserved function in orches-
trating immune responses and inflammation [2]. The NF-«B signaling network is composed

of hetero- or homodimers of five protein monomers called p50, p52, RelA, RelB and c-Rel
’j Journals together with their inhibitor proteins, inhibitors of kappa B (IxkBs) named e.g. IxBa, IkB@ and
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IkBe [3]. All five monomeric members share an amino-
terminal Rel homology domain (RHD) comprising about
300 amino acids [2] that facilitates 15 potential di-
merizations, DNA binding, interaction with IkBs as well as
translocation in the nucleus [4].

In the cytoplasm of unstimulated cells, NF-«B dimers are
inactive, as controlled by I«kB inhibitors. Upon activation
signals such as oxidative stress, viral and bacterial infections,
pro-inflammatory cytokines or damage to DNA, IxBs are
phosphorylated by the IkB kinases (IKK) complex. The
phosphorylated IkBs are then ubiquitinated and degraded
through the proteasome, resulting in the release of NF-«B
dimers. Subsequently, released NF-«B dimers translocate to
the nucleus to initiate a target transcriptional program by
binding to their specific DNA sites [2]. Generally, NF-«B
activity is regulated by two major routes, called the canonical
and non-canonical NF-«B signal transduction cascades [5].
The canonical pathway is conveyed by activation of the NF-
kB essential modulator (NEMO) within the IKK complex
and is induced by recognition of signals generated from pro-
inflammatory cytokine receptors, including the tumor ne-
crosis factor receptor (TNFR) family, interleukin-1 receptor
(IL-1R) members, antigen receptors and Toll-like microbial
pattern recognition receptors (TLRs) [6, 7]. In contrast, the
non-canonical pathway is regulated by stimulation of a
NEMO-independent signaling module involving NF-«B-
inducing kinase (NIK) and IKKe, and is stimulated by
certain TNF family members, called CD40 ligand (CD40L),
lymphotoxin-8 (LTB), B cell activating factor (BAFF), and
receptor activator of NF-«B ligand (RANKL) [6, 8]. The
immediate reversible immune and inflammatory response
takes place by stimulation of the canonical pathway, which is
crucial for specific cytokine responses [2]. NF-«B activation
finally results in the transcription and subsequent regulation
of the target genes encoding a variety of pro-inflammatory
chemokines and cytokines, such as IL-8, IL-6, IL-16 and
TNEF. One of the major pro-inflammatory reactions is the
secretion of IL-8, overexpression of which is generally
associated with cancer development (3, 9].

Most gastrointestinal infections are spread by ingestion
of water or food contaminated by various pathogenic bac-
teria and cause high incidences of acute and chronic diseases
worldwide [10]. For instance, bacteria such as Campylo-
bacter, Salmonella and Pseudomonas species are the general
agents of infection [10-12]. Helicobacter pylori are persis-
tent, Gram-negative, micro-aerophilic bacteria inhabiting
the gastric tissue of humans. The virulence properties of the
bacteria depend on the existence of the numerous virulence
factors that help to tightly attach, colonize and induce
pathogenicity [13]. Many Gram-negative bacteria can acti-
vate NF-«B, and this pathway is well described for H. pylori
[14]. It was reported that at least four H. pylori virulence
factors are able to mediate NF-«B activation and IL-8
expression — the type IV secretion system (T4SS) encoded by
the cytotoxin-associated gene (cag) pathogenicity island
(PAI), its CagA effector protein [15], the lipopolysaccharide
metabolite ADP-glycero-(-p-manno-heptose (ADP-Hep-
tose) [16, 17], and y-Glutamyl-transpeptidase (GGT) [18].
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The major NF-«kB inducer of H. pylori, ADP-Heptose, is
presumably injected into the cytoplasm of the host cell,
where it can bind to the alpha-protein kinase 1 (ALPK1),
which induces its kinase activity to phosphorylate and self-
oligomerize the TRAF-interacting protein with the fork-
head-associated domain (TIFA) [16, 17]. Interaction of
activated TIFA with the tumor necrosis factor receptor-
associated factor 6 (TRAF6) forms the so-called TIFAsome.
This complex enables binding of TGFg-activated kinase 1
(TAK1) to stimulate the IKK complex resulting in the
phosphorylation of specific N-terminal serine residues
(Ser32/36) of 1kBa [19]. This phosphorylation in return
enables ubiquitination of IkBa through the recruitment of
S-phase kinase-associated protein 1 (SKP1)-cullin 1 (CUL1)-
F-box protein (SCF)/beta-transducin repeat-containing
protein (BTRCP) ligase complex, and further degradation
through the 26S proteasome, which releases the NF-«B
heterodimer [2]. Thereafter, the release of RelA/p50 heter-
odimers results in their nuclear translocation, where they
start the transcription of corresponding genes linked to
cytokine expression [17, 19]. In addition, it has been
demonstrated that in gastric epithelial cells infected with
H. pylori, IKK@ tyrosine phosphorylation and binding to
c-Sarcoma (Src) kinase is induced and that Src knockdown
resulted in reduced IkBa and RelA phosphorylation [20].
We recently discovered that infection of gastric epithelial
cells with H. pylori targets cortactin, coded by the gene cttn,
to activate focal adhesion kinase (FAK), Src and Abl tyrosine
kinases [21]. The protein cortactin contains multiple do-
mains and is involved in regulating the actin cytoskeleton
organization and cellular motility [22]. The domain struc-
ture of cortactin includes the amino-terminal domain
(NTA), a central filamentous actin binding domain, a pro-
line-rich area, and a Src-homology 3 (SH3) domain at the
carboxy-terminus, which provides complex interactions of
cortactin with other regulatory proteins [23]. Being a key
factor in regulating cytoskeletal rearrangements, cortactin
represents an attractive target to control host target cells by
various microbial pathogens, including H. pylori [24, 25].
Cortactin’s activity can be regulated through serine and
tyrosine phosphorylation events by Src and Abl, by extra-
cellular signal regulated kinases 1 and 2 (ERK1/2), or by
p21l-activated kinase 1 (PAK1) [26-30]. During H. pylori
infection, cortactin was shown to undergo phosphorylation
by ERK1/2 at Ser-405 and/or Ser-418, which finally results in
FAK stimulation [21, 30-32]. In turn, FAK has been shown
to interact with and stimulate Src and Abl kinase activities,
which are important for CagA phosphorylation [21, 33].
Taking into account that (1) Src is potentially involved in
NF-«B activation [34] and (2) cortactin functions upstream
of the FAK/Src/Abl-axis pathway [21], we aimed to inves-
tigate if cortactin may contribute to NF-«B activation in
H. pylori infected cells. We studied the role of cortactin in
NF-«B activation and IL-8 release by utilizing AGS gastric
epithelial wild-type (wt) cells and AGSActtn cells with a
complete knockout of the cortactin gene [21], which were
infected with four different pathogens. Our results show
cortactin-dependent, Src-mediated NF-«B activation upon
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infection by the bacterial pathogens H. pylori, Salmonella
enterica and Pseudomonas aeruginosa, but not by
Campylobacter species pluralis (spp.), suggesting that the
latter species trigger a cortactin-independent route.

MATERIALS AND METHODS

Cultivation of human AGS cells

The AGS gastric epithelial cell line established from adeno-
carcinoma (American Type Culture Collection #CRL-1739™)
was grown in RPMI 1640 medium containing 10% FCS (fetal
calf serum) from ThermoFisher Scientific (Waltham, MA,
USA), 1% penicillin/streptomycin (Sigma-Aldrich, Steinheim,
Germany) and 0.2% Normocin™ (InvivoGen, Toulouse,
France) in an incubator set to 37°C and 5% carbon dioxide
(CO,). Cortactin knockout AGS cells (AGSActtn) were
described earlier and cultured like AGS wt, except for adding
2 g mL™' puromycin into the medium [35]. Twelve hours
before infection of the cells with the below described bacterial
pathogens, the medium was removed and fresh RPMI me-
dium without antibiotics was added, followed by incubation
of the cells at 37°C and 5% CO, [21].

Cultivation of bacteria for infection experiments

Table 1 presents all bacteria used in this survey. Type 1
H. pylori wt strain P12 [36] was grown from deep-frozen
stocks in brain heart infusion (BHI) medium with 20%
glycerol. The bacteria were cultivated on GC agar base plates
containing 10% horse serum, 4 {1lg mL ™" amphotericin, along
with 10 ug mL™" vancomycin under microaerobic conditions
produced in an AnaeroJar™ with 2.5L capacity (Oxoid,
Wesel, Germany) by using a CampyGen (Oxoid) gas kit [37].
The isogenic P12AcagA, P12AcagPAl, P12AgmhA and
P12Aggt mutants (Table 1) were treated like the wt strains,
with the exception that 8 jig mL~" kanamycin, or 4 jig mL ™"
chloramphenicol were additionally added to agar plates to
select resistant colonies [38]. Campylobacter jejuni strain
81-176, Campylobacter coli strain 10-02932 and Campylo-
bacter concisus strain CCUG 13144 were similarly cultivated
from stocks as described before [39]. The bacteria were
grown at 37°C for 48 h on Campylobacter blood-free selective
agar base supplemented with Campylobacter growth sup-
plement purchased from Oxoid (Wesel, Germany). C. coli

and C. jejuni were cultivated in microaerobic atmosphere
created in a 2.5L AnaeroJar™ with a CampyGen sachet as
described above, while C. concisus required the anaerobic gas
generating kit BR0O038B (Oxoid) [40]. P. aeruginosa strain
PAOL1 (ATCC 15692) and S. enterica Serovar Typhimurium
strain STM (NCTC 12023) were routinely grown from
—80°C stocks (LB medium with 20% glycerol) by using LB
plates incubated at 37°C overnight. For infection, bacteria
were resuspended in LB medium. The number of bacterial
cells for infection were determined by measuring the optical
density (ODgq) of bacterial cultures and adjusting the OD to
1.0, which corresponds to approximately 4 X 10° bacterial
cells. For all infection experiments, a multiplicity of infection
(MOI) of 50 was used.

Transient transfection assays

Transfection of AGSActtn cells with peGFP-N1-Src wt,
expressing constitutively active Src kinase [41], and pNF-«B-
SEAP (secreted embryonic alkaline phosphatase) reporter
plasmid (http://www.addgene.org) was carried out by using
the transfection reagent Turbofect according to the protocol
of the manufacturing company (ThermoFisher Scientific).
AGSActtn cells were seeded into 6-well plates with RPMI
1640 complete medium (with 10% FCS) and were grown
until they reach approximately 70% confluency. From each
plasmid 5 ig were used and mixed with 200 pL RPMI 1640
medium without supplements/antibiotics and 10 uL Tur-
bofect followed by incubation at room temperature for
20 min. Subsequently, the mixture was carefully added to the
cells and the cells were incubated at 37°C and 5% CO, for
24 h. Transfected cells were then subjected to infections with
the different bacterial strains (Table 1).

ELISA immunoassay

For investigation of IL-8 levels released from AGS cells upon
infection with H. pylori, the enzyme-linked immunosorbent
assay (ELISA) was used [42]. Supernatants of infected AGS
control and AGSActtn knockout cells were subjected to
ELISA measurements. The supernatants of uninfected AGS
wt and AGSActtn cells were used as negative controls.
Concentrations of IL-8 were determined using colorimetric
ELISA kit (Invitrogen, #88-8086) according to instructions
of the manufacturer.

Table 1. Bacteria used in the present work

Species Strain Mutated gene Antibiotic Resistance Origin
Helicobacter pylori P12 none none [36]

H. pylori P12AcagPAI HP0520-548" kanamycin [54]

H. pylori P12AgmhA HP0857* chloramphenicol [19]

H. pylori P12AcagA HP0548" chloramphenicol [55]
Salmonella enterica STM none none NCTC 12023
Pseudomonas aeruginosa PAO1 none none ATCC 15692
Campylobacter jejuni 81-176 none none ATCC-BAA-2151
Campylobacter coli 10-02932 none none RKI 10-02932
Campylobacter concisus CCUG 13144 none none ATCC 33237

*Gene nomenclature according to TIGR strain 26695 (accession number PRJNA57787).

Brought to you

by Freie Universitat Berlin | Unauthenticated | Downloaded 02/28/22 09:17 AM UTC


http://www.addgene.org/

98 European Journal of Microbiology and Immunology 11 (2021) 4, 95-103

SEAP reporter assay

The SEAP reporter assay was applied as recently described [43].
Briefly, the above reported plasmid was transfected into the cells
for 48 h followed by infection (MOI 50) for 24 h in 6-well plates.
To quantify the levels of SEAP, 20 IL of infected cell super-
natant (or as negative control non-infected cell culture medium)
were mixed with 180 PL. QUANTI-Blue™ solution (Inviv-
ogen) in 96-well plates followed by incubation for 30 min at
37°C and optical density (ODg,p) measurements with the
Infinite F200 Pro microplate reader (Tecan, Grodig, Austria).

Protein gels and Western blotting

Protein separation by mass was done by using sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE). For further analysis, the proteins were blotted onto
polyvinylidene fluoride (PVDF) membranes and were
incubated with antibodies after blocking the membranes
according to manufacturers’ protocols with either 5% non-
fat dry milk, 3% or 5% bovine serum albumin (BSA) in Tris-
buffered saline with Tween-20 [44]. The utilized antibodies
recognized specifically CagA (Austral Biologicals, San
Ramon, CA, USA; #HPP-5003-9), CagY [42], GGT [45],
cortactin (Merck-Millipore, Darmstadt, Germany; #05-180),
GFP (Clontech, #632381), FlaA [46], GAPDH (Santa Cruz
Biotechnology; #sc-47724) and a polyclonal anti-g8-actin
antiserum from rabbit that was raised against a peptide
(GQKDSYVGDEAQSK) of $-actin (Biogenes GmbH, Ber-
lin, Germany). For detection of either primary mouse
(Invitrogen, Darmstadt, Germany; #31446) or rabbit (Invi-
trogen; #31460) antibodies, horseradish peroxidase (HRP)-
conjugated secondary antibodies were used, and Western
blot development was carried out as described before [47].

Statistics

All measurements were repeated at minimum three times.
Analysis of all results was carried out by applying the one-
way analysis of variance (ANOVA) followed by Tukey’s test
with the statistical software version 8.0 of GraphPad Prism.
The P-values P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***)
were considered as statistical significant.

Ethics statement

Ethics approval was not required for this research because it
did not involve any animal or human subjects.

RESULTS

Cortactin is involved in pronounced NF-«B activation
and IL-8 release upon infection with H. pylori

It is known that H. pylori triggers NF-«B activation as has
been previously described by means of either ADP-Heptose
metabolite, CagA and/or GGT, resulting in IL-8 secretion [3,
7, 8, 14-19]. To study whether cortactin deficiency might
impact these cellular responses in H. pylori infection, we
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utilized gastric epithelial AGS wt cells and previously created
AGSActtn knockout cells [21]. The knockout of cortactin in
the AGSActtn cell line was verified by Western blot analysis
against cortactin (Fig. 1A). For infection, we have chosen the
well-described duodenal ulcer H. pylori strain P12, which
has a functional T4SS [48, 49], and utilized isogenic
knockouts in the cagPAl, cagA, gmhA and ggt genes (Ta-
ble 1). P12AcagPAl and P12AcagA mutant bacteria are
unable to deliver CagA, whereas P12AgmhA, and P12Aggt
cannot express ADP-Heptose and GGT, respectively. Since
the number of adherent AGS wt and AGSActtn cells could
affect the comparative analysis of NF-«kB or IL-8, we
confirmed that the confluency and number of cells among
the two cell lines per well were similar (Fig. 1B). The correct
expression or absence of the resulting proteins in isogenic
H. pylori mutants were confirmed by Western blots with
H. pylori-specific a-CagA, a-CagY and a-GGT antibodies
with a-FlaA serving as a loading control (Fig. 1C).

