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Abstract

High-level expression of decay-accelerating factor, CD55, has previously been found in human gastric cancer
(GC) and intestinal metaplasia (IM) tissues. Therapeutic effects of CD55 inhibition in cancer have been reported.
However, the role of Helicobacter pylori infection and virulence factors in the induction of CD55 and its association
with histological changes of the human gastric mucosa remain incompletely understood. We hypothesised that CD55
would be increased during infection with more virulent strains of H. pylori, and with more marked gastric mucosal
pathology. RT-qPCR and immunohistochemical analyses of gastric biopsy samples from 42 H. pylori-infected and
42 uninfected patients revealed that CD55 mRNA and protein were significantly higher in the gastric antrum of
H. pylori-infected patients, and this was associated with the presence of IM, but not atrophy, or inflammation.
Increased gastric CD55 and IM were both linked with colonisation by vacA i1-type strains independently of cagA sta-
tus, and in vitro studies using isogenic mutants of vacA confirmed the ability of VacA to induce CD55 and sCD55 in
gastric epithelial cell lines. siRNA experiments to investigate the function of H. pylori-induced CD55 showed that
CD55 knockdown in gastric epithelial cells partially reduced IL-8 secretion in response to H. pylori, but this was
not due to modulation of bacterial adhesion or cytotoxicity. Finally, plasma samples taken from the same
patients were analysed for the soluble form of CD55 (sCD55) by ELISA. sCD55 levels were not influenced by IM
and did not correlate with gastric CD55 mRNA levels. These results suggest a new link between active vacA
i1-type H. pylori, IM, and CD55, and identify CD55 as a molecule of potential interest in the management of
IM as well as GC treatment.
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Introduction

Chronic infection with Helicobacter pylori is the pri-
mary cause of gastric cancer (GC), the fifth most com-
mon malignancy worldwide and the fourth leading
cause of cancer-related death [1]. Almost 50% of the
world’s population are colonised from early childhood
and throughout life [2]. Persistent H. pylori infection
may lead to a stepwise histological progression from
chronic gastritis through atrophy, intestinal metaplasia
(IM), dysplasia, and finally resulting in intestinal-type
gastric adenocarcinoma [3]. IM is characterised by
transdifferentiation of gastric epithelial cells to

intestine-specific lineages such as goblet and Paneth
cells, and may be defined as complete (type I; well-
developed goblet cells and absorptive columnar cells
with a well-defined brush border) or incomplete (vari-
able sized goblet cells and mucous columnar cells with
no brush border), which can be further divided into type
I (predominately sialomucins in columnar cells) and
type II (predominately sulfomucins in columnar cells)
[4]. Histological IM subtyping is not routinely
recommended in the current MAPS (management of
precancerous conditions and lesions in stomach) guide-
lines [5] due to poor reproducibility, although incom-
plete IM has been suggested to confer a greater risk of
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progression to GC [6]. Patients with extensive IM,
affecting both antrum and corpus, are at a greater risk
of developing GC and endoscopic surveillance is
recommended every 3 years [5,7]. H. pylori eradication
can reduce the risk of GC development, but only in
patients without IM or dysplasia [8,9]. Furthermore,
widespread H. pylori eradication is a concern, particu-
larly in relatively low GC risk regions such as the UK,
as it may impact antibiotic resistance and the potential
protective benefit of H. pylori infection against the
development of allergy and autoimmune diseases such
as multiple sclerosis [2]. While only 1-5% of infected
individuals develop GC, the prognosis is often very poor
because the late appearance of symptoms means that the
cancer is at an advanced stage when diagnosed. Thus,
there is an urgent need for early prognostic biomarkers
of GC risk and preventive interventions for patients with
precancerous conditions.

The risk of developing H. pylori-mediated GC is
related to a complex interplay between host genetics,
environmental factors, and bacterial virulence proper-
ties [2]. Among several strain-specific virulence factors
identified, the cytotoxin-associated gene pathogenicity
island (cagPAI) and vacuolating cytotoxin A (VacA)
have been most extensively studied in association with
GC. The cagPAI gene encodes a type IV secretion sys-
tem (T4SS) that delivers the effector protein CagA into
gastric epithelial cells and stimulates various cell signal-
ling processes [2]. The cagE gene is essential for the
assembly of a functional T4SS [10]. In vitro, CagA sig-
nalling causes gastric epithelial cells to develop long
projections, a morphological change known as the hum-
mingbird phenotype [11]. cagPAlI is present in about
70% of H. pylori strains [12], and accumulated evidence
indicates that infection with a strain possessing a func-
tional cagPAlI increases the risk of GC and precancerous
conditions including IM and dysplasia, compared with
cagPAI™ strains [13-16].

