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Abstract: Background: Helicobacter pylori (Hp) colonizes the human stomach and can induce gastric
cancer and mucosa-associated lymphoid tissue (MALT) lymphoma. Clinical observations suggest a
role for the Hp virulence factor cytotoxin-associated gene A (CagA) in pathogenesis. The pathogenic
activity of CagA is partly regulated by tyrosine phosphorylation of C-terminal Glu-Pro-Ile-Tyr-Ala
(EPIYA) motifs in host cells. However, CagA differs considerably in EPIYA motifs, whose functions
have been well characterized in epithelial cells. Since CagA is fragmented in immune cells, different
CagA variants may exhibit undetected functions in B cells. Methods: B cells were infected with Hp
isolates and isogenic mutants expressing different CagA EPIYA variants. CagA translocation and
tyrosine phosphorylation were investigated by Western blotting. Apoptosis was analyzed by flow
cytometry and metabolic activity was detected by an MTT assay. Results: Isogenic CagA EPIYA
variants are equally well translocated into B cells, followed by tyrosine phosphorylation and cleavage.
B cell apoptosis was induced in a CagA-independent manner. However, variants containing at least
one EPTYA-C motif affected metabolic activity independently of phosphorylation or multiplication of
EPIYA-C motifs. Conclusions: The diverse structure of CagA regulates B cell physiology, whereas B
cell survival is independent of CagA.

Keywords: Helicobacter pylori; CagA; EPIYA motifs; B cells

Key Contribution: The EPIYA motifs in the Hp CagA protein affect the metabolic activity in B cells.

1. Introduction

The human pathogen Helicobacter pylori (Hp) persistently colonizes the epithelial lin-
ing of the stomach and causes various gastric disorders including gastritis, ulceration,
gastric adenocarcinoma and B cell lymphoma of the mucosa-associated lymphoid tissue
(MALT) [1]. In addition to the genetic predisposition of the host, a number of bacterial viru-
lence factors contribute to the pathogenesis of Hp. Hp cytotoxin-associated gene A (CagA)
is an important effector protein that is translocated by the bacterial type IV secretion system
(T4SS) into the cytoplasm of infected host cells where it deregulates cancer-associated
signal transduction pathways [2]. In fact, epidemiologic data imply a strong association of
the development of gastric cancer with the expression of CagA.

Moreover, the formation and progression of MALT lymphomas have been linked to
CagA-positive Hp strains [3]. The healthy gastric mucosa does not encompass secondary
lymphoid organs, whereas Hp infections stimulate the formation of MALT in the gastric
mucosa, which can develop into MALT lymphoma of B cell origin [4]. Direct contact of
Hp and B cells is facilitated by the impaired mucosal epithelial barrier, which is mediated
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by direct Hp-mediated opening of intercellular adhesions and chronic inflammation or
ulceration during persistent infections, allowing passage of Hp to underlying tissues [5,6].
In fact, Hp has been reported to be localized in intercellular spaces of epithelial cells, in the
lamina propria and in direct contact with infiltrating immune cells in biopsies [7]. Thus,
Hp can directly interact with B lymphocytes and translocate CagA. Under experimental
conditions, Hp efficiently delivers CagA into B lymphocytes and activates extracellular
signal-regulated kinase 1 and 2 (ERK1/2) and p38 mitogen-activated protein kinase. This,
in turn, prevents B cell apoptosis, underlining that CagA may be directly associated with
the development of MALT lymphomas [8].

In recent decades, the molecular mechanisms of CagA have been intensively in-
vestigated in gastric epithelial cells. Upon CagA translocation into epithelial host cells,
intracellular CagA-induced signaling is predominantly controlled by tyrosine phospho-
rylation sites in the C-terminal EPIYA motifs. Based on the surrounding sequences, the
EPIYA motifs can be distinguished as EPIYA-A, -B, -C and -D motifs. Typically, EPTYA-A,
-B and variable numbers of -C motifs are found in clinical Hp strains isolated from Western
populations, whereas East Asian-derived Hp strains comprise EPIYA-A, -B and -D mo-
tifs [9]. Previous studies have shown that CagA is initially phosphorylated at EPIYA-C
motifs by Src kinases in gastric epithelial cells. After early inactivation of Src kinases, c-Abl
maintains tyrosine phosphorylation of the EPTYA-C motif and additionally targets EPIYA-A
and EPIYA-B motifs [5,10]. A number of phospho- and non-phospho-CagA-dependent
cancer-associated signal transduction pathways have been described in gastric epithelial
cells [9,11], which are primarily regulated through binding to specific signal molecules [12].
Importantly, the amplification of EPIYA motifs can potentiate CagA-dependent signaling
in gastric epithelial cells and the risk of gastric cancer [13,14].