Infection of AGS wt and AGSActtn cells was performed
with the aforementioned H. pylori isolates at an MOI of 50 for
8h. The supernatants were harvested and IL-8 levels were
determined using the ELISA immunoassay. AGS wt cells
infected with P12wt and P12Aggt led to an increase of
secreted IL-8 levels by about 4-fold compared to the mock
control (Fig. 2A). The isogenic H. pylori mutants P12AcagP Al
and P12AgmhA were significantly less potent in IL-8 induc-
tion and revealed only background signals, while P12AcagA
produced intermediate levels. Intriguingly, despite the same
number of cells in both AGS wt and AGSActtn infections, we
found the IL-8 levels of AGSActtn cells to be significantly
lower than in AGS wt cells, in particular, when infected with
P12wt, P12AcagA and P12Aggt (Fig. 2B). Similar to in-
fections of AGS wt, P12 wt and P12Aggt showed the highest
IL-8 activation in AGSActtn cells, with the remaining mutants
being less potent in IL-8 induction (Fig. 2B).

To investigate if reduced IL-8 secretion is due to altered
NEF-kB activity, we transfected AGS wt and AGSActtn cells
with the NF-kB-SEAP reporter construct before infection.
The findings indicate that the extent of NF-«B activation
correlated with the levels of IL-8 release during infection
with the H. pylori strains (Fig. 2A/B). Importantly, a sig-
nificant reduction (P < 0.001) in NF-«B activity was
observed in AGSActtn cells in comparison to the parental
AGS wt cells, implying that cortactin plays a role in trig-
gering NF-«B activation upon infection with H. pylori.

Cortactin is involved in prominent NF-«xB activation
and IL-8 expression by Salmonella, Pseudomonas, but
not Campylobacter spp.

As next, we asked whether cortactin requirement for effec-
tive NF-kB activation and IL-8 synthesis is a specific aspect
of H. pylori infection, or whether this is also true for in-
fections with other bacteria. To clarify this question, AGS wt
and AGSActtn cells were infected with the well-known
pathogens S. enterica, P. aeruginosa, C. jejuni, C. coli or
C. concisus. Infection with S. enterica and P. aeruginosa
resulted in an increase in IL-8 production up to 2.7-fold,
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Fig. 1. Validation of various gene knockout mutations in gastric epithelial AGS cells and H. pylori isolates used in the current study. (A)
Western blotting showing cortactin deletion in AGS cells. The §-actin staining provides the loading control. (B) Phase contrast microscopy
of AGS wt control cells as well as AGSActtn knockout cell line before infection. Scale bar is 100 m. (C) Confirmed knockout of cagA,
cagPAl, and ggt genes in H. pylori strain P12 by specific antibodies recognizing the indicated proteins, with the FlaA blot serving as the
loading control. Antibodies against GmhA are not yet available, and therefore the gmhA gene knockout was confirmed by PCR (not shown)

while the levels of IL-8 secreted upon infection with C.
jejuni, C. coli or C. concisus were only slightly upregulated
compared with the uninfected control (Fig. 3A). Interest-
ingly, S. enterica and P. aeruginosa induced only an increase
of 1.7-fold and 1.8-fold in IL-8 expression by AGSActtn
cells, respectively (Fig. 3B), suggesting that the activation of
NF-«kB was cortactin-dependent. Stimulation of NF-«B ac-
tivity followed a similar pattern with a 15-fold increase by
S. enterica and a 14-fold increase by P. aeruginosa in AGS wt
in comparison to the uninfected control, while in AGSActtn
cells the NF-«B activity reached only about 50% compared
to AGS wt cells (Fig. 3). In contrast, no significant changes of
NF-«B activation and IL-8 secretion levels between the two
cell lines were obtained during infection with C. jejuni,
C. coli and C. concisus, suggesting cortactin-independent
NEF-«B activation and release of IL-8 by these bacteria.

We recently reported that cortactin expression is essen-
tial for efficient activation of FAK, Src and Abl tyrosine
kinases upon infection with H. pylori [21]. In addition, it was
shown that tyrosine-phosphorylation of IKKg by activated
Src contributes to activation of NF-«kB in response to
H. pylori infection [20]. Therefore, we hypothesized that
cortactin engagement via Src may be required for effective
NF-«B activation and IL-8 production during infection with
H. pylori, S. enterica and P. aeruginosa. To test this idea,
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AGSActtn knockout cells were transfected either with GFP-
tagged wt Src or constitutive active Src (Src Y527F) together
with the NF-kB SEAP reporter construct prior to infection
using identical conditions as described above. Similar
expression levels of the Src constructs in each lane were
verified by Western blot analysis using «-GFP antibodies
(see Fig. 4, bottom). The results show that NF-«B activation
and IL-8 secretion by AGSActtn knockout cells were
enhanced upon infection with H. pylori, S. enterica and
P. aeruginosa by the expression of constitutively active Src,
but not wt Src (Fig. 4A). On the contrary, the NF-«B acti-
vation and IL-8 secretion by C. jejuni, C. coli or C. concisus
(Fig. 4B) were not changed by expression of constitutively
active Src. These results let us suppose that cortactin
expression is necessary for pronounced NF-«B stimulation
through Src during infection with H. pylori, S. enterica and
P. aeruginosa, but not C. jejuni, C. coli or C. concisus.

