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The host immune response directed against Helicobac-
ter pylori is ineffective in eliminating the organism and
strains harboring the cag pathogenicity island augment
disease risk. Because eosinophils are a prominent com-
ponent of H. pylori–induced gastritis, we investigated
microbial and host mechanisms through which H. py-
lori regulates eosinophil migration. Our results indicate
that H. pylori increases production of the chemokines
CCL2, CCL5, and granulocyte-macrophage colony-stim-
ulating factor by gastric epithelial cells and that these
molecules induce eosinophil migration. These events
are mediated by the cag pathogenicity island and by
mitogen-activated protein kinases, suggesting that
eosinophil migration orchestrated by H. pylori is
regulated by a virulence-related locus. (Am J Pathol

2011, 178:1448–1452; DOI: 10.1016/j.ajpath.2010.12.018)

Helicobacter pylori is the strongest known risk factor for
peptic ulceration and gastric adenocarcinoma.1 Virtually
all infected individuals develop co-existing gastric inflam-
mation that persists for decades; however, only a fraction
of colonized persons ever develop disease. Host genetic
diversity and strain-specific virulence factors contribute
to enhanced disease risk, and one such virulence locus
is the cag pathogenicity island.1

Several cag genes encode components of a type IV
secretion system that exports bacterial proteins into host

cells. One such protein, CagL, functions as a bacterial
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adhesin that binds �5 �1 integrin receptors, triggering the
delivery of the terminal gene product of the cag island,
CagA, into host cells.2 After its injection into epithelial
cells, CagA undergoes tyrosine phosphorylation, which
leads to morphological changes in host cells that are
reminiscent of unrestrained stimulation by growth factors.

In addition to CagA, the cag secretion system delivers
components of H. pylori peptidoglycan into host cells,
where they are recognized by nucleotide-binding oli-
gomerization domain containing 1 (Nod1), an intracyto-
plasmic pattern-recognition molecule. The sensing of H.
pylori peptidoglycan by Nod1 activates nuclear factor �B
and type I interferon.3–5 Another consequence of cag
island–mediated H. pylori–epithelial cell contact is activa-
tion of mitogen-activated protein kinases (MAPKs), such
as p38, extracellular signal–related kinase (ERK) 1/2, and
c-Jun N-terminal kinase (JNK).4,6

An independent H. pylori locus associated with gastric
cancer is vacA, which encodes a secreted bacterial cy-
totoxin VacA.1 In vitro, VacA induces the formation of
intracellular vacuoles, promotes apoptosis, and sup-
presses T-cell activation, which may contribute to the
longevity of H. pylori colonization.

Chronic active gastritis induced by H. pylori is charac-
terized by lymphocyte, plasma cell, macrophage, and
eosinophil infiltration.7 Eosinophils are bone marrow–de-
rived granulocytes that contain microbicidal proteins,
such as major basic protein, eosinophil cationic protein,
and eosinophil peroxidase, and eosinophil degranulation
plays a pathogenic role in multiple diseases. Further-
more, enhanced eosinophil levels are present in many
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tumors, including those that arise within the gastrointes-
tinal tract.8

Eosinophil migration is mediated by chemokines such
as CCL2 (monocyte chemotactic protein 1), CCL3 (mac-
rophage inflammatory protein 1), CCL5 (regulated on
activation normal T cell expressed and secreted), CