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Helicobacter heilmannii is a zoonotic bacterium that has been associated with gastric disease in humans. In this study, the
mRNA expression of mucins in the stomach of BALB/c mice was analyzed at several time points during a 1-year infection with
this bacterium, during which gastric disease progressed in severity. Markers for acid production by parietal cells and mucous
metaplasia were also examined. In the first 9 weeks postinfection, the mRNA expression of Muc6 was clearly upregulated in both
the antrum and fundus of the stomach of H. heilmannii-infected mice. Interestingly, Muc13 was upregulated already at 1 day
postinfection in the fundus of the stomach. Its expression level remained high in the stomach over the course of the infection.
This mucin is, however, not expressed in a healthy stomach, and high expression of this mucin has so far only been described in
gastric cancer. In the later stages of infection, mRNA expression of H�/K�-ATPase �/� and KCNQ1 decreased, whereas the ex-
pression of Muc4, Tff2, Dmbt1, and polymeric immunoglobulin receptor (pIgR) increased starting at 16 weeks postinfection
onwards, suggesting the existence of spasmolytic polypeptide-expressing metaplasia in the fundus of the stomach. Mucous meta-
plasia present in the mucosa surrounding low-grade mucosa-associated lymphoid tissue (MALT) lymphoma-like lesions was
also histologically confirmed. Our findings indicate that H. heilmannii infection causes severe gastric pathologies and altera-
tions in the expression pattern of gastric mucins, such as Muc6 and Muc13, as well as disrupting gastric homeostasis by inducing
the loss of parietal cells, resulting in the development of mucous metaplasia.

Helicobacter pylori is the major predisposing factor for the de-
velopment of chronic active gastritis, peptic ulcers, and gas-

tric adenocarcinomas in humans, and approximately 15% of in-
fected individuals are estimated to develop such symptoms. This
pathogen can be detected attached to gastric epithelial cells but is
found mainly within the mucus layer and is able to bind to highly
glycosylated mucins. MUC1, MUC5AC, and MUC6 are the major
mucins covering the healthy gastric mucosa. The membrane-as-
sociated MUC1 and secreted MUC5AC are expressed at the surface
epithelium, whereas MUC6 is secreted by glandular cells (1–4).

H. pylori infection causes alterations in the expression pattern,
glycosylation, and distribution of gastric mucins, as well as dis-
rupting the gastric homeostasis by inducing the loss of parietal
cells (5, 6). The loss of parietal cells can lead to two distinct types of
mucous metaplasia: intestinal metaplasia and spasmolytic poly-
peptide-expressing metaplasia (SPEM). It has been suggested that
intestinal metaplasia develops in the presence of pre-existing
SPEM, supporting the role of SPEM as a neoplastic precursor in
the carcinogenesis cascade (6). The intestinal mucins MUC2,
MUC4, and MUC13 are not expressed in the healthy gastric mu-
cosa but have been detected in gastric adenocarcinomas and dur-
ing stages of mucous metaplasia (7–9).

Besides H. pylori, other spiral-shaped non-H. pylori Helicobac-
ter spp. (NHPH), such as H. suis in pigs and H. heilmannii (sensu
stricto), H. felis, H. bizzozeronii, and H. salomonis in cats and dogs,
have been associated with gastric disease in humans (10, 11). H.
heilmannii is highly prevalent in healthy cats and dogs, as well as in
animals with chronic gastritis (10). In humans, this Helicobacter
species has been associated with gastritis, gastric and duodenal
ulcers, and low-grade mucosa-associated lymphoid tissue
(MALT) lymphoma. It has been detected in 8 to 19% of gastric
biopsy specimens with histological evidence of NHPH infection
(10–12). Living in close contact with cats and dogs has been iden-

tified as a significant risk factor for these infections in humans
(10). Since this species has only recently been isolated and cul-
tured in vitro, information on how H. heilmannii interacts with the
human stomach and causes disease still remains poor. Compara-
tive genomic analyses showed that although the H. heilmannii
genome contains several genes encoding homologues of known H.
pylori virulence factors, it lacks a Cag pathogenicity island (Cag-
PAI), as well as genes encoding the vacuolating cytotoxin VacA
and several outer membrane proteins involved in the binding of
H. pylori to the gastric mucosa, such as BabA/-B, SabA, AlpA/-B,
OipA, HopZ, HopQ, and HomB (13). Thus, factors that contrib-
ute to the colonization properties of H. heilmannii, particularly
adhesion, remain to be identified. A recent infection study in a
Mongolian gerbil model for human Helicobacter-induced pathol-
ogy showed variations in colonization capacity and virulence be-
tween different H. heilmannii strains isolated from the gastric mu-
cosa of cats. These findings are most probably also relevant for
infection with this bacterium in humans (14). Unlike H. pylori,
which is mainly observed at the surface epithelium and close to
MUC1- and MUC5AC-producing cells (1, 3), H. heilmannii is
mostly found in the gastric pits, as has also been described for
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other NHPH (14, 15). This bacterium can be found in close asso-
ciation with parietal cells but is also able to bind to human mucus-
secreting epithelial cells, as well as to mucin samples containing
highly glycosylated MUC5AC and MUC6 (unpublished data).
Whether an H. heilmannii infection has an impact on the distri-
bution and expression of the gastric MUC1, MUC5AC, and
MUC6 mucins is currently unknown.