DISCUSSION

In mammalian cells, the NF-kB transcription factor is a
crucial regulator of the host innate immune system [1-8].
Various gastrointestinal bacterial pathogens activate the
NF-«B canonical signaling pathway. Upon stimulation signal,
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Fig. 2. Cortactin deficiency results in a significantly reduced pro-inflammatory response upon infection with H. pylori. (A) AGS wt cells as
control and (B) AGSActtn knockout cells were infected for 8 h with H. pylori P12 wt or its indicated mutants. The supernatants were
analyzed by ELISA immunoassay to measure the amounts of secreted chemokine IL-8 (black bars). In addition, the AGS cell variants were
subjected to transfection with the NF-«kB-SEAP reporter plasmid prior to H. pylori infection for 24 h to monitor NK-«B activity (grey bars).
The Western blots on the bottom confirm the expression or deficiency of cortactin in the cells with $-actin as loading control. Every
experiment was performed in triplicate. Statistically significant differences were confirmed; *** P < 0.001
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Fig. 3. Cortactin knockout is associated with significantly reduced pro-inflammatory responses upon infection with S. enterica and
P. aeruginosa, but not with C. jejuni, C. coli or C. concisus. AGS wt control cells (A) and AGSActtn knockout cells (B) were infected for 8 h
with the indicated bacteria, and the supernatants were analyzed by the ELISA immunoassay to measure the amounts of the secreted
chemokine IL-8 (black bars). In addition, the AGS cell variants were transfected with the NF-«B-linked SEAP reporter plasmid prior to H.
pylori infection, and NK-«B activity was quantified (grey bars). The Western blots on the bottom show the expression or deficiency of
cortactin in the cells with (-actin as loading control. Every experimental test was done in triplicate. Statistical significance is shown by
*** (P £ 0.001). n.s.; not significant

IkBs become degraded, followed by nuclear translocation of  predominant chemokines that are expressed in response to
the activated NF-«kB RelA/p50 heterodimer and transcription ~ pathogens is IL-8, which belongs to the Glu-Leu-Arg (ELR)
activation of numerous cytokine genes [2]. One of the  motif positive Cysteine-X-Cysteine (CXC) chemokine family
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Fig. 4. Ectopic expression of constitutively active Src in AGSActtn knockout cells rescues activation of NF-«B and IL-8 production upon

infection with H. pylori, S. enterica and P. aeruginosa, but not with C.

jejuni, C. coli or C. concisus. The AGSActtn cell line was simulta-

neously transfected with two constructs, NF-«B-linked SEAP reporter plasmid and either wt Src kinase or constitutive active Sr,
respectively, followed by infection with the indicated strains. The supernatants were subjected to IL-8 ELISA (black bars) and an SEAP
reporter assay (grey bars). The Western blots on the bottom show the expression of GFP-tagged Src constructs in the cells with GAPDH as
loading control. Every experiment was performed in triplicate. * (P < 0.05) and ** (P < 0.01) indicate statistical significance. n.s.; not
significant

and attracts several types of immune cells in response to
bacterial entry [9, 50-52]. The IL-8 gene promoter carries
various sites for NF-kB binding, which results in transcription
of the IL-8 gene. Using the CRISPR-Cas9 knockout approach
we show that cortactin, an actin-binding protein, represents a
novel player in IL-8 regulation during infection of selected
bacterial pathogens.

Cortactin represents a detailed described regulator of the
host cell actin cytoskeleton [22-24]. Therefore, this protein is
an attractive target for many pathogens during the infection
process [24, 25]. Our group reported a signaling pathway in
H. pylori infected cells, where this pathogen alters the
phosphorylation status of cortactin by the help of the T4SS-
injected virulence factor CagA [31, 32]. We produced a
complete cortactin knockout in the stomach epithelial AGS
cell line by CRISPR-Cas9 [21], which we used here to
pinpoint a novel role of cortactin in NF-«B activation and
secretion of IL-8. Our results showed a significant reduction
of NF-«B activation and IL-8 release triggered by H. pylori
infection of AGSActtn cells compared to the AGS wt control.
We have carefully checked in each of the infection experi-
ments the similar AGS cell numbers and conditions, as
confirmed by phase contrast microscopy and Western blot-
ting. Thus, varying cell numbers cannot account for the
observed effects. Furthermore, similar cortactin-dependent
effects on NF-«kB activation and IL-8 production were seen
upon infection with other gastrointestinal pathogens such as
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S. enterica and P. aeruginosa. In contrast, these cortactin-
dependent activities on NF-kB stimulation and IL-8 pro-
duction were not observed during infection with C. jejuni,
C. concisus or C. coli, further confirming that the above seen
effects on NF-«kB responses by H. pylori, S. enterica and
P. aeruginosa are specific.

We have recently reported that cortactin deficiency in
AGS cells results in diminished activation of the host kinase
Src [21], which itself has been implicated to play a role in
effective NF-«B activation by H. pylori [20]. Stimulation of
NF-«kB requires the central IKK-complex with IKKe and
IKK@ as catalytic factors associated with the scaffold protein
NEMO. Rieke and co-workers [20] showed that IKK@ is
crucial for NF-«kB activation by various stimuli such as
H. pylori infection [53]. Interestingly, not only phosphory-
lation of serine residues, but also tyrosine phosphorylation,
appeared to be essential for IKK@ activity. In fact, H. pylori
infection transiently induced the formation of a Src and
IKK@ complex [20]. Downregulation of Src expression by
small interfering RNA or inhibition of Src kinase activity
using specific inhibitors diminished phosphorylation of the
downstream effectors IkBa and RelA [20]. Consequently,
Src-mediated phosphorylation of IKK@ at tyrosine residues
participated substantially to activation of NF-«B by H. py-
lori. Here we observed a similar defect in NF-«B activation
during infection of cortactin-deficient AGSActtn knockout
cells. To prove the importance of cortactin in Src-mediated
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stimulation of NF-«B, transfections of AGSActtn cells were
performed either with Src wt or constitutive active Src fol-
lowed by infection, which confirmed the role of Src activa-
tion during infection with H. pylori, S. enterica and
P. aeruginosa. In contrast, C. jejuni, C. concisus and C. coli
triggered IL-8 synthesis and activation of NF-kB indepen-
dent of Src and cortactin suggesting that these pathogens use
other mechanisms which contribute to the induction of NF-
kB activity and the response of the innate immune system.
However, more studies will be needed to determine the
particular signaling pathways upstream of cortactin.

Funding sources: The present study was funded by German
Federal Ministries of Education and Research (BMBF) as
part of the zoonoses research study group PAC-Campylo-
bacter to SBA (project IP9/01KI2007E) and TA (project IP2/
01KI2007A). The work of NT was supported by the German
Research Foundation (DFG, grant TE776/3-1).

Author’s contribution: Study concept and design: NT and
SB; Acquisition of data: NT, DSE, JK, and IS; Statistical
analysis: NT; Analysis and interpretation of data: SB, NT,
MN, and TA; Obtained funding: NT, SB, and TA; Study
supervision: SB and NT; Writing-Original Draft: SB, DSE,
and JK; Writing-Review & Editing: NT, IS, TA, and MN.
All authors reviewed and agreed to the final version of the
manuscript.

Conflict of interest: Nothing to declare.

ACKNOWLEDGMENTS

We thank Wilhelm Brill and Nina Rottmann for excellent
technical help in the project, and Dr. Torsten Semmler for
the C. coli strain (Robert Koch Institute Berlin, Germany)
and Dr. Bodo Linz (FAU Erlangen, Germany) for critical
reading of the paper.

REFERENCES

1. Baltimore D. NF-kappa B is 25. Nat Immunol 2011;12:683-5.

2. Hayden MS, Ghosh S. NF-kappa B, the first quarter-century:
remarkable progress and outstanding questions. Genes Dev 2012;
26:203-34.

3. Sokolova O, Naumann M. NF-kappa B signaling in gastric cancer.
Toxins 2017;9(4):119.

4. Shih VFS, Tsui R, Caldwell A, Hoffmann A. A single NF kappa B
system for both canonical and non-canonical signaling. Cell Res
2011;21:86-102.

5. Sun SC. The non-canonical NF-kappa B pathway in immunity and
inflammation. Nat Rev Immunol 2017;17:545-58.

6. Lawrence T. The nuclear factor NF-kappa B pathway in inflam-
mation. Cold Spring Harb Perspect Biol 2009;1:10.

7. Maubach G, Naumann M. NEMO links nuclear factor-kappa B to
human diseases. Trends Mol Med 2017;23:1138-55.

Brought to you by Freie Universitat Berlin | Unauthenticated | Downloaded 02/28/22 09:17 AM UTC

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Maubach G, Feige MH, Lim MCC, Naumann M. NF-kappaB-

inducing kinase in cancer. Biochim Biophys Acta Rev Cancer 2019;
1871:40-9.

. Bar-Eli M. Role of interleukin-8 in tumor growth and metastasis of

human melanoma. Pathobiol 1999;67:12-8.

Fabrega A, Vila J. Salmonella enterica Serovar Typhimurium skills
to succeed in the host: virulence and regulation. Clin Microbiol Rev
2013;26:308-41.

Heimesaat MM, Fischer A, Alutis M, Grundmann U, Boehm M,
Tegtmeyer N, et al. The impact of serine protease HtrA in
apoptosis, intestinal immune responses and extra-intestinal histo-
pathology during Campylobacter jejuni infection of infant mice.
Gut Pathog 2014;6:16.

Sell J, Dolan B. Common gastrointestinal infections. Prim Care
2018;45(3):519-32.

Backert S, Tegtmeyer N. Type IV secretion and signal transduction
of Helicobacter pylori CagA through interactions with host cell
receptors. Toxins 2017;9(4):115.

Backert S, Naumann M. What a disorder: pro-inflammatory
signaling during Helicobacter pylori infections. Trends Microbiol
2010;18:479-86.

Brandt S, Kwok TR, Hartig R, Koénig W, Backert S. NF-kappa B
activation and potentiation of proinflammatory responses by the
Helicobacter pylori CagA protein. Proc Natl Acad Sci USA 2005;
102(26):9300-5.

Zhou P, She Y, Dong N, Li P, He HB, Borio A, et al. Alpha-kinase 1
is a cytosolic innate immune receptor for bacterial ADP-heptose.
Nature 2018;561(7721):122-6.