VacA is a pore-forming toxin which induces multiple
effects in cells in vitro [17]. All strains of H. pylori pos-
sess a vacA gene, but VacA-mediated effects on host
cells differ between strains and this is attributed to allelic
diversity mainly in the signal (s1/s2), intermediate
(i142), and mid (ml/m2) regions. Expression of
slil-type VacA induces more vacuolating activity
in vitro than other forms, and such strains are associated
with an increased risk of GC and IM [13,15,16,18].
However, the presence of sl vacA alleles and cagPAI
are strongly linked [19], making it difficult to define
the exact role of VacA in the pathogenesis of GC. We
have reported previously that the vacA il genotype is a
more accurate marker of GC risk than other vacA alleles
or cagA status [18]. In a mouse model, infection with
cagPAl™ strains expressing slil forms of VacA caused
more severe and extensive metaplasia. Similarly, vacA
slil-type strains were strongly associated with the pres-
ence of IM in the gastric mucosa of patients independent
of cagA status [20]. How VacA induces IM and GC
remains to be elucidated.
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CDS55, also known as decay-accelerating factor
(DAF), is a glycosylphosphatidylinositol-anchored
membrane protein that protects host cells from autolo-
gous complement-mediated damage. It accelerates the
decay of C3 convertases, inhibiting the downstream
assembly of the membrane attack complex which func-
tions to eliminate invading pathogens [21]. CD55 also
modulates T-cell responses independent of complement
regulation by binding to CD97, expressed on various
types of immune cells [22,23]. A broad range of cancer
types overexpress CD55, and its involvement in tumour
development and progression has been suggested [21].
Early histological studies of gastric biopsies demon-
strated strong CD55 expression in IM, gastric adenoma,
and intestinal-type adenocarcinoma [24,25]. More
recently, H. pylori infection of gastric epithelial cell lines
and mouse gastric tissues resulted in induced expression
of CD55 in a cagT4SS-dependent manner [26,27]. How-
ever, data in humans are limited and inconsistent
[24,25,28], and the effects of H. pylori infection on
CDS55 in the human stomach remain poorly understood.
A soluble form of CD55 (sCD55) has also been detected
in blood and other body fluids [29] but, to date, there are
no published data on sCDS55 in relation to H. pylori or
gastric disease status.

We hypothesised that CD55 would be increased dur-
ing infection with more virulent strains of H. pylori,
and with more marked gastric mucosal pathology. The
present study aimed to examine whether membrane-
bound and soluble forms of CDS55 are associated with
histological changes in the human gastric mucosa
induced by different H. pylori strain types. We found
that increased CDS55 expression on H. pylori-infected
human gastric mucosa was associated with IM, and this
was linked to vacA il-type strains. Furthermore,
in vitro studies showed that VacA can induce CD55
and that CD55 is partly involved in H. pylori-mediated
IL-8 secretion in gastric epithelial cells. However,
plasma sCD55 levels were not influenced by IM, atro-
phic gastritis (AG) or H. pylori status.

Materials and methods

Patients and clinical materials

Gastric biopsy and peripheral blood samples from
84 patients (aged 21-86 years) undergoing a routine
upper gastrointestinal endoscopy, most commonly for
dyspepsia, at the Queen’s Medical Centre, Nottingham,
UK between 2003 and 2013, were analysed retrospec-
tively. All patients gave written informed consent with
approval of the Nottingham Research Ethics Committee
2 (08/H0408/195). Patients regularly taking high-dose
NSAIDs or antibiotics in the preceding 2 weeks were
excluded. For some patients, either a biopsy or a blood
sample was not available. H. pylori status was deter-
mined by serology, rapid urease test, histology, and bac-
terial culture. H. pylori isolates were genotyped for vacA
and cagA by PCR [18,20]. H. pylori-negative patients
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were matched for age and gender with infected patients. =~ MAX reagent (Thermo Fisher Scientific, Waltham, MA,
The characteristics of the patients are shown in Table 1.  USA). After 48 h, cells were transferred to serum-free
medium and infected with H. pylori. Cell viability was
Cell culture, H. pylori strains, and culture determined using a standard MTT [3-(4,5-dimethylthiazol-