Specific-pathogen-free (SPF) inbred C57BL/6 and BALB/c
mice have been shown to be useful models for the study of Heli-
cobacter-related human gastric disease (15). C57BL/6 mice have
been described genetically as predominant Th1 responders, while
BALB/c mice are mainly Th2 responders (15). It has been shown
that infection with H. suis induces a predominant Th17/Th2 im-
mune response in BALB/c mice and even in C57BL/6 mice in the
absence of a Th1 response, but with a more pronounced inflam-
mation in BALB/c mice (16). More recently, it has been suggested
that infection with H. heilmannii also elicits a Th2 immune re-
sponse (14). These results are in contrast to the predominant
Th17/Th1 response mostly seen during H. pylori infection in mice
(16). Therefore, in the present study, we used Th2-prone BALB/c
mice to investigate the expression levels of Muc1, Muc5ac, and
Muc6 in the stomach at several time points during a 1-year H.
heilmannii infection during which gastric disease progressed from
gastritis to MALT lymphoma-like lesions and mucous metaplasia.
Since H. heilmannii has been found close to parietal cells in the
gastric pits, markers for acid production by parietal cells were
examined. Markers for mucous metaplasia (in particular the
Muc2, Muc4, and Muc13 intestinal mucins) as a result of parietal
cell loss were included as well. Infection with the mouse-adapted
H. pylori SS1, a strain that elicits a Th2 response, was included for
comparison (16).

MATERIALS AND METHODS
Animals. Six-week-old female SPF BALB/c mice were purchased from Har-
lan NL (Horst, The Netherlands). The animals were housed in individual
filter-top cages, had free access to water and food (an autoclaved commercial
diet, Teklad 2018S, containing 18% protein; Harlan) throughout the experi-
ment, and were monitored daily.

The in vivo experimental protocol was approved by the Ethical Com-
mittee of the Faculty of Veterinary Medicine, Ghent University, Belgium
(EC 2011-155, 27 October 2011).

Cultivation of H. heilmannii and H. pylori strains used for infec-
tion. The highly virulent H. heilmannii strain ASB1.4, isolated from the
stomach of a kitten with gastritis, was cultivated as described previously
(11, 14). After incubation under microaerobic conditions (11), the bacte-
ria were harvested, and the final concentration was adjusted to 7 � 108

viable bacteria/ml.
The mouse-adapted H. pylori SS1 strain (17) was grown for 3 days on

blood agar plates (Oxoid) and further cultured overnight in brucella broth

(Oxoid) under microaerobic conditions. The optical density was then
adjusted to 1.5, corresponding to approximately 1 � 109 viable bacteria/ml.

Experimental procedure. For each time point tested, 6 animals were
intragastrically inoculated 3 times at 2-day intervals with 300 �l of an
ASB1.4 or SS1 bacterial suspension and 3 animals were inoculated with
brucella broth (pH 5) as a negative control. Inoculation was performed
under brief isoflurane anesthesia (2.5%), using a feeding needle. At 1 day,
4 days, and 1, 2, 3, 4, 9, 12, 16, 20, 24, 34, and 52 weeks after the first
inoculation, the animals were euthanized by cervical dislocation under
deep isoflurane anesthesia (5%). The stomach and the duodenum of each
mouse were resected, and samples were taken for histopathological exam-
ination and quantitative real-time (RT)-PCR analysis.

Histopathology and immunohistochemistry. A longitudinal section,
starting from the end of the forestomach and comprising the antrum and
the fundus of the stomach and part of the duodenum, was fixed in 10%
phosphate-buffered formalin and embedded in paraffin for light micros-
copy. From each animal, several consecutive paraffin slides of 5 �m were
cut, deparaffinized, and dehydrated. Heat-induced antigen retrieval (100°C
for 20 min) was then performed in citrate buffer (pH 6), and endogenous
peroxidase activity and nonspecific reactions were blocked by incubating
the slides with 3% H2O2 in methanol (5 min) and 30% goat serum (30
min), respectively. A hematoxylin and eosin (H&E) staining was per-
formed on a first slide to score the intensity of the gastritis according to the
updated Sydney system, as described previously (15) but with some mod-
ifications, as described in the legend to Fig. 1. On a second slide, B lym-
phocytes were visualized by immunohistochemical staining using a poly-
clonal rabbit anti-CD20 antibody (1/100; Thermo Scientific, Fremont,
CA). On a third slide, parietal cells were identified by immunohistochem-
ical staining using a mouse monoclonal antibody against the hydrogen
potassium ATPase (1/200; Abcam Ltd., Cambridge, United Kingdom).

Muc13 expression was evaluated by immunohistochemical staining
(one slide for each staining) using an anti-Muc13 antibody. Incubation
with primary antibodies directed against CD20 and Muc13 was followed
by incubation with a biotinylated goat anti-rabbit IgG antibody (1/500;
DakoCytomation, Heverlee, Belgium). Incubation with primary antibody
against the hydrogen potassium ATPase was followed by incubation with
a biotinylated goat anti-mouse IgG antibody (1/200; DakoCytomation).
After rinsing, the sections were incubated with a streptavidin-biotin-
horseradish peroxidase complex (DakoCytomation), and the color was
developed with diaminobenzidine tetrahydrochloride (DAB) and H2O2.