Hp delivers CagA into the cytoplasm of infected B cells [8,15,16], where it is then
cleaved into a 100 kDa N-terminal and 35 kDa C-terminal fragment, the latter also being
phosphorylated at the EPTYA motifs [15,16]. In comparison to epithelial cells, the activation
kinetics of the CagA kinases Src and Abl significantly differ in B cells, where they are
activated simultaneously [16], indicating a specific function of CagA in B cells. However,
the effect of different EPIYA motif variants on CagA phosphorylation and their impact
on B cell physiology remains unknown. Hence, a detailed analysis of translocated CagA
proteins exhibiting different types and numbers of EPIYA motifs in Hp-infected B cells was
performed. Clinical isolates and isogenic mutants were used to pinpoint the effect of EPIYA
motif variations. It was found that the presence of an EPIYA-C motif plays a role in the
metabolic activity of B cells independently of phosphorylation or EPIYA-C amplification.

2. Results

CagA is a crucially important virulence factor of Hp, and displays high strain-to-strain
variability in C-terminally located EPIYA motifs. To examine the effects of different EPIYA
motifs on CagA translocation and phosphorylation, a set of clinical Hp isolates of Western
origin harboring natural variations of these motifs was investigated. Hp cagA genes were
sequenced and the expression of EPIYA-AB in NCTC 11638, EPIYA-ABC in Hp 26695,
EPIYA-ABCC in P12, EPTYA-ABCCC in NCTC 11637, EPTYA-AABC in HPAG1 and EPIYA-
BC in J99 was verified (Figure 1A,B). In addition, the cagA genes of two East Asian Hp
strains were analyzed [17], which have not yet been sequenced. Here, an EPIYA-ABD
could be detected in strain 42GX and an EPIYA-AABD in 48GX (Figure 1A,B). Western
blot analysis of bacterial lysates using an antibody directed against the CagA N-terminus
(-CagANT) revealed the expression of full-length CagA (CagA'Tl) in all tested isolates,
while the constitutively Hp-expressed serine protease high temperature requirement A
(HtrA) was detected as a loading control (Figure 1C).

To analyze the effects of different EPIYA motifs on CagA phosphorylation in B cells, the
B cell chronic lymphocytic leukemia (B-CLL) cell line MEC1 was utilized as an established
infection model [15,16]. MEC1 cells were infected with all tested strains and cell lysates
were analyzed by Western blotting. Translocation and phosphorylation of full length
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CagA (pCagAf™) and C-terminal CagA fragments (pCagA®T) were detected (Figure 2A,
left panel) using an anti-phosphotyrosine (o-pTyr) antibody. Hp CagAfl and GAPDH
were shown as controls. pCagA®T and/or pCagAF! were observed in infections with Hp
isolates containing EPTYA-ABC, EPIYA-ABCC, EPIYA-ABCCC, EPIYA-AABC and EPIYA-
AABD motifs, but not in CagA proteins harboring EPIYA-AB, EPIYA-BC, or EPIYA-ABD
(Figure 2A, left panel), which likely reflect individual differences in Hp strains. Similar
results were obtained in Hp-infected gastric epithelial AGS cells (Figure 2A, right panel).
In line with a previous study [10], pCagAFl was detectable when at least one EPIYA-C or
-D motif was present. Accordingly, an increasing intensity of pCagAF! corresponding to
the number of EPIYA-C motifs was observed. As reported previously, pCagAF! signals for
J99 were weak [10]. After infection with EPITYA-ABCC- and EPIYA-ABCCC-expressing Hp
strains, a weak signal for a tyrosine-phosphorylated ~40 kDa protein was also detected
in AGS cells (Figure 2A, right panel), which could be a putative phosphorylated CagA
fragment as previously described [18].
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Figure 1. CagA expression in Hp isolates. (A,B) Variable 3’ terminal regions of cagA genes from Hp isolates NCTC 11638
(AB), Hp 26695 (ABC), P12 (ABCC), NCTC 11637 (ABCCC), HPAG1 (AABC), J99 (BC), 42GX (ABD) and 48GX (AABD)
were sequenced to verify EPIYA-A, -B and -C/D motifs. (C) CagA expression was confirmed by Western blot analysis of

Hp lysates. Full-length CagA (CagAf") was detected using an antibody directed against CagA N-terminus («-CagANT).

Bacterial HtrA was detected as a loading control.