2-y1)-2,5-diphenyltetrazolium bromide] assay (Sigma-
AGS (ECACC 89090402) and MKN28 (JCRB 0253)  Aldrich, St Louis, MO, USA) 24 h after H. pylori co-cul-
human gastric epithelial cell lines were maintained in  yre. In brief, after supernatants were harvested for
RPMI 1640 medium supplemented with 10% FCS,  ELISA, cells were incubated with fresh medium
100 U/ml  penicillin, and 100 pg/ml = streptomycin  containing 0.5 mg/ml MTT for 3 h at 37 °C. Subse-
(Sigma-Aldrich, Dorset, UK) at 37 °C in 5% CO,.  quently, the medium was removed and 500 pl of 0.04 m
H. pylori strain 60190 and its isogenic cagA, cagE, and  hydrochloric acid in isopropanol and 50 pl of 10% SDS
vacA null mutants, and SSI mutants expressing slil,  were added to each well. The absorbance of solutions
s2i2 (wild type) or null vacA [20,30] were grown on a5 measured at a wavelength of 595 nm. A decrease in
blood agar plates (Oxoid, Basingstoke, UK) at 37 °C  apsorbance indicates a reduction in the number of viable
under microaerobic conditions. Bacterial water extracts  ce]ls. For bacterial adhesion assays, cells were washed
were prepared as described previously [31]. For  twice with PBS and harvested by scraping in 1 ml of
in vitro experiments, cells were seeded at 2 x 10° per  PBS. Ten-fold serial dilutions of cell suspensions were
well in 12-well plates in the absence of antibiotics and  gpotted onto blood agar plates and colonies counted after
treated the following day with bacteria or bacterial water  3_5 days’ incubation under microaerobic conditions.
extracts for 24 h in fresh serum-free medium.

RT-gPCR

siRNA transfections Total RNA was extracted from gastric biopsies using an
AGS (1.2 x 10° per well) and MKN28 (2 x 10° per RNeasy Mini Kit (Qiagen, Manchester, UK). After
well) cells were transfected with 10 nm Silencer Select  DNase treatment using a TURBO DNA-free Kit, RNA
siRNAs in 12-well plates using Lipofectamine RNAi  was reverse-transcribed into cDNA using a High-

Capacity cDNA Reverse Transcription Kit (both

Table 1. Characteristics of patients in the Nottingham cohort. Thermo Fisher Scientific). gPCR was performed on a

"""e P’;’g\’,’e' H- :s’i'i‘i’v’é' Rotor-Gene 3000 using QuantiTect Primer Assays for
s 42) 42  CD55 (Hs_DAF_1_SG; QT00099190) and ACTB
(Hs_ACTB_1_SG; QT00095431) (both Qiagen) with
Bt . . ; Power SYBR Green Master Mix (Thermo Fisher
K;::IZ g)/i)/o) ;1 Egg:gég; ;1 gg:gog Scientific). Relative CD55 levels were calculated using
Age (years) the Pfaffl method [32], normalizing against ACTB, and
Mean + SD 59.9 + 13.8 61.3 + 13.7 as fold-differences compared with pooled antral biopsies
Endoscopic findings from uninfected patients.
Normal/healed, n (%) 20 (46.5%) 23 (54.8%)
Gastric ulcer/erosion, n (%) 11 (25.6%) 14 (33.3%) . . . .
Duodenal ulcer/erosion, n (%) 12 (27.9%) 6 (14.3%) H|5t0|09y and |mmunoh|stochem|stry
DEplERte mlC) o) G0 Gastric biopsy sections were stained with H&E, blinded,
Gastric cancer, n (%) 0 (0%) 0 (0%)

and scored by an expert gastrointestinal (GI) pathologist

2107 p<0.001 p<0.001 210 p<0.001 < 10 =10
k) - S o o
I 7] 7] »
3 2 8 g8 g8
g s S g
3 56 36 36
< < < <
P4
g Z 4 Z a X 4 L
E E £ ’ € H
8 2 2 2 2 g 2 3 e i
S 3 8 ] ,
0 t * T T 0 * T T T 0 T T $ T T y T
Hp- Hp+ Hp- Hp+ Hp-Non-AG AG IM None Mild Mod Mar None Mild Mod Mar Mild Mod Mar
_— (n=14) (n=10) (n=18) (n=24) (n=6) (n=8) (n=4) (n=7) (n=6) (n=27) (n=2) (n=12) (n=24) (n=6)
Antrum Corpus _— -
Hp+ IM score Neutrophils MNCs