To highlight lymphoepithelial lesions, paraffin slides were stained with
a monoclonal mouse anticytokeratin antibody (1/50; DakoCytomation)
and further processed using an EnVision� system for use with mouse
primary antibodies (DakoCytomation).

Finally, periodic acid-Schiff stain (PAS)-Alcian blue staining was per-
formed for the differential staining of glycoproteins.

DNA extraction and quantification of colonizing Helicobacter spp.
in the stomach and duodenum. Samples from the fundus and the antrum
of the stomach and from the duodenum of each animal were harvested
into 1 ml RNAlater (Ambion, Austin, TX, USA) and stored at �70°C until
RNA and DNA extraction. The tissue samples were then homogenized
(MagNALyser; Roche, Mannheim, Germany), and RNA and DNA were

FIG 1 Gastric inflammation in H. heilmannii- and H. pylori-infected BALB/c mice. (A) Fundic inflammation was scored on a scale of 0 to 4, as follows: 0, no
infiltration with mononuclear and/or polymorphonuclear cells; 1, mild diffuse infiltration with mononuclear and/or polymorphonuclear cells or the presence of
one small (50 to 200 cells) aggregate of inflammatory cells; 2, moderate diffuse infiltration with mononuclear and/or polymorphonuclear cells and/or the
presence of 2 to 4 inflammatory aggregates; 3, marked diffuse infiltration with mononuclear and/or polymorphonuclear cells and/or the presence of at least five
inflammatory aggregates; 4, diffuse infiltration of large regions with large aggregates of mononuclear and/or polymorphonuclear cells. Results for individual
animals are depicted by symbols around the means (lines). (B to E) H&E staining of the fundus, antrum, and duodenum of a Helicobacter-infected BALB/c
mouse. (B and C) A large infiltrate of mononuclear cells (arrow) at the forestomach/stomach transition zone of a mouse infected with H. heilmannii ASB1.4 (B)
and H. pylori SS1 (C) at 52 weeks postinfection. Bar � 30 �m. (D and E) A mild lymphocytic infiltration of the lamina muscularis mucosae in the antrum (D)
and duodenum (E) of a mouse infected with H. heilmannii ASB1.4 for 52 weeks (arrows). Bar � 30 �m. (F and G) CD20 staining of the forestomach/stomach
transition zone of a mouse infected with H. heilmannii ASB1.4 (F) and H. pylori SS1 (G) at 52 weeks postinfection, showing B lymphocytes (brown) in germinal
centers of lymphoid follicles (arrows). Bar � 30 �m. (H and I) Cytokeratin staining of the forestomach/stomach transition zone of a mouse infected with H.
heilmannii ASB1.4 (bar � 30 �m) (H) and H. pylori SS1 (bar � 10 �m) (I) at 52 weeks postinfection showing numerous lymphoepithelial lesions (arrows).
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separated (14). The numbers of colonizing H. heilmannii and H. pylori
bacteria per mg of gastric tissue were determined in the DNA samples
using quantitative RT-PCRs specific for the detection of H. heilmannii and
H. pylori (14, 16). Helicobacter standards were generated as described pre-
viously (18). One microliter of DNA template was suspended in a 10-�l
reaction mixture consisting of 3.5 �l high-performance liquid chroma-
tography (HPLC)-grade water, 5 �l SensiMix SYBR No-ROX (Bioline
Reagents Ltd., United Kingdom), and 0.25 �l both primers (see Table S1
in the supplemental material) (Integrated DNA Technologies). Standards
and DNA samples were run in duplicate on a CFX96 RT-PCR system with
a C1000 thermal cycler (Bio-Rad, Hercules, CA, USA). For quantification
of H. heilmannii and H. pylori DNA in the tissue samples, the Bio-Rad
CFX Manager (version 1.6) software was used.

RT-PCR for gene expression. The total RNA concentration in each
sample was utilized for first-strand cDNA synthesis using the iScript
cDNA synthesis kit (Bio-Rad). Quantitative RT-PCR was carried out for
measuring the gene expression levels of murine gastric mucins (Muc1,
Muc2, Muc4, Muc5AC, Muc5B, Muc6, and Muc13), trefoil factors (Tff1
and Tff2), and Dmbt1, polymeric immunoglobulin receptor (pIgR), H�/
K�-ATPase, Kcnq1, and Ckb. The housekeeping genes PPIa, H2afz, and
HPRT were included as reference genes. The primer sequences are shown
in Table S1 in the supplemental material. Reactions were performed in
10-�l volumes containing 1 �l cDNA, 0.05 �l both primers (see Table S1),
3.9 �l HPLC-grade water, and 5 �l SensiMix SYBR No-ROX. The exper-
imental protocol for PCR (40 cycles) was performed on a CFX96 RT-PCR
system with a C1000 thermal cycler (Bio-Rad). Control reactions without
the reverse transcriptase step were implemented to exclude DNA contam-
ination of the RNA samples. No-template control reaction mixtures were
included, and all samples were run in duplicate. The results are shown as
fold changes of mRNA expression in infected animals relative to the
mRNA expression levels in control animals. Fold changes were calculated
using the cycle threshold (��CT) method (19), with the mean CT values
from three uninfected mice as a control. Fold changes of �4 were accepted
as upregulation and of �0.25 as downregulation.