Pfannkuch L, Hurwitz R, Traulsen J, Sigulla J, Poeschke M, Matzner
L, et al. ADP heptose, a novel pathogen-associated molecular
pattern identified in Helicobacter pylori. FASEB ] 2019; 33(8):
9087-99.

Gong M, Ling SSM, Lui SY, Yeoh KG, Ho B. Helicobacter pylori
gamma-Glutamyl transpeptidase is a pathogenic factor in the
development of peptic ulcer disease. Gastroenterology 2010;139:
564-73.

Maubach G, Lim MCC, Sokolova O, Backert S, Meyer T, Naumann
M. TIFA has dual functions in Helicobacter pylori-induced classical
and alternative NF-kappa B pathways. EMBO Rep 2021;22(9):
€52878.

Rieke CA, Papendieck A, Sokolova O, Naumann M. Helicobacter
pylori-induced tyrosine phosphorylation of IKK beta contributes to
NF-kappa B activation. Biol Chem 2011;392:387-93.

Knorr ], Sharafutdinov I, Fiedler F, Esmaeili DS, Rohde M, Rottner
K, et al. Cortactin is required for efficient FAK, Src and Abl tyrosine
kinase activation and phosphorylation of Helicobacter pylori CagA.
Int J Mol Sci 2021;22:19.

Schnoor M, Stradal TE, Rottner K. Cortactin: cell functions of a
multifaceted actin-binding protein. Trends Cell Biol 2018;28:79-98.
Uruno T, Liu JL, Zhang PJ, Fan YX, Egile C, Li P, et al. Activation
of Arp2/3 complex-mediated actin polymerization by cortactin. Nat
Cell Biol 2001;3:259-66.

Selbach M, Backert S. Cortactin: an Achilles’ heel of the actin
cytoskeleton targeted by pathogens. Trends Microbiol 2005;13(4):
181-9.

Sharafutdinov I, Backert S, Tegtmeyer N. Cortactin: a major cellular
target of the gastric carcinogen Helicobacter pylori. Cancers 2020;
12(1):159.



European Journal of Microbiology and Immunology 11 (2021) 4, 95-103

103

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Huang C, Liu JL, Haudenschild CC, Zhan X. The role of tyrosine
phosphorylation of cortactin in the locomotion of endothelial cells.
] Biol Chem 1998;273:25770-6.

Martinez-Quiles N, Ho HYH, Kirschner MW, Ramesh N, Geha RS.
Erk/Src phosphorylation of cortactin acts as a switch on-switch off
mechanism that controls its ability to activate N-WASP. Mol Cell
Biol 2004;24:5269-80.

Kelley LC, Hayes KE, Ammer AG, Martin KH, Weed SA. Cortactin
phosphorylated by ERK1/2 localizes to sites of dynamic actin
regulation and is required for carcinoma lamellipodia persistence.
Plos One 2010;5(11):e13847.

Eiseler T, Hausser A, De Kimpe L, Van Lint J, Pfizenmaier K.
Protein kinase D controls actin polymerization and cell motility
through phosphorylation of cortactin. J Biol Chem 2010;285:
18672-83.

Tegtmeyer N, Harrer A, Rottner K, Backert S. Helicobacter pylori
CagA induces cortactin Y-470 phosphorylation-dependent gastric
epithelial cell scattering via Abl, Vav2 and Racl activation. Cancers
(Basel) 2021;13(16):4241.

Selbach M, Moese S, Hurwitz R, Hauck CR, Meyer TF, Backert S.
The Helicobacter pylori CagA protein induces cortactin dephos-
phorylation and actin rearrangement by c-Src inactivation. EMBO ]
2003;22:515-28.

Tegtmeyer N, Wittelsberger R, Hartig R, Wessler S, Martinez-
Quiles N, Backert S. Serine phosphorylation of cortactin controls
focal adhesion kinase activity and cell scattering induced by Heli-
cobacter pylori. Cell Host & Microbe 2011;9:520-31.

Backert S, Blaser MJ. The role of CagA in the gastric biology of
Helicobacter pylori. Cancer Res 2016;76(14):4028-31.

Lee H, Changsuk M, Hye L, Eun-Mi P, Min-Sun C, Jihee K. Src
tyrosine kinases mediate activations of NF-kappaB and integrin
signal during lipopolysaccharide-induced acute lung injury. J
Immunol 2007;15;179(10):7001-11.

Barden S, Lange S, Tegtmeyer N, Conradi ], Sewald N, Backert S,
et al. A helical RGD motif promoting cell adhesion: crystal struc-
tures of the Helicobacter pylori type IV secretion system pilus
protein CagL. Structure 2013;21(11):1931-41.

Schmitt W, Haas R. Genetic-analysis of the Helicobacter pylori
vacuolating cytotoxin - structural similarities with the IgA protease
type of exported protein. Mol Microbiol 1994;12:307-19.

Hartung ML, Gruber DC, Koch KN, Griiter L, Rehrauer H, Tegt-
meyer N, et al. H. pylori-induced DNA strand breaks are intro-
duced by nucleotide excision repair endonucleases and promote
NF-kB target gene expression. Cell Rep 2015;13(1):70-9.
Moonens K, Hamway Y, Neddermann M, Reschke M, Tegtmeyer
N, Kruse T, et al. Helicobacter pylori adhesin HopQ disrupts trans
dimerization in human CEACAMs. EMBO ] 2018;37(13):e98665.
Oyarzabal OA, Backert S, Nagaraj M, Miller RS, Hussain SK,
Oyarzabal EA. Efficacy of supplemented buffered peptone water for
the isolation of Campylobacter jejuni and C. coli from broiler retail
products. ] Microbiol Methods 2007;69(1):129-36.