Figure 1. Infection with Helicobacter pylori increases CD55 mRNA in human gastric antrum. The relative levels of CD55 mRNA in gastric
mucosal tissues from 42 infected and 42 uninfected patients were analysed by RT-qPCR. Data were normalised to ACTB mRNA and expressed
relative to pooled RNA from antral tissue samples from uninfected patients. Levels were compared between (A) uninfected and infected
patients in the antrum and corpus; (B) infected patients with and without atrophy or IM in the antrum; (C) the antrum of infected patients
with varying IM score; and (D) varying infiltration scores of neutrophils and MNCs in infected antral samples. Each dot represents an indi-
vidual patient's data. The horizontal line in each box represents the median value, with the boxes representing the interquartile range. Lines
extend from the box to the highest and lowest values. P values were calculated using (A) two-way ANOVA with Tukey's post hoc test and
(B-D) Kruskal-Wallis with Dunn's post hoc test. AG, atrophic gastritis; Hp, H. pylori; IM, intestinal metaplasia; MNCs, mononuclear cells;
Mod, moderate; Mar, marked.
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Figure 2. CD55 in H. pylori-infected gastric epithelium is associated with intestinal metaplasia but not inflammation. Gastric antrum biopsy
tissues from 36 infected and 11 uninfected patients were stained immunohistochemically for CD55. (A) Representative images of stained
sections. (B) Each section was scored semi-quantitatively based on the distribution and intensity of mucosal staining. (C, D) CD55 IHC scores
of infected epithelium samples were stratified by IM score and the amount of neutrophil and MNC infiltration. Each dot represents an indi-
vidual patient's data. The horizontal line in each box represents the median value, with the boxes representing the interquartile range. Lines
extend from the box to the highest and lowest values. Pvalues were calculated using (B) two-way ANOVA with Tukey's post hoc test and (C, D)
Kruskal-Wallis with Dunn's post hoc test. AG, atrophic gastritis; Hp, H. pylori; IM, intestinal metaplasia; MNCs, mononuclear cells; Mod,

moderate; Mar, marked.

for inflammation, atrophy, and IM, using the updated
Sydney System [33]. This grades the density of neutrophil
and mononuclear cell (MNC) infiltration and the degree
of gland loss based on a visual analogue scale: none, mild,
moderate, or marked. Similarly, IM (presence of goblet
cells) in biopsies was scored as none, mild (involving
<25% of crypts), moderate (25-50% of crypts), or marked
(>50% of crypts). Where goblet cells could not be clearly
discerned on H&E sections, Alcian blue/PAS staining
was performed for the presence of acidic mucins. Separate
sections were stained with toluidine blue for the presence

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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of H. pylori. Immunostaining was performed using
Novolink Polymer Detection Systems (Leica Biosystems,
Milton Keynes, UK). In brief, after antigen retrieval with
citrate buffer (pH 6.0) for 20 min, sections were incubated
with rabbit anti-human CD55 mAb (E7G2U; Cell
Signaling Technology, London, UK; 1:1,200), rabbit
anti-human CD4 mAb (EPR6855; Abcam, Cambridge,
UK; 1:1,000) or rat anti-human Pax-5 mAb (1H9;
Biolegend, London, UK; 1:100) at 4 °C overnight. For
Pax-5 staining, sections were further incubated with rab-
bit anti-rat IgG (Abcam) for 30 min at room temperature.
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Figure 3. Gastric expression of CD55 and intestinal metaplasia are associated with H. pylori strains of vacA i1 genotype. (A) CD55 mRNA;
(B) mucosal CD55 IHC scores; and Sydney System scores (0, none; 1, mild; 2, moderate; and 3, marked) for (C) IM and (D) neutrophil infiltration,
in the gastric antrum of 37 patients infected with H. pylori strains of different virulence genotypes (cagA™, n = 27; cagA~, n = 10; vacA i1,
n = 25; vacAi2, n = 12). Each dot represents an individual patient's data. The horizontal line in each box represents the median value, with
the boxes representing the interquartile range. Lines extend from the box to the highest and lowest values. Pvalues were calculated using a

Mann-Whitney U-test. IM, intestinal metaplasia.