CagA cleavage in both cell lines was verified by detection of CagAf" and C-terminal
cleavage fragments (CagA®T) using an antibody («-CagA®T) that was raised against the
C-terminus (Figure 2B). In contrast to the low amounts of cleaved EPIYA-AB, EPIYA-
AABC, EPIYA-BC, EPIYA-ABD and EPIYA-AABD-containing CagA proteins, cleavage
of EPIYA-ABC, EPIYA-ABCC and EPIYA-ABCCC was evident in MEC1 cells, albeit to
different extents (Figure 2B, left panel). In gastric epithelial cells, CagA fragmentation
has not been described as a frequent or particularly strong process, but the consistent
appearance of an N-terminal CagA protein fragment exhibiting a size of approximately
100 kDa (Figure 2A, right panel) and low amounts of C-terminal fragments (Figure 2B,
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right panel) support a weak cleavage or breakage of CagA. Hence, it was assumed that
CagA fragments also appear in epithelial cells and are detected with higher sensitivity
using anti-phosphotyrosine or anti-CagA‘T antibodies when the CagA protein contains
more EPIYA motifs. The quantification of phosphorylated CagA in MEC1 (Figure 2C) or
AGS cells (Figure 2D) demonstrated different pCagAF to pCagA®T ratios in the two cell
lines, which indicates (i) varying phosphorylation and cleavage properties in individual
strains and (ii) strong CagA fragmentation in MEC1 cells (Figure 2C). Altogether, these data
also support the finding that EPIYA-C motifs are the primary phosphorylation targets not
only in gastric epithelial cells [18], but also in B cells, despite the described early activation
of c-Abl kinases [16].
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Figure 2. Hp isolates translocate CagA harboring different EPTYA motifs into B cells and gastric epithelial cells. (A) CagA
translocation and phosphorylation in B cell line MEC1 (left panel) and gastric epithelial AGS cells (right panel) were
investigated in infection experiments using the indicated Hp strains. Cells were infected at an MOI of 100 for 4 h or
remained uninfected (mock). Phosphorylated full-length CagA (pCagAF) and C-terminal CagA (pCagACT) were analyzed
by Western blotting of whole cell lysates using an anti-phosphotyrosine-specific antibody (o-pTyr). Full-length CagA
(CagAFl) was detected by «-CagANT. GAPDH was detected as a loading control. (B) CagA cleavage was analyzed after
infection of MEC1 (left panel) and AGS cells (right panel). CagA was detected using an antibody (oc—CagACT) recognizing
C-terminal CagA (CagA®T) and CagAF™. Equal sample loading was confirmed by detection of GAPDH. (C,D) pCagAft
(white bars) and pCagACT (grey bars) were quantified in MEC1 (C) and AGS cells (D) by blot densitometry, normalized to
the loading control GAPDH and expressed as arbitrary units (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Since clinical Hp isolates not only express different CagA variants, but also display dif-
ferent genetic backgrounds, isogenic Hp cagA mutants in Hp strain P12 were analyzed [13]
to investigate the functional consequences of CagA EPIYA motif variations. In addition to
single EPIYA-A and -B motifs (AB), CagA proteins contain defined numbers of EPTYA-C
motifs (ABC, ABCC, ABCCC) or the respective phosphorylation-deficient EPIFA-C motifs
(ABE, ABFF, ABFFF) [13] (Figure 3A). The expression levels of CagA were compared in
bacterial lysates from P12 cagA mutants, a P12 cagA knock-out mutant (AcagA) and P12 wild
type (wt) by Western blot analysis using the a-CagANT antibody, which confirmed equal
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CagA expression in all strains. HtrA was detected as a loading control (Figure 3B). MEC1
cells were then infected with the indicated Hp cagA mutants followed by Western blot
analysis. To identify C-terminal CagA cleavage fragments (CagA®T), an antibody directed
against the C-terminal CagA region was used and GAPDH expression was analyzed to
show equal protein loading (Figure 3C). Cleavage was detectable for all CagA variants with
a stronger signal for EPIYA-ABC, EPIYA-ABCC, EPIYA-ABCCC, EPIYA-ABFF and EPIYA-
ABFFF (Figure 3C). Whether the EPIYA-AB and EPIYA-ABF are cleaved to a lesser extent
or the corresponding C-terminal fragments are weakly recognized by the anti-CagA®T
antibody needs to be further investigated in the future. CagA translocation and phosphory-
lation were investigated utilizing the o-pTyr or a-CagANT antibodies (Figure 3D). pCagAFL
and pCagA®T were quantified from four independent experiments (Figure 3E). Phospho-
rylation of C-terminal CagA fragments (pCagA®T) gradually increased in direct proportion
to the number of EPIYA-C motifs, whereas the EPTYA-AB variant showed strongly reduced
phosphorylation (Figure 3D,E). As previously described, phosphorylation of CagA™ in B
cells was undetectable [15,16], indicating immediate cleavage of CagA after translocation
(Figure 3C,D). The CagA proteins containing phosphorylation-deficient EPTYA-ABF, EPIYA-
ABFF and EPIYA-ABFFF were not tyrosine-phosphorylated (Figure 3D,E), underlining the
importance of EPIYA-C motifs in the hierarchical cascade of CagA phosphorylation.
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Figure 3. Infections with isogenic Hp mutant strains reveal that the presence of an EPIYA-C motif
enhances CagA phosphorylation. (A) The variable 3’ terminal regions of cagA genes containing EPTYA-
C motifs (AB, ABC, ABCC, ABCCC) or phosphorylation-deficient EPIFA motifs (ABF, ABFF, ABFFF)
of isogenic Hp P12 mutants and P12 wild types (wt) were verified by sequencing. (B) Expression of
CagA variants in bacterial lysates was analyzed by Western blotting. Full-length CagA (CagAf™)
was detected using a CagA N-terminal antibody (oc—CagANT). Detection of HtrA served as a loading
control. (C) MEC1 cells were infected at an MOI of 100 for 4 h with the indicated Hp mutants,
P12 wt, or remained uninfected (mock). CagA cleavage in MECI cells was analyzed using an
anti-CagA antibody («-CagACT) recognizing the C-terminal region of CagA (CagA‘T) and CagAFL.
GAPDH was detected as a loading control. (D) Phosphorylation of full-length CagA (pCagAfT)
and C-terminal CagA fragments (pCagAT) was analyzed using antibodies against phosphorylated
tyrosine (c-p-Tyr) and CagAFt was detected by a-CagANT. (E) pCagAf" (white bars) and pCagA®T
(grey bars) were quantified by blot densitometry, normalized to GAPDH and expressed as arbitrary
units (* p < 0.05, **** p < 0.0001, ns: not significant).
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CagA has been shown to affect apoptotic signaling in B lymphocytes [8]. Since
EPIYA-C motif repetitions increased CagA phosphorylation in B cells, the effect of EPIYA-C
motifs on the survival and metabolic activity of MEC1 cells was investigated. Therefore,
apoptosis of B cells was analyzed and it was observed that all Hp strains increased apoptosis
independently of CagA (Figure 4A). However, the metabolic activity, which is mainly
mediated through NAD(P)H-dependent cellular reductases, was decreased in infections
with P12 AcagA and to a similar extent in P12 EPTYA-AB compared to uninfected MEC1 cells
(Figure 4B). Interestingly, the presence of a single EPIYA-C or phosphorylation-deficient
EPIFA-C motif contributed to a further significant decrease in metabolic activity compared
to P12 AcagA and P12 EPIYA-AB. This effect was not further strengthened by additional
EPIYA-C or EPIFA-C motifs present in EPIY/FA-ABCC and EPIY/FA-ABCCC. Based on
these observations, the effect of the EPIYA-C motif on metabolic activity proved to be
independent of tyrosine phosphorylation (Figure 4B).
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Figure 4. Isogenic Hp mutants induce apoptosis in B cells independently of CagA, but decrease
metabolic activity dependently on EPIYA-C motifs. (A) MEC1 cells were infected with P12 mutants
at an MOI of 50 as indicated. Apoptosis was measured after 24 h by flow cytometry. Results represent
the means of three independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant).
(B) MEC1 cells were infected with Hp strains at an MOI of 200. After 24 h, metabolic activity was
measured using an MTT assay. The data represent the results from three independent experiments,
each performed in triplicate. The metabolic activities of Hp-infected cells are shown in relation to the
mock control (** p < 0.01, ns: not significant).