Statistical analysis. Statistical analysis was performed using the SPSS
Statistics 21 software package (IBM). Gastritis scores were analyzed using
the nonparametric Mann-Whitney U test to compare groups. Gene ex-
pression was compared between different infected groups and controls
using a Bonferroni post hoc test (analysis of variance [ANOVA]). For
correlation between different variables, Spearman’s rho correlation coef-
ficients were calculated. Differences were considered statistically signifi-
cant at a P value of �0.05.

RESULTS
Induction of inflammation by and colonization capacity of H.
heilmannii ASB1 and H. pylori SS1. Gastric lymphoid lesions
were not present in any of the noninfected control animals. For all
of these animals, the histomorphology was considered to be nor-
mal, with only minor inflammatory cell infiltration in the gastric
mucosa. Inflammation in H. heilmannii ASB1.4- and H. pylori
SS1-infected mice was characterized by mononuclear and poly-
morphonuclear cell infiltration in the lamina propria mucosae,
the tunica submucosa, or both, depending on the individual ani-
mal. At all time points, inflammation was observed mainly in the
fundus. The fundic inflammation scores of each individual animal
are shown in Fig. 1A. No statistically significant difference be-
tween inflammation scores for mice inoculated with ASB1.4 or
SS1 at a certain time point was demonstrated. From 24 weeks
postinfection onwards, large lymphoid aggregates of mononu-
clear and/or polymorphonuclear cells were mainly seen in a nar-
row zone in the fundus near the forestomach/stomach transition
zone (Fig. 1B and C) of both H. heilmannii- and H. pylori-infected
mice. In mice infected with ASB1.4 and SS1 for at least 34 weeks,
B-cell-containing germinal centers were seen in those large lym-

phoid aggregates (Fig. 1F and G). In several mice infected with
ASB1.4 and SS1 for 52 weeks, numerous lymphoepithelial MALT
lymphoma-like lesions could be detected in the gastric mucosa
(Fig. 1H and I). These were most abundant in a narrow zone in the
fundus near the forestomach/stomach transition zone. In all He-
licobacter-infected mice, mild signs of inflammation were detected
in the antrum of the stomach and the duodenum at 52 weeks
postinfection (Fig. 1D and E). However, inflammation could also
be noted in the junction between antrum and fundus of mice
infected with H. heilmannii for 52 weeks (data not shown).

Throughout the experiment, all control animals were negative
for Helicobacter DNA in quantitative RT-PCR assays. At all time
points, Helicobacter DNA was found in both the antrum and fun-
dus of the stomach from all infected animals but with a larger
amount in the antrum. H. pylori and H. heilmannii DNA was
found in the duodenum from 3 and 12 weeks postinfection on-
wards, respectively (Fig. 2A, B, and C). In general, ASB1.4 colo-
nized the stomach of mice at a significantly higher level than SS1
(P � 0.002 for antrum at 4, 20, 24, and 34 weeks postinfection; P �
0.004 for antrum at 12, 16, and 52 weeks postinfection; P � 0.026
for antrum at 9 weeks postinfection; P � 0.009 for fundus at 12
weeks postinfection; and P � 0.002 for fundus at 16, 20, 24, and 34
weeks postinfection). The amounts of ASB1.4 and SS1 DNA were
much lower in the duodenum than in the stomach, and a signifi-
cant difference between H. heilmannii and H. pylori was only seen
at 3 weeks postinfection (P � 0.015) (Fig. 2C).

Changes in Muc1, Muc5AC, Muc5B, and Muc6 expression
during H. heilmannii colonization. No change in mRNA expres-
sion of Muc1 and Muc5AC was seen in the stomach during the
whole experiment (data not shown). In the first 9 weeks postin-
fection, quantitative RT-PCR showed clear upregulation in the
mRNA expression of Muc6 in both the antrum (fold change for
ASB1.4, 7.43 � 2.08, and for SS1, 6.39 � 2.5) and fundus (fold
change for ASB1.4, 5.88 � 2.66, and for SS1, 6.86 � 3.01) of
Helicobacter-infected mice compared to the expression in the con-
trol group (Fig. 3A and B; see also Fig. S1A and B in the supple-
mental material). In addition, a significant positive correlation
was observed between Muc6 expression and Helicobacter coloni-
zation in the antrum of ASB1.4-infected mice (Fig. 3C).

Also in this early stage of infection, Muc5B was abnormally
expressed in the stomach of mice infected with both species (Fig.
4A and B; see also Fig. S1C and D in the supplemental material).
This mucin is normally not expressed in a healthy stomach (20).
Compared to the results for the control animals, whose mRNA
expression levels were set to 1, the fold differences in Muc5B and
Muc5AC expression in the antrum were 6.02 � 2.27 for ASB1.4-
and 5.68 � 2.81 for SS1-infected mice. The fold differences in
Muc5B and Muc5AC expression in the fundus were 2.88 � 1.63
and 3.84 � 1.53 for ASB1.4- and SS1-infected animals, respec-
tively.