Table 2. Presence of gastric lymphoid aggregates and mucosal
CD55 expression.
H. pylori-positive

Lymphoid aggregates  H. pylori-negative

Positive
(n=22)

Positive
(n=2)

Negative
(n=9)

Negative
(n=14)

Mucosal CD55
Positive, n (%)
Negative, n (%)

1 (50.0%) 0 (0.0%)
1 (50.0%) 9 (100.0%)

17 (77.3%) 7 (50.0%)
5(22.7%) 7 (50.0%)

After incubation with Rabbit Novolink polymer (anti-
rabbit Poly-HRP-IgG) for 30 min at room temperature,
staining was visualised with DAB, followed by
haematoxylin counterstain. Mucosal CD55 was assessed
independently by two scientists and a histopathologist
using light microscopy, blinded to the endoscopy find-
ings, histopathological scores, and RT-qPCR results.
CD55 immunohistochemistry scores were calculated by
multiplying staining intensity (0, negative; 1, weak; 2,
moderate; 3, strong) by staining distribution (0, no
staining; 1, <25%; 2, 26-50%; 3, 51-75%; 4, >75%),
and observers’ scores were averaged. Staining on lym-
phoid aggregates was excluded from the scoring.

sCD55 and IL-8 ELISA

sCD55 and IL-8 were quantified using the Human
CD55/DAF ELISA Pair Set (Sino Biological, Beijing,
PR China) and IL-8 Human Uncoated ELISA kit
(Thermo Fisher Scientific) respectively, following the
manufacturers’ instructions.

Western blotting

After washing with PBS, cells were solubilised in
radioimmunoprecipitation assay buffer containing 0.1 M
PMSF. Cellular proteins (10-20 pg) were electrophoresed
through 10% SDS-PAGE gels, transferred to nitrocellulose
membranes, and probed with anti-CD55 (E7G2U, 1:1,000)
and anti-B-actin (ab8227, 1:1,000, Abcam) antibodies
at4 °C overnight. Membranes were then incubated with
alkaline-phosphatase-conjugated goat anti-rabbit second-
ary Ab (1:10,000, Sigma-Aldrich) at room temperature

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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for 1 h and visualised using BCIP/NBT substrate
(Sigma-Aldrich).

Statistical analysis

All statistical analyses were carried out using GraphPad
Prism 9 software (GraphPad Software, San Diego, CA,
USA). The tests used are indicated in the figure legends.
p < 0.05 was considered statistically significant.

Results

Increased CD55 in gastric mucosal tissue is
associated with H. pylori infection and IM

To determine whether H. pylori infection was associated
with CD55 expression in the gastric mucosa, RT-qPCR
was performed on patient biopsies. In the antrum, CD55
mRNA was significantly increased in H. pylori-infected
compared with uninfected patients (Figure 1A). When
these antral data were stratified according to histological
characteristics, samples from infected patients displaying
IM showed significantly higher CD55 than uninfected
patients (Figure 1B), and expression tended to correlate
with IM score (Figure 1C). In contrast, CD55 mRNA
was not associated with atrophy or the degree of inflam-
mation, as determined by neutrophil and MNC infiltra-
tions (Figure 1B,D). CD55 mRNA in infected and
uninfected corpus tissues was similar (Figure 1A), likely
due to few samples with IM (6/42), most of which were
mild (supplementary material, Figure S1).

For comparison with the RT-qPCR results, antral tissue
sections were immunostained for CD55. The apical sur-
face of epithelium from H. pylori-infected patients stained
strongly for CD55, among patients with IM (Figure 2A).
When scored on the combined distribution and intensity
of staining, mucosal CD55 expression was significantly
associated with IM and positively correlated with IM score
(Figure 2B,C). Mucosal CD55 was not influenced by neu-
trophil or MNC infiltration (Figure 2D), although lym-
phoid aggregates also stained strongly for CDS5S5
(supplementary material, Figure S2A). CDS55 staining

J Pathol 2022; 258: 199-209
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appeared localised to aggregate centres rather than in
peripheral areas and was a very different pattern to CD4,
a marker of helper T lymphocytes, indicating that CD4 "
T lymphocytes were not the source of CDS55. The staining
of Pax-5, a pan-B lymphocyte marker, was more similar to
that of CDS55, but Pax-5 staining was also present in the
surrounding area where CDS55 staining was weak or absent
(supplementary material, Figure S2A). Lymphoid aggre-
gates were present in approximately 60% (22/36) of
infected antral tissues, compared with 18% (2/11) of
uninfected tissues. Mucosal CD55 was more common in
infected tissues with lymphoid aggregates than without
(Table 2). Nevertheless, aggregate presence had no signif-
icant impact on CD55 mRNA or CDS55 protein levels
(supplementary material, Figure S2B), suggesting that nei-
ther H. pylori-induced lymphoid aggregates nor inflamma-
tion directly drives mucosal CD55 expression.