Backert S, Hofreuter D. Molecular methods to investigate adhesion,
transmigration, invasion and intracellular survival of the foodborne
pathogen Campylobacter jejuni. ] Microbiol Methods 2013;95(1):8-23.

41.

42

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Newsome TP, Weisswange I, Frischknecht F, Way M. Abl collab-
orates with Src family kinases to stimulate actin-based motility of
vaccinia virus. Cell Microbiol 2006;8:233-41.

. Pachathundikandi SK, Brandt S, Madassery J, Backert S. Induction

of TLR-2 and TLR-5 expression by Helicobacter pylori switches
cagPAl-dependent signalling leading to the secretion of IL-8 and
TNF-a. PLoS One 2011;6(5):e19614.

Tegtmeyer N, Neddermann M, Lind ], Pachathundikandi SK,
Sharafutdinov I, Gutiérrez-Escobar AJ, et al. Toll-like receptor 5
activation by the CagY repeat domains of Helicobacter pylori. Cell
Rep 2020;32(11):108159.

Heimesaat MM, Alutis M, Grundmann U, Fischer A, Tegtmeyer N,
Bohm M, et al. The role of serine protease HtrA in acute ulcerative
enterocolitis and extra-intestinal immune responses during
Campylobacter jejuni infection of gnotobiotic IL-10 deficient mice.
Front Cell Infect Microbiol 2014;4:77.

Tegtmeyer N, Rivas Traverso F, Rohde M, Oyarzabal OA, Lehn N,
Schneider-Brachert W, et al. Electron microscopic, genetic and
protein expression analyses of Helicobacter acinonychis strains from
a Bengal tiger. PloS One 2013;8(8):71220.

Roure S, Bonis M, Chaput C, Ecobichon C, Mattox A, Barriére C,
et al. Peptidoglycan maturation enzymes affect flagellar function-
ality in bacteria. Mol Microbiol 2012;86(4):845-56.

Blumenthal B, Hoffmann C, Aktories K, Backert S, Schmidt G. The
cytotoxic necrotizing factors from Yersinia pseudotuberculosis and
from Escherichia coli bind to different cellular receptors but take the
same route to the cytosol. Infect Immun 2007;75(7):3344-53.
Odenbreit S, Puls J, Sedlmaier B, Gerland E, Fischer W, Haas R.
Translocation of Helicobacter pylori CagA into gastric epithelial
cells by type IV secretion. Science 2000;287:1497-500.

Backert S, Miiller EC, Jungblut PR, Meyer TF. Tyrosine phos-
phorylation patterns and size modification of the Helicobacter py-
lori CagA protein after translocation into gastric epithelial cell.
Proteomics 2001;1:608-17.

Eckmann L, Kagnoff MF, Fierer J. Epithelial cells secrete the che-
mokine interleukin-8 in response to bacterial entry. Infect Immun
1993;61:4569-74.

Manna SK, Ramesh GT. Interleukin-8 induces nuclear transcrip-
tion factor-kappa B through a TRAF6-dependent pathway. J Biol
Chem 2005;280:7010-21.

Guo, YD, Zang Y, Lv LZ, Cai F, Qian TT, Zhang GY, et al. IL-8
promotes proliferation and inhibition of apoptosis via STAT3/
AKT/NEF-B pathway in prostate cancer (Corrigendum in/10.3892/
mmr. 2019.9942). Mol Med Rep 2017;16(6):9035-42.
Pachathundikandi SK, Tegtmeyer N, Backert S. Signal transduction
of Helicobacter pylori during interaction with host cell protein re-
ceptors of epithelial and immune cells. Gut Microbes 2013;4(6):
454-74.

Backert S, Kwok T, Konig W. Conjugative plasmid DNA transfer in
Helicobacter pylori mediated by chromosomally encoded relaxase and
TraG-like proteins. Microbiology (Reading) 2005;151:3493-503.
Pachathundikandi SK, Tegtmeyer N, Arnold IC, Lind J, Nedder-
mann M, Falkeis-Veits C, et al. T4SS-dependent TLR5 activation by
Helicobacter pylori infection. Nat Commun 2019;10:5717.

Open Access. This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and reproduction in any medium for non-commercial purposes, provided the
original author and source are credited, a link to the CC License is provided, and changes - if any - are indicated.

Brought to you by Freie Universitat Berlin | Unauthenticated | Downloaded 02/28/22 09:17 AM UTC


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

	Outline placeholder
	Importance of cortactin for efficient epithelial NF-ĸB activation by Helicobacter pylori, Salmonella enterica and Pseudomon ...
	Introduction
	Materials and methods
	Cultivation of human AGS cells
	Cultivation of bacteria for infection experiments
	Transient transfection assays
	ELISA immunoassay
	SEAP reporter assay
	Protein gels and Western blotting
	Statistics
	Ethics statement

	Results
	Cortactin is involved in pronounced NF-ĸB activation and IL-8 release upon infection with H. pylori
	Cortactin is involved in prominent NF-ĸB activation and IL-8 expression by Salmonella, Pseudomonas, but not Campylobacter spp.

	Discussion
	Acknowledgments
	References