3. Discussion

CagA is a polymorphic virulence factor with high genetic variability and is strongly
associated with the outcome of gastric disorders in response to persistent Hp infections. The
variability of CagA is characterized by different signatures and numbers of EPTYA motifs
harboring tyrosine phosphorylation sites that are important for CagA functions. In gastric
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epithelial cells, kinases from the Src and Abl families were identified to phosphorylate CagA
in a time- and motif-dependent manner [10,19]. The amino acid sequences surrounding
the EPIYA motifs determine the binding specificity of different EPIYA motifs to distinct
signaling molecules, which control cellular responses such as proliferation, inflammation,
cell morphology, or migration [12].

Hp efficiently translocates CagA into several types of immune cell, where it is tyrosine-
phosphorylated and cleaved into a 100 kDa N-terminal and a tyrosine-phosphorylated
35 kDa C-terminal fragment [20,21]. In AGS cells, CagA fragmentation can be observed as
well [18]. However, compared to MECT1 cells, the ratio of pCagAF" to pCagACT fragments
differs significantly in epithelial cells, suggesting that CagA fragmentation is less promi-
nent, follows different kinetics, or that fragments have a shorter half-life. However, the
function of CagA and its dependence on the EPIYA motif configuration in B cells is poorly
understood. In this study, the translocation, phosphorylation and cleavage of different
natural and engineered Hp CagA variants were investigated using the MEC1 cell line as
an infection model for B cells [15,16]. It was found that clinical Hp isolates expressing
different CagA types translocated CagA into B cells, followed by tyrosine phosphoryla-
tion and cleavage. Importantly, in our previous study, it was shown that CagA cleavage
in MEC1 cells is independent of tyrosine phosphorylation [16]. CagA phosphorylation
is also mediated by Src and Abl kinases in MEC1 cells, which, however, are activated
simultaneously [16], while a consecutive activation is observed in epithelial cells [10,19].
Whether these kinases also exhibit preferences for individual EPIYA motifs in B cells was
not analyzed in this study.