The virulence factor VacA regulates expression
of CD55

Since we found previously that IM is strongly associated
with colonisation by vacA slil-type strains [20], we
hypothesised that VacA plays a role in inducing CD55.
Stratifying the gastric CD55 expression data according
to vacA type and cagA status, significantly higher
CD55 mRNA was observed in patients infected with
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vacA il-type strains than with i2-type, whereas no differ-
ence was found between those infected with cagA™ and
cagA~ strains (Figure 3A). Patients who had higher
CD55 protein tended to be infected with vacA il-type
strains, but this was not statistically significant
(Figure 3B). IM Sydney scores were significantly higher
in individuals infected with vacA il-type strains than
with 12-type, but there was no association with cagA sta-
tus (Figure 3C). It should be noted that antral inflamma-
tion was not associated with either vacA type or cagA
status (Figure 3D).

To look for causal relationships between VacA and
CD55, AGS and MKN28 cells were co-cultured with
H. pylori, and cellular expression and secretion of CD55
were analysed. Both cell lines expressed CD55 constitu-
tively, but they differed in expression level and pattern;
AGS cells secreted nearly 10-fold more sCD55 (supple-
mentary material, Figure S3A) and expressed more
glycosylated forms of CD55 than MKN28 cells (supple-
mentary material, Figure S3B). The detected bands were
confirmed to correspond to CDS5 using siRNA knock-
down (supplementary material, Figure S6B). Compared
with uninfected cells, both sCD55 concentration and
CD55 expression were significantly increased in both cell
lines by co-culture with H. pylori strain 60190 (cagA™,
vacA slilml) in a dose-dependent manner (supplemen-
tary material, Figure S3). As expected, when AGS and

AGS MKN28
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Figure 4. Increased CD55 expression and secretion by H. pylori are mediated via vacA and cagT4SS. (A, B) AGS or MKN28 cells were co-
cultured with H. pylori strain 60190 or isogenic mutants for 24 h at an MOI of 20. (C, D) AGS or MKN28 cells were incubated for 24 h in
the presence of 100 pug/ml total protein of water extracts of H. pylori strain 60190 or isogenic vacA™ mutant. (A, C) sCD55 concentrations
in culture supernatants were determined by ELISA. Mean + SEM from three or four independent experiments. *p < 0.05; *p < 0.01;
**p < 0.001 by one-way ANOVA with Tukey's post hoc test. (B, D) Western blot of CD55 in cell lysates. wt, wild type.
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MKN28 cells were co-cultured with isogenic cagA, cagE,
and vacA null mutants of strain 60190, no hummingbird
phenotype was induced by cagA™ and cagE™ mutants
and the vacA™ mutant did not induce vacuolation (supple-
mentary material, Figure S4). In line with previous reports
[26,27], 60190 cagE ™, which lacks cagT4SS function,
failed to induce sCD55 secretion in AGS and MKN28
cells; concentrations were similar to uninfected cells
(Figure 4A). Similarly, the vacA™ mutant induced lower
sCDS55 concentrations than wild-type 60190 for both cell
lines. However, while the cagA™ mutant induced signifi-
cantly less sCD55 in AGS cells, it induced similar levels
to that of the wild-type strain in MKN28 cells. Similar
trends were observed in CD55 in response to the bacterial
mutants (Figure 4B). Additionally, when MKN28 cells
were co-cultured with cagT4SS-inactive SS1 strain
mutants expressing different vacA alleles, the s1il mutant
tended to induce more sCD55 and CD55 than the s1i2 or
s2i2 mutants, but the differences were not statistically

significant (supplementary material, Figure S5). Next,
cells were treated with water extracts prepared from
wild-type and vacA™ mutant strains. SCD55 concentra-
tions and cellular CD55 were increased in response to
both preparations, but the vacA™ mutant extract was less
effective (Figure 4C,D). Collectively, these data suggest
that in addition to the cagT4SS, VacA can induce CD55
directly and indirectly.

H. pylori-induced IL-8 response in gastric epithelial
cells is partly mediated by CD55

To investigate whether CDS55 has any effects on gastric
epithelial cells, endogenous CD55 mRNA was silenced
by siRNA in AGS and MKN28 cells (>80% knockdown
measured by RT-qPCR). While significantly reduced
sCDS55 and CD55 proteins were seen in knockdown cells
(supplementary material, Figure S6), H. pylori-induced
cell morphology (Figure 5A) and cell viability