Alterations in mucin mRNA expression were also evaluated in
the duodenum. The mRNA expression levels of Muc1 were signif-
icantly increased at 4 weeks postinfection in the duodenum of H.
heilmannii-infected mice (P � 0.036) and H. pylori-infected mice
(P � 0.047) (see Fig. S1E in the supplemental material). Signifi-
cantly increased expression of Muc5AC was seen at 4 (P � 0.032)
and 16 (P � 0.026) weeks postinfection in the duodenum of H.
heilmannii-infected mice (see Fig. S1F).

H. heilmannii infection stimulates Muc13 expression. The
transmembrane mucin Muc13 is not expressed in a healthy stom-
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ach. Under healthy conditions, this cell surface mucin is mainly
expressed in the glycocalyx of enterocytes and goblet cells in the
small and large intestine, particularly at the luminal surface (21).
Interestingly, the mRNA expression of Muc13 was significantly
increased from day 1 until 9 weeks postinfection (P 	 0.001) in the

fundus of the stomach of both H. heilmannii- and H. pylori-in-
fected mice compared to its mRNA expression in the control
group (fold change for ASB1, 6.08 � 0.84, and for SS1, 5.91 �
1.21) (Fig. 5B; see also Fig. 2B in the supplemental material). Its
mRNA expression levels were also high in the antrum (fold change

FIG 2 Colonization capacity of H. heilmannii ASB1.4 and H. pylori SS1 after experimental infection. Colonization capacity is shown as log10 values of bacteria
per mg tissue, detected with quantitative RT-PCR in the antrum (A) and the fundus (B) of the stomach and in the duodenum (C). Animals in which no
Helicobacter DNA could be detected in the gastrointestinal tract were set as 0. Results for individual animals are depicted by symbols around the means (lines).
Statistically significant differences between animals infected with H. heilmannii ASB1.4 and H. pylori SS1 are indicated (*, P 	 0.05, Mann-Whitney U test).
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FIG 3 Muc6 expression in the stomach of Helicobacter-infected and control mice. Expression levels of Muc6 in the antrum (A) and fundus (B) of the stomach
of ASB1.4- and SS1-infected BALB/c mice are shown. Data are presented as fold changes in gene expression normalized to 3 reference genes and relative to the
results for the negative-control group, which are set as 1. Data obtained from the time points 1 day, 4 days, and 1, 2, 3, 4, and 9 weeks are pooled and designated
“early stage of infection.” Data obtained from the time points 12, 16, 20, and 24 weeks are pooled and designated “mid-stage of infection.” Data obtained from
the time points 34 and 52 weeks are pooled and designated “late stage of infection.” Data are shown as means � standard deviations. Significant differences in
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for ASB1.4, 9.61 � 4.08, and for SS1, 10.09 � 4.38) and fundus
(fold change for ASB1.4, 5.77 � 4.33, and for SS1, 7.17 � 3.67) of
the stomach in the late stage of infection (Fig. 5A and B; see Fig.
S2A and B). A significant positive correlation was observed between
Muc13 expression and Helicobacter colonization in the fundus of
H. heilmannii- and H. pylori-infected mice in the first 9 weeks
postinfection (Fig. 5C and D). Although H. heilmannii DNA could
not be found in the duodenum during the first weeks of infection,
the Muc13 expression levels were significantly increased here also

at 1 (fold change of 8.67 � 1.89; P 	 0.001) and 2 (fold change of
6.97 � 3.09; P 	 0.001) weeks postinfection (see Fig. S2C).

Immunohistochemical staining showed apical membrane and
cytoplasmic Muc13 staining (brown) in mucus-secreting epithe-
lial cells of the stomach of Helicobacter-infected mice but not in
the noninfected controls (Fig. 5E and F).

H. heilmannii induces reduced expression of markers for
gastric acid secretion by parietal cells in the fundus of the stom-
ach. To determine whether Helicobacter colonization has an im-
pact on gastric acid secretion, the expression of different markers
was analyzed (22). Quantitative RT-PCR analysis showed clear
downregulation in the expression of H�/K�-ATPase 
 and � pro-
ton pump subunits in the fundus of H. heilmannii- and H. pylori-
infected mice at 52 weeks postinfection (Fig. 6A and B). Com-
pared to the control animals, whose mRNA expression levels were
set to 1, the mean relative expression levels of H�/K�-ATPase 

were 0.24 � 0.14 and 0.2 � 0.07 for ASB1.4- and SS1-infected
animals, respectively. The H�/K�-ATPase � relative mean ex-
pression levels were 0.23 � 0.15 and 0.22 � 0.14 for ASB1.4- and
SS1-infected animals, respectively. The KCNQ1 potassium channel,
which colocalizes with the proton pump at the apical membrane, has
been proposed to be responsible for K� conductance associated with
acid secretion (23). Its expression levels were normal until 34 weeks
postinfection but were significantly downregulated (fold change for
ASB1.4, 0.2 � 0.11, and for SS1, 0.23 � 0.07) at 52 weeks postinfec-
tion in the fundus of Helicobacter-infected mice compared to its
expression levels in the control group (Fig. 6C). The reductions in the
fundic expression of H�/K�-ATPase 
 and � proton pump subunits
and the KCNQ1 potassium channel suggest reduced gastric acid se-
cretion by parietal cells. A loss of parietal cells could be clearly visual-
ized by immunohistochemical staining in the fundus, close to the
forestomach/stomach transition zone of the stomach of ASB1.4- and
SS1-infected mice (Fig. 6D, E, and F). Quantification of parietal cells
in 5 randomly chosen high-power fields in the fundus of the stomach
of animals infected for 52 weeks also showed a clear reduction of
parietal cells in ASB1.4- and SS1-infected mice compared to results
for the controls (Fig. 6G).

Markers for metaplastic progression are upregulated in the
fundus of the stomach in response to chronic infection with H.
heilmannii. The loss of parietal cells can lead to mucous metapla-
sia. To investigate whether metaplastic lineages were found in the
stomach, the mRNA expression of different markers for metaplas-
tic progression was analyzed (6). From 16 weeks postinfection
onwards, Muc4 expression was upregulated in the fundus of the
stomach of Helicobacter-infected animals compared to its expres-
sion in the controls, and its expression remained high until the end
of the study at 52 weeks postinfection (Fig. 7A). The mRNA ex-
pression level of Dmbt1, which has a function in epithelial cell
differentiation and gastric mucosal protection (24), was highly
increased between 20 and 52 weeks postinfection in the fundus of
H. heilmannii- and H. pylori-infected mice (Fig. 7B). Similar re-
sults were found for the polymeric immunoglobulin receptor
(pIgR), which is involved in the transport of immunoglobulin A
across mucosal membranes, from the basolateral aspect of epithe-

expression levels between the infected groups and the negative-control group in a certain time frame (ANOVA) are indicated (*, P 	 0.05; ***, P 	 0.001). (C)
Correlation analysis between Muc6 mRNA expression and the number of colonizing Helicobacter bacteria in the stomach of BALB/c mice. Time points 4 days,
1 week, 2, 4 and 9 weeks were taken into account. Correlation was measured by Spearman’s Rho (�).

FIG 4 Muc5B expression in the stomach of Helicobacter-infected and control
mice. Expression of Muc5B in the antrum (A) and fundus (B) of the stomach
of ASB1.4- and SS1-infected BALB/c mice is shown. Data are presented as fold
changes in gene expression normalized to 3 reference genes and relative to the
results for the negative-control group, which are set as 1. Data obtained from
the time points 1 day, 4 days, and 1, 2, 3, 4, and 9 weeks are pooled and
designated “early stage of infection.” Data obtained from the time points 12,
16, 20, and 24 weeks are pooled and designated “mid-stage of infection.” Data
obtained from the time points 34 and 52 weeks are pooled and designated “late
stage of infection.” Data are shown as means � standard deviations. Signifi-
cant differences in expression levels between the infected groups and the neg-
ative-control group in a certain time frame (ANOVA) are indicated (*, P 	
0.05; ***, P 	 0.001). Significant differences in expression levels between
groups inoculated with H. heilmannii ASB1 or H. pylori SS1 in different time
frames (ANOVA) are indicated (#, P 	 0.05; ###, P 	 0.001).
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lial cells to the luminal surface. pIgR is highly expressed in intes-
tinal epithelial cells but is not present in the normal gastric mucosa
(25). During this in vivo experiment, its expression level was
highly upregulated from 20 weeks postinfection onwards in the

fundus of mice infected with both species (Fig. 7C). The expres-
sion of Tff2 was significantly increased at 52 weeks postinfection
in the fundus (fold change for ASB1.4, 6.49 � 3.32, and for SS1,
3.44 � 1.49) (see Fig. S3 in the supplemental material). Muc4,

FIG 5 Muc13 expression in the stomach of Helicobacter-infected and control mice. Expression of Muc13 in the antrum (A) and fundus (B) of the stomach of
ASB1.4- and SS1-infected BALB/c mice is shown. Data are presented as fold changes in gene expression normalized to 3 reference genes and relative to the results
for the negative-control group, which are set as 1. Data obtained from the time points 1 day, 4 days, and 1, 2, 3, 4, and 9 weeks are pooled and designated “early
stage of infection.” Data obtained from the time points 12, 16, 20, and 24 weeks are pooled and designated “mid-stage of infection.” Data obtained from the time
points 34 and 52 weeks are pooled and designated “late stage of infection.” Data are shown as means � standard deviations. Significant differences in expression
levels between the infected groups and the negative-control group in a certain time frame (ANOVA) are indicated (*, P 	 0.05; ***, P 	 0.001). Significant
differences in expression levels between groups inoculated with H. heilmannii ASB1 or H. pylori SS1 in different time frames (ANOVA) are indicated (#, P 	 0.05;
###, P 	 0.001). (C and D) Correlation analysis between Muc13 mRNA expression and the number of colonizing Helicobacter bacteria in the stomach of BALB/c
mice. The time points 4 days and 1, 2, 4, and 9 weeks were taken into account. Correlation was measured by Spearman’s Rho (�). (E and F) Immunohistochemical
analysis of Muc13 expression (brown) in the fundus of the stomach of a control mouse (bar � 30 �m) (E) and a mouse infected with H. heilmannii ASB1.4 for
4 weeks (bar � 30 �m) (F).
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FIG 6 Analysis of parietal cells in the fundus of the stomach of Helicobacter-infected and control mice. (A to C) Expression levels of Atp4a (A), Atp4b (B), and
Kcnq1 (C) in the fundus of the stomach of H. heilmannii ASB1.4- and H. pylori SS1-infected mice are shown. Data are presented as fold changes in gene expression
normalized to 3 reference genes and relative to the results for the negative-control group, which are set as 1. Significant differences in expression levels between
the infected groups and the negative-control group at a certain time point (ANOVA) are indicated (*, P 	 0.05; ***, P 	 0.001). (D to F) Immunohistochemical
staining for the hydrogen potassium ATPase. (D) ATPase staining of the fundus of a sham-inoculated mouse. (E and F) Loss of parietal cells (arrows) was seen
in the fundus of the stomach of a mouse infected with H. heilmannii ASB1.4 for 52 weeks (bar � 30 �m). (G) The mean numbers of parietal cells in the fundus
of the stomach from mice infected with Helicobacter for 52 weeks and control mice are shown. The number of parietal cells in each stomach was determined by
counting ATPase-positive cells in 5 randomly chosen high-power fields at the level of the gastric pits. Significant differences between Helicobacter-infected and
control animals (ANOVA) are indicated (***, P 	 0.001).
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FIG 7 Determination of mucous metaplasia in the fundus of the stomach of Helicobacter-infected mice. (A to C) mRNA expression levels of Muc4 (A), Dmbt1 (B),
and pIgR (C) in the fundus of the stomach of H. heilmannii ASB1.4- and H. pylori SS1-infected mice are shown. Data are presented as fold changes in gene
expression normalized to 3 reference genes and relative to the results for the negative-control group, which are set as 1. Data are shown as means � standard
deviations. Significant differences in expression level between the infected groups and the negative-control group at a certain time point (ANOVA) are indicated
(*, P 	 0.05; ***, P 	 0.001). (D) PAS-Alcian blue staining of the forestomach/stomach transition zone of a sham-inoculated mouse (bar � 30 �m). (E and F)
PAS-Alcian blue staining of the antrum (E) and the fundus (F) of the stomach of a mouse infected with H. heilmannii ASB1 for 24 weeks (bars � 10 �m). (G)
PAS-Alcian blue staining of the forestomach/stomach transition zone of a mouse infected with H. heilmannii ASB1 for 52 weeks (bar � 30 �m). (E to G)
Metaplastic columnar cells, mainly initiating from the transition zone junction between the forestomach and glandular epithelium along the lesser curvature
(G) and, to a lesser extent, in the antrum (E) and fundus (F) of the stomach of Helicobacter-infected mice are indicated in blue. (H) The mean numbers of
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Dmbt1, pIgR, and Tff2 have been described to be related to SPEM
with chronic inflammation (6, 26). PAS-Alcian blue staining at 34
and 52 weeks postinfection showed evidence for mucous metapla-
sia, with metaplastic columnar glands mainly initiating from the
transition zone junction between the forestomach and glandular
epithelium along the lesser curvature (Fig. 7G) and, to a lesser
extent, in the antrum (Fig. 7E) and fundus (Fig. 7F) of the stomach
of Helicobacter-infected mice. Quantification of blue-stained
metaplastic cells in 5 randomly chosen high-power fields in the
forestomach/stomach transition zone also highlighted the pres-
ence of mucous metaplasia in the stomach of animals infected for
52 weeks with ASB1.4 and SS1 but not in the noninfected controls
(Fig. 7H).

DISCUSSION

In BALB/c mice infected with H. heilmannii ASB1.4 and H. pylori
SS1 for 52 weeks, MALT lymphoma-like lesions were observed in
a narrow zone in the fundus near the forestomach/stomach tran-
sition zone. These pathological lesions might eventually lead to
gastric MALT lymphoma (12). The risk of developing MALT lym-
phoma has been suggested to be higher in humans suffering from
an NHPH gastritis than in those infected with H. pylori (15). Gas-
tric MALT lymphoma is characterized by a strong proliferation of
B-lymphocytes, which may be dependent on Th2-type cytokines
(15, 16). Experimental NHPH infections have indeed been shown
to evoke a Th2-polarized response (14, 16), suggesting that Th2-
prone BALB/c mice (27) infected with NHPH can be seen as a
critical model for the development of MALT lymphoma induced
by NHPH.

It has been demonstrated that H. pylori strains mainly stimu-
late Th1 responses both in humans and in mouse models (28).
However, as an exception, the H. pylori strain SS1 does not cause a
significant upregulation of gamma interferon (IFN-
), a signature
Th1 marker, in either BALB/c or C57BL/6 mice. Nevertheless, in
common with other NHPH, it elicits a Th2 response in mice (17, 29).
This may explain the development of MALT lymphoma-like lesions
in the stomach seen in this and other studies (29). Typical for H.
pylori strains inducing MALT lymphoma is that they lack genes
encoding major virulence factors, such as a functional CagPAI,
Bab, and Sab adhesins (30). H. pylori SS1 indeed lacks a functional
CagPAI (17). This strain also does not bind to the glycan struc-
tures Leb and sLex that are expressed by human gastric mucins (1,
3; also unpublished data). Binding to Leb and sLex has been shown
to be mediated by the H. pylori BabA and SabA adhesins, respec-
tively (1, 3), suggesting that SS1 does not express these adhesins.
These virulence factors, as well as a functional CagPAI, are also
absent in H. heilmannii and other NHPH (31–34).