In gastric epithelial cells, phosphorylation of the EPIYA-C motif was identified as a
crucially important step, which primes phosphorylation of EPIYA-A or EPIYA-B motifs.
Furthermore, it has been demonstrated that in CagA EPTYA-ABC or CagA EPIYA-ABD pro-
teins, a maximum of two EPIYA motifs are phosphorylated simultaneously [10]. However,
it remains unknown whether triple phosphorylation occurs at CagA molecules harboring
multiple EPIYA-C motifs. In this report, phosphorylation of CagA EPIYA-AB in AGS and
MEC1 was weak, also confirming the importance of the EPIYA-C motif in priming phospho-
rylation of EPIYA-A and -B motifs in MEC1 cells, despite the early activation of Abl family
kinases [16]. The addition of one EPIYA-C motif induced stronger phosphorylation of
CagACT, which was further enhanced by multiple copies of the EPTYA-C motif, suggesting
that repetitions of the EPIYA-C motif might allow triple or quadruple phosphorylation
of CagA.

In our previous reports, it was found that inhibition of Src and Abl kinases decreased
B cell death, implying the direct involvement of tyrosine kinases or pCagA in cell via-
bility [15,16]. Previous work by Lin and colleagues showed that CagA interacts with
SHP-2 phosphatase to activate ERK1/2 (extracellular signal-regulated kinase 1 and 2) and
p38 kinases. Together with the upregulation of anti-apoptotic proteins Bcl-2 and Bcl-X,
it was suggested that translocated CagA can promote B cell survival [8]. Here, infection
of B cells with P12 Hp mutants resulted in apoptosis independently of CagA and EPTYA
motifs. It was observed that the metabolic activity of B cells was strongly decreased by
Hp expressing CagA EPIYA-AB type, which was amplified by CagA proteins harboring
at least one EPIYA-C motif. Additional EPIYA-C motif copies did not contribute a fur-
ther reduction in metabolic activity, which is in line with Hp-induced interleukin-8 (IL-8)
expression and secretion from AGS cells, which is independent of EPIYA-C repeats as
well [22]. Interestingly, the decrease in metabolic activity was independent of EPIYA-C
motif phosphorylation. These data suggest that CagA EPIYA-ABC proteins have an impact
on the metabolic activity of B cells separate from affecting apoptosis or survival.

4. Conclusions

It has been shown that CagA proteins containing at least one EPIYA-C motif target B
cell physiology during infection, which could diminish anti-Hp antibody responses and
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foster persistent colonization of the host [23]. In conclusion, these data indicate that CagA
has an impact on the fate of B cells during Hp infection.

5. Materials and Methods
5.1. Bacteria

Hp isolates NCTC 11638 (DSMZ), Hp 26695 [24], P12 [25], NCTC 11637 (DSMZ),
HPAG1 [26],]99 [27], 42GX [17] and 48GX [17] were cultivated on agar plates supplemented
with 10% horse serum as previously described [19]. The generation of isogenic P12 mutants
has been described previously [13]. Bacteria were cultivated at 37 °C under microaerobic
conditions using CampyGen Oxoid bags (Thermo Fisher Scientific, Austria) for 24 h. All
Hp cagA sequences were validated by sequencing.

5.2. Sequencing

Genomic DNA (gDNA) was extracted from Hp with phenol-chloroform-isoamylalcohol
(pH 8.0). The gDNA was precipitated in 100% ethanol and 0.3 M NaOAc (pH 5.2) supple-
mented with linear polyacrylamide (Sigma-Aldrich, Taufkirchen, Germany) at 4 °C. For
PCR assays, two universal primers for amplification and sequencing of C-terminal cagA
were designed (5’-GAT TTC AGC AAG GCA GAA GAA AC-3 (forward) and 5'-CGC TTC
CCA CAT TAT GCG CAA C-3' (reverse)). C-terminal cagA sequences were amplified in
20 pL PCR reactions using DreamTaq polymerase (Thermo Fisher, Austria) and 30 ng of
gDNA as a template. PCR amplicons were separated on 1% agarose gels and fragments
were eluted with Gene]ET gel extraction kits (Thermo Fisher, Vienna, Austria). Sequencing
of PCR fragments was performed by Eurofins genomics (MWG, Munich, Germany).

5.3. Infection Experiments

AGS (ECACC, 89090402) and MEC1 (DSMZ, ACC-497) cells were cultivated in RPMI
1640 containing 1% L-glutamine and 10% fetal calf serum (FCS). AGS cells were cultivated
in 10 cm dishes for 48 h to reach a density of 5 x 10° cells per dish. Prior to infection, the
medium was aspirated and AGS cells were cultivated in starving medium (RPMI 1640, 1%
L-glutamine) overnight. MEC1 cells were seeded 16 h before infection in starving medium
at a density of 5 x 10° cells per dish. For infection experiments, the bacteria were resus-
pended in PBS and the concentration was determined by optical density measurements
at 600 nm. AGS and MECI cells were treated with Hp at a multiplicity of infection (MOI)
of 100 for indicated time periods. Equal volumes of PBS were added for mock controls.
After 4 h of infection, images were taken using a phase-contrast microscope (CKX41, Olym-
pus). Cells were washed with ice-cold PBS and lysed in a modified RIPA buffer (20 mM
Tris pH 7.5, 1 mM EDTA, 100 mM NacCl, 0.5% DOC, 0.1% SDS, 1% Triton x-100, 20 mM
B-glycerophosphate, 20 mM NaF, 1 mM NayMoOy, 1 mM NazVOy, 1 x complete protease
inhibitor cocktail (Roche Diagnostics)).