siCD55
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Figure 5. CD55 knockdown reduces IL-8 production but has no effect on H. pylori binding to gastric epithelial cells. AGS or MKN28 cells
transfected with CD55 siRNA (siCD55) or non-targeting control (siNT) were co-cultured with H. pylori strain 60190. (A) Representative
images of cell morphology 24 h post-infection. (B) Cell viability 24 h post-infection as measured using an MTT assay. (C) IL-8 concentrations
in cell culture supernatants determined by ELISA 24 h post-infection. (D) Adherence of H. pylorito epithelial cells at 4 and 24 h post-infection.
Mean + SEM from four independent experiments. *p < 0.05; **p < 0.01; **p < 0.001 by two-way ANOVA with Tukey's post hoc test.
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Figure 6. Comparison of plasma sCD55 levels in patients with gastric atrophy and intestinal metaplasia. (A) sCD55 concentrations in plasma
samples from 39 infected and 38 uninfected patients were quantified by ELISA. (B) sCD55 concentrations in infected patients were stratified
by Operative Link on Gastritis (OLGA) and Operative Link on Gastritis based on IM (OLGIM) stage. Each dot represents an individual patient's
data. The horizontal line in each box represents the median value, with the boxes representing the interquartile range. Lines extend from the
box to the highest and lowest values. Hp, H. pylori; AG, atrophic gastritis; IM, intestinal metaplasia.

(Figure 5B) were both unaffected. Epithelial cells secrete
IL-8 in response to H. pylori, which is largely dependent
on interactions with the cagT4SS [34]. Thus, we
hypothesised that IL-8 induction may be at least partially
mediated by CD55. Co-culture of gastric epithelial cell
lines with H. pylori significantly increased IL-8 secre-
tion, as expected. When we compared cells transfected
with CD55 siRNA with non-targeting controls, CD55
knockdown resulted in a 25% reduction in average
IL-8 induced by H. pylori (Figure 5C). Previous reports
suggest that overexpression of CDS55 increases attach-
ment of H. pylori to cells [26]. To test whether the
observed effect on IL-8 response was due to a difference
in bacterial adhesion, we compared H. pylori binding to
cells transfected with either CD55 or non-targeting
siRNAs. Similar levels of bacteria attached to both cell
transfectants after 4 and 24 h co-culture (Figure 5D).
Overall, these results suggest that CDS55 is partly respon-
sible for the IL-8 response of gastric epithelial cells to
H. pylori, which is a novel finding.

Plasma sCD55 concentrations do not correlate with
gastric CD55 levels

The major form of CD55 is membrane-bound, although
sCD55 generated by alternative splicing or by MMP-7
has been detected in human plasma [21,29]. As an asso-
ciation was found between gastric CD55 and IM, we
hypothesised that plasma sCD55 could be a marker for
the presence of early pre-malignant changes. Using
ELISA, sCDS55 was measured in plasma samples from
the same patients. SCD55 concentrations were similar
between uninfected and infected patients with non-AG,
AG, and IM, and did not correlate with gastric CD55
mRNA (Figure 6A). sCD55 concentrations in infected
patients were further stratified by Operative Link on
Gastritis (OLGA) [35,36] and Operative Link on
Gastritis based on IM (OLGIM) stage, which combines
the antrum and corpus Sydney score for AG and IM,
respectively. However, there was no significant difference
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in sCD55 concentrations between OLGA or OLGIM
stages (Figure 6B).

Discussion

In agreement with other studies [24,25], antral gastric
biopsies from H. pylori-infected patients displaying IM
showed CD55 mRNA and protein significantly higher
than those from uninfected patients. Additionally,
CD55 on the apical surface of epithelium was signifi-
cantly associated with IM score, although weak CD55
staining was occasionally observed in the absence of
IM. Neither the presence of atrophy nor the degree of
inflammation was associated with CD55 mRNA or pro-
tein levels. In contrast, Sasaki et al [28] previously
reported a strong correlation between gastric CD55
expression and the degree of neutrophil and mononu-
clear cell infiltration. This discrepancy is most likely
due to not stratifying their data by H. pylori status as
the majority of specimens with moderate to marked infil-
tration were from infected patients, whereas those with
no or mild infiltration were from uninfected patients.
Interestingly, their subsequent publication showed that
gastric CD55 decreased 1 month after H. pylori eradica-
tion, suggesting that CD55 is regulated by H. pylori
infection [37]. Importantly, their staining seems not to
be limited to metaplastic mucosa, which is different from
our findings and those of others [24,25]. Further studies
are required to investigate whether H. pylori eradication
decreases CD55 on metaplastic mucosa.