In this study, H. heilmannii ASB1.4 and H. pylori SS1 colonized
both the antrum and fundus of the stomach but with a higher
colonization density in the antrum. This is similar to what has
been described in human patients. Indeed, in humans infected
with NHPH, colonization mainly occurs in the antrum of the
stomach but these bacteria may be found in the fundus as well,
which has also been described for H. pylori (10). In the present
study, H. heilmannii-infected BALB/c mice showed higher colo-

nization rates in the antrum and fundus of the stomach than H.
pylori-infected mice. This indicates that the capacity of ASB1.4 to
persist in the stomach of BALB/c mice is higher than that of SS1,
which showed a reduction in colonization during the later stages
of infection. The latter finding has also been reported by Schmitz
et al. (20). DNA from H. heilmannii ASB1.4 and H. pylori SS1 was
also found in the duodenum. Since both species have been linked
to duodenal ulcer disease (10), it remains to be elucidated whether
they are able to colonize the duodenum or whether the quantita-
tive RT-PCR just picked up DNA from bacteria colonizing the
stomach.

The expression of MUC1, MUC5AC, and MUC6 in the human
gastric epithelium in relation to H. pylori colonization has been
investigated previously, showing that H. pylori interacts with epi-
thelial cells that produce MUC1 and MUC5AC by binding to Leb

and sLex expressed by these mucins. This indicated that MUC1
and MUC5AC but not MUC6 play a role in the colonization of H.
pylori in the gastric mucosa (1, 3). On the contrary, in this study, a
clear upregulation of Muc6 but not Muc5AC and Muc1 was seen
in the stomach of H. heilmannii ASB1.4-infected BALB/c mice in
the first 9 weeks postinfection. The pathway regulating gastric
MUC6 expression in response to H. heilmannii infection in the
human stomach, as well as the bacterial factors involved, is un-
known and needs further investigation. During this early stage of
infection, the increased expression of Muc6 in the antrum was also
positively correlated with the number of H. heilmannii bacteria.
Since Muc6 is expressed by the glands and, unlike H. pylori (1),
NHPH are mainly localized in the deep glands of the gastric mu-
cosa (10, 15, 16), a potential role of Muc6 in H. heilmannii colo-
nization is suggested and needs to be further unraveled. Whether
Muc6 plays a role in the colonization of H. pylori strains lacking
the BabA and SabA adhesins, such as the SS1 strain, also needs
further investigation.

Another interesting finding seen during H. heilmannii ASB1.4 in-
fection, as well as during H. pylori SS1 infection, was the increased
mRNA expression of Muc13 in the stomach. MUC13 has been
shown to be highly expressed in human gastric cancer (21), but
increased mRNA expression of it in the early stages of Helicobacter
colonization has so far never been described. The positive corre-
lation found between the increased Muc13 expression and the
increased number of Helicobacter bacteria in the fundus of the
stomach during the first 9 weeks of infection suggests a potential
role for Muc13 in Helicobacter colonization. The expression level
of Muc13 remained upregulated until 52 weeks postinfection. It
has been described that sustained elevation of the expression of
cell surface mucins may promote the transition from chronic in-
flammation to cancer (21). How Muc13 influences the Helicobac-
ter colonization process is unknown and needs further investiga-
tion.

In this study, the mRNA expression of several markers for gas-
tric acid secretion by parietal cells was significantly reduced at 52
weeks postinfection in the fundic epithelium of H. heilmannii-
infected mice, suggesting the loss of parietal cell function. A clear
loss of parietal cells was indeed shown by immunohistochemical
staining. Parietal cell loss might eventually lead to the develop-

metaplastic cells in the forestomach/stomach transition zone of the mice infected with Helicobacter for 52 weeks and control mice are shown. The numbers of
metaplastic cells were determined by counting blue cells in 5 randomly chosen high-power fields after staining with PAS-Alcian blue. Significant differences
between Helicobacter-infected and control animals (ANOVA) are indicated (***, P 	 0.001).
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ment of mucous metaplasia (6). Markers for metaplastic progres-
sion into SPEM were indeed found to be upregulated in the fundic
region of the stomach during later stages of infection with H.
heilmannii ASB1.4 and H. pylori SS1. Mucous metaplasia in a nar-
row zone of the fundus near the limiting ridge of the stomach of H.
heilmannii-infected mice was histologically confirmed. MALT
lymphoma-like lesions were also seen in this region. In gastric
cancer, intestinal metaplasia present in the mucosa surrounding
low-grade MALT lymphomas has been described (35). However,
in our study, evidence for intestinal metaplasia, such as de novo
expression of Muc2 as described in H. pylori infection (7), was not
seen. It remains, therefore, to be determined whether SPEM may
further differentiate into intestinal metaplasia and, in the worst-
case scenario, into dysplasia in mice kept for longer than 1 year
after experimental infection with H. heilmannii.

Taken together, the results of histopathology and quantitative
RT-PCR in the present experimental infection study in BALB/c
mice illustrate that infection with H. heilmannii induced severe
gastric pathology that progressed into MALT lymphoma-like le-
sions and SPEM, as well as inducing changes in the expression of
Muc6 and Muc13 in the stomach.
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