5.4. Immunoblotting

Fifty micrograms of whole cell lysates were loaded on 8-10% polyacrylamide gels
and separated by SDS PAGE. Proteins were transferred onto nitrocellulose or PVDF mem-
branes (Carl Roth, Karlsruhe, Germany) using semidry transfer blotting. Membranes were
blocked in 3% bovine serum albumin (BSA) supplemented with 0.05 mM Na3;VO,4 and
incubated with primary antibodies overnight at 4 °C. CagA was analyzed using polyclonal
anti-CagA antibodies detecting the N-terminal region of CagA (Paul-Ehrlich Institute,
Langen, Germany) [16] or the C-terminal region (raised against amino acids 8§90-1186) [15].
Phosphorylated CagA was detected using the anti-phosphotyrosine antibody 4G10 (gift
from Prof. Stephan Feller, Halle an der Saale, Germany), anti-GAPDH antibody recognized
GAPDH (Cell Signaling, Frankfurt am Main, Germany) and anti-HtrA antibody raised
against Hp HtrA (Paul-Ehrlich Institute, Langen, Germany) [28]. Densitometric analysis
of Western blots was performed from at least three to four independent experiments. For
quantification, band intensities were measured with Image Lab software (version 6.0.1, Bio-
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Rad, Vienna, Austria) and normalized to GAPDH. Statistics were analyzed with one-way
ANOVA followed by Tukey’s test for multiple comparison correction.

5.5. Apoptosis Assays and Metabolic Activity

MEC1 cells were serum-starved and seeded in 6-well plates 1 h before infection. Briefly,
cells were infected with Hp strains at an MOI of 50 for 24 h. Cells were analyzed according
to the manufacturer’s instructions with an FITC Annexin V apoptosis detection kit (BD
Biosciences, Vienna, Austria). Apoptosis was calculated from three independent exper-
iments by analyzing the combined FITC Annexin V/propidium-iodide double-positive
and FITC Annexin V single-positive cells. Metabolic activity was analyzed using an MTT
assay according to the manufacturer’s instructions (Sigma-Aldrich, Darmstadt, Germany).
Cells were infected in 96-well plates for 24 h at an MOI of 200. After incubation with
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) for 1 h, cells were
lysed in 0.1% NP-40, 40 mM HCl in 2-propanol and metabolic activity was measured at
570 nm using an Infinite 200 Pro reader (Tecan, Grodig, Austria). Reference measurements
were performed at 630 nm. Metabolic activity was calculated from three independent exper-
iments in triplicate and measurements were normalized to respective mock controls. For
apoptosis and MTT assays, normal distribution was analyzed using the Shapiro-Wilk test
and statistics were calculated using one-way ANOVA. Tukey’s test was used for multiple
comparison correction.

Author Contributions: Conceptualization, G.P., D.N.S. and S.W.; Funding acquisition, S.W.; Investi-
gation, S.D. and B.E.C.; Methodology, S.D.; Project administration, D.N.S. and S.W.; Writing—original
draft, S.D. and S.W.; Writing—review & editing, G.P., D.N.S. and S.W. All authors have read and
agreed to the published version of the manuscript.

Funding: The work of SW was supported by the grant W_1213 from the Austrian Science Fund (FWE).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We are grateful to Jean E. Crabtree for providing the Hp strains 42GX and 48GX
and the Open Access Funding by the Austrian Science Fund (FWF).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Amieva, M.; Peek, RM,, Jr. Pathobiology of Helicobacter pylori-Induced Gastric Cancer. Gastroenterology 2016, 150, 64-78.
[CrossRef]

2. Tegtmeyer, N.; Neddermann, M.; Asche, C.L; Backert, S. Subversion of host kinases: A key network in cellular signaling hijacked
by Helicobacter pylori CagA. Mol. Microbiol. 2017, 105, 358-372. [CrossRef]

3. Eck, M.; Schmausser, B.; Haas, R.; Greiner, A.; Czub, S.; Miiller-Hermelink, H.K. MALT-type lymphoma of the stomach is
associated with Helicobacter pylori strains expressing the CagA protein. Gastroenterology 1997, 112, 1482-1486. [CrossRef]

4. Tsai, HF; Hsu, PN. Interplay between Helicobacter pylori and immune cells in immune pathogenesis of gastric inflammation
and mucosal pathology. Cell Mol. Immunol. 2010, 7, 255-259. [CrossRef]

5. Hoy, B.; Lower, M.; Weydig, C.; Carra, G.; Tegtmeyer, N.; Geppert, T.; Schroder, P.; Sewald, N.; Backert, S.; Schneider, G.; et al.
Helicobacter pylori HtrA is a new secreted virulence factor that cleaves E-cadherin to disrupt intercellular adhesion. EMBO Rep.
2010, 11, 798-804. [CrossRef] [PubMed]