In addition to metaplastic mucosa, we found that lym-
phoid aggregates stained strongly for CD55 (supplemen-
tary material, Figure S2A). Since the role of CD55 in
T-cell immunity has been demonstrated [22,23], we
were surprised that the staining patterns of CD55 and
CD4 were very different. Indeed, CD55 localised to
germinal centres, the sites of B-cell expansion and selec-
tion, and the presence of B cells in the germinal centres
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was confirmed by Pax-5 staining. This finding is
supported by recent data showing CD55 localisation in
tonsil germinal centres and that its expression on B-cell
surfaces regulates their complement-dependent phago-
cytosis for maintaining homeostasis [38]. Furthermore,
our data showed that CDS55 staining in lymphoid aggre-
gates was independent of H. pylori status and that their
presence was not associated with gastric mucosal
CD55 mRNA levels. Therefore, CD55 on gastric
immune cells is likely to be independent of H. pylori-
induced metaplastic changes in the stomach.

Our data showed that both high CD55 and IM were
more common in individuals infected with vacA il-type
strains than with i2-type, suggesting a link between
CD55, IM, and vacA il genotype. Causal relationships
between VacA and CDSS5 were confirmed in subsequent
in vitro studies infecting AGS and MKIN28 gastric epithe-
lial cells with vacA mutant strains. In agreement with
others [27], we found that in addition to VacA, H. pylori
utilises the cagT4SS to induce CDS55. Although the
involvement of CagA was also observed in AGS (but
not MKN28) cells, we found no association of CD55 or
IM score with cagA status in gastric biopsies. Addition-
ally, almost half of vacA i2 strains were cagA™, and IM
and CD55 were present in three of four patients infected
with cagA™ vacA il strains. Therefore, the observed asso-
ciations are likely to be CagA-independent.

Results from our siRNA experiments suggest that
CD55 partially regulates the IL-8 response of epithelial
cells to H. pylori. The mechanism is unlikely to involve
modulation of bacterial adhesion or cytotoxicity because
bacterial attachment and cell viability were similar in
CD55 knockdown and control cells. Additionally, gas-
tric CD55 was enhanced in areas of IM which generally
occur at a later stage of infection, suggesting that CD55
is not a main adhesin for H. pylori. We and others have
previously shown that MAPK and/or NF-kB pathways
regulate H. pylori-induced IL-8 expression [34,39,40],
and chronic activation of these pathways is well known
to play a role in carcinogenesis [41]. The work by
O’Brien et al demonstrated that H. pylori induces
CDS55 via activation of the p38 MAPK pathway inde-
pendently of NF-kB signalling in gastric epithelial cells
[27], suggesting that CDS55 signalling could be an acces-
sory factor in MAPK activation, and a strengthening of
this response via CDS5S5 signalling is likely to cause more
damaging effects including progression to (and
increased extent of) IM. Both the cagT4SS and VacA
have been shown to activate the p38 MAPK pathway,
but our previous data suggest that IL-8 expression by
gastric epithelial cell lines is cagT4SS-dependent but
independent of VacA [34,39,42,43], which may be the
reason why CDS55 knockdown only partially reduced
the IL-8 response. Whether the regulation of IL-8 by
CD55 is relevant to the development of IM remains to
be investigated. Interestingly, p38 MAPK mediates
intestinal epithelial cell differentiation via activation of
CDX2 [44], an intestinal epithelial-specific transcription
factor found in gastric IM and intestinal-type adenocar-
cinoma [45]. CDX2 may play an important role in IM
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development since transgenic mice expressing CDX2
in the stomach display features of human IM, such as
the presence of goblet cells and expression of intestine-
specific genes [46,47]. Future research needs to explore
potential relationships between CDX?2 and CD55.

In our cohort, no association was found between
plasma sCD55 and IM, AG or H. pylori status. CD55
is expressed on the cell surface of nearly all peripheral
blood cells and is present on a wide range of tissues
[48]. Since we detected high concentrations of sCD55
in plasma, secretion of sCD55 from gastric tissue may
have been masked by secretion from other tissues. How-
ever, these results need to be validated in larger cohorts
before a firm conclusion can be drawn. An IgM antibody
against a tumour-specific isoform of CDS55 has been
found to promote gastric tumour regression by inducing
apoptosis, without causing severe side effects [49];
therefore, CDS55 inhibition, or its use as a ligand to
induce apoptosis in lesions, may help to inhibit the pro-
gression of IM. However, IM does not always lead to
GC and there remains a debate on whether IM is the
direct precursor to GC [50].

In conclusion, our data strengthen the evidence for an
association between CDS55 and IM in the H. pylori-
infected human gastric mucosa and provide a new
insight into the role of VacA in the development of
GC. There is a great deal of interest in preventing the
progression of IM to GC. Further longitudinal studies
of the link between CDS55 and progression of IM could
demonstrate the potential of CDS55 as a therapeutic tar-
get, as previously explored in colorectal cancer [51].
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