6. Tegtmeyer, N.; Wessler, S.; Necchi, V.; Rohde, M.; Harrer, A.; Rau, T.T.; Asche, C.I; Boehm, M.; Loessner, H.; Figueiredo, C.;
et al. Helicobacter pylori Employs a Unique Basolateral Type IV Secretion Mechanism for CagA Delivery. Cell Host Microbe
2017, 22, 552-560.e555. [CrossRef]

7. Necchi, V.; Candusso, M.E.; Tava, F.; Luinetti, O.; Ventura, U.; Fiocca, R.; Ricci, V.; Solcia, E. Intracellular, intercellular, and
stromal invasion of gastric mucosa, preneoplastic lesions, and cancer by Helicobacter pylori. Gastroenterology 2007, 132, 1009-1023.
[CrossRef]

8. Lin, W.C,; Tsai, H.F,; Kuo, S.H.; Wu, M.S.; Lin, C.W,; Hsu, P.I; Cheng, A.L.; Hsu, P.N. Translocation of Helicobacter pylori

CagA into Human B lymphocytes, the origin of mucosa-associated lymphoid tissue lymphoma. Cancer Res. 2010, 70, 5740-5748.
[CrossRef] [PubMed]


http://doi.org/10.1053/j.gastro.2015.09.004
http://doi.org/10.1111/mmi.13707
http://doi.org/10.1016/S0016-5085(97)70028-3
http://doi.org/10.1038/cmi.2010.2
http://doi.org/10.1038/embor.2010.114
http://www.ncbi.nlm.nih.gov/pubmed/20814423
http://doi.org/10.1016/j.chom.2017.09.005
http://doi.org/10.1053/j.gastro.2007.01.049
http://doi.org/10.1158/0008-5472.CAN-09-4690
http://www.ncbi.nlm.nih.gov/pubmed/20587516

Toxins 2021, 13, 592 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Hatakeyama, M. Helicobacter pylori CagA and gastric cancer: A paradigm for hit-and-run carcinogenesis. Cell Host Microbe
2014, 15, 306-316. [CrossRef]

Mueller, D.; Tegtmeyer, N.; Brandt, S.; Yamaoka, Y.; De Poire, E.; Sgouras, D.; Wessler, S.; Torres, J.; Smolka, A.; Backert, S.
¢-Src and c-Abl kinases control hierarchic phosphorylation and function of the CagA effector protein in Western and East Asian
Helicobacter pylori strains. J. Clin. Investig. 2012, 122, 1553-1566. [CrossRef] [PubMed]

Backert, S.; Tegtmeyer, N. Type IV Secretion and Signal Transduction of Helicobacter pylori CagA through Interactions with Host
Cell Receptors. Toxins 2017, 9, 115. [CrossRef]

Selbach, M.; Paul, EE.; Brandt, S.; Guye, P.; Daumke, O.; Backert, S.; Dehio, C.; Mann, M. Host cell interactome of tyrosine-
phosphorylated bacterial proteins. Cell Host Microbe 2009, 5, 397—403. [CrossRef]

Papadakos, K.S.; Sougleri, 1.S.; Mentis, A.E.; Sgouras, D.N. A mutagenesis method for the addition and deletion of highly
repetitive DNA regions: The paradigm of EPIYA motifs in the cagA gene of Helicobacter pylori. Helicobacter 2013, 18, 229-241.
[CrossRef]

Batista, S.A.; Rocha, G.A; Rocha, A.M.; Saraiva, LE.; Cabral, M.M.; Oliveira, R.C.; Queiroz, D.M. Higher number of Helicobacter
pylori CagA EPIYA C phosphorylation sites increases the risk of gastric cancer, but not duodenal ulcer. BMIC Microbiol. 2011, 11, 61.
[CrossRef]

Chichirau, B.E.; Scheidt, T.; Diechler, S.; Neuper, T.; Horejs-Hoeck, J.; Huber, C.G.; Posselt, G.; Wessler, S. Dissecting the
Helicobacter pylori-regulated transcriptome of B cells. Pathog. Dis. 2020, 78. [CrossRef]

Krisch, L.M.; Posselt, G.; Hammerl, P.; Wessler, S. CagA Phosphorylation in Helicobacter pylori-Infected B Cells Is Mediated by
the Nonreceptor Tyrosine Kinases of the Src and Abl Families. Infect. Immun. 2016, 84, 2671-2680. [CrossRef] [PubMed]

Wang, J.; Court, M.; Jeremy, A.H.T.; Aboshkiwa, M.A.; Robinson, P.A.; Crabtree, J.E. Infection of Mongolian gerbils with Chinese
Helicobacter pylori strains. FEMS Immunol. Med. Microbiol. 2003, 36, 207-213. [CrossRef]

Backert, S.; Moese, S.; Selbach, M.; Brinkmann, V.; Meyer, T.F. Phosphorylation of tyrosine 972 of the Helicobacter pylori CagA
protein is essential for induction of a scattering phenotype in gastric epithelial cells. Mol. Microbiol. 2001, 42, 631-644. [CrossRef]
Poppe, M.; Feller, S.M.; Romer, G.; Wessler, S. Phosphorylation of Helicobacter pylori CagA by c-Abl leads to cell motility.
Oncogene 2007, 26, 3462-3472. [CrossRef]

Moese, S.; Selbach, M.; Zimny-Arndt, U.; Jungblut, PR.; Meyer, T.F,; Backert, S. Identification of a tyrosine-phosphorylated 35 kDa
carboxy-terminal fragment (p35CagA) of the Helicobacter pylori CagA protein in phagocytic cells: Processing or breakage?
Proteomics 2001, 1, 618-629. [CrossRef]

Odenbreit, S.; Gebert, B.; Piils, J.; Fischer, W.; Haas, R. Interaction of Helicobacter pylori with professional phagocytes: Role of the
cag pathogenicity island and translocation, phosphorylation and processing of CagA. Cell Microbiol. 2001, 3, 21-31. [CrossRef]
Papadakos, K.S.; Sougleri, 1.S.; Mentis, A.F.; Hatziloukas, E.; Sgouras, D.N. Presence of terminal EPIYA phosphorylation motifs
in Helicobacter pylori CagA contributes to IL-8 secretion, irrespective of the number of repeats. PLoS ONE 2013, 8, e56291.
[CrossRef]

Umehara, S.; Higashi, H.; Ohnishi, N.; Asaka, M.; Hatakeyama, M. Effects of Helicobacter pylori CagA protein on the growth and
survival of B lymphocytes, the origin of MALT lymphoma. Oncogene 2003, 22, 8337-8342. [CrossRef] [PubMed]

Tomb, J.E; White, O.; Kerlavage, A.R.; Clayton, R.A_; Sutton, G.G.; Fleischmann, R.D.; Ketchum, K.A.; Klenk, H.P; Gill, S.;
Dougherty, B.A.; et al. The complete genome sequence of the gastric pathogen Helicobacter pylori. Nature 1997, 388, 539-547.
[CrossRef] [PubMed]

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, 307-319. [CrossRef]

Enroth, H.; Kraaz, W.; Engstrand, L.; Nyrén, O.; Rohan, T. Helicobacter pylori strain types and risk of gastric cancer: A case-control
study. Cancer Epidemiol. Biomark. Prev. 2000, 9, 981-985.

Alm, R.A; Ling, L.S.; Moir, D.T.; King, B.L.; Brown, E.D.; Doig, P.C.; Smith, D.R.; Noonan, B.; Guild, B.C.; de Jonge, B.L.;
et al. Genomic-sequence comparison of two unrelated isolates of the human gastric pathogen Helicobacter pylori. Nature
1999, 397, 176-180. [CrossRef]

Abfalter, C.M.; Schubert, M.; Gotz, C.; Schmidt, T.P.; Posselt, G.; Wessler, S. HtrA-mediated E-cadherin cleavage is limited to
DegP and DegQ homologs expressed by gram-negative pathogens. Cell Commun. Signal. 2016, 14, 30. [CrossRef]


http://doi.org/10.1016/j.chom.2014.02.008
http://doi.org/10.1172/JCI61143
http://www.ncbi.nlm.nih.gov/pubmed/22378042
http://doi.org/10.3390/toxins9040115
http://doi.org/10.1016/j.chom.2009.03.004
http://doi.org/10.1111/hel.12029
http://doi.org/10.1186/1471-2180-11-61
http://doi.org/10.1093/femspd/ftaa049
http://doi.org/10.1128/IAI.00349-16
http://www.ncbi.nlm.nih.gov/pubmed/27382024
http://doi.org/10.1016/S0928-8244(02)00464-9
http://doi.org/10.1046/j.1365-2958.2001.02649.x
http://doi.org/10.1038/sj.onc.1210139
http://doi.org/10.1002/1615-9861(200104)1:4&lt;618::AID-PROT618&gt;3.0.CO;2-C
http://doi.org/10.1046/j.1462-5822.2001.00088.x
http://doi.org/10.1371/journal.pone.0056291
http://doi.org/10.1038/sj.onc.1207028
http://www.ncbi.nlm.nih.gov/pubmed/14614457
http://doi.org/10.1038/41483
http://www.ncbi.nlm.nih.gov/pubmed/9252185
http://doi.org/10.1111/j.1365-2958.1994.tb01019.x
http://doi.org/10.1038/16495
http://doi.org/10.1186/s12964-016-0153-y

	Introduction 
	Results 
	Discussion 
	Conclusions 
	Materials and Methods 
	Bacteria 
	Sequencing 
	Infection Experiments 
	Immunoblotting 
	Apoptosis Assays and Metabolic Activity 

	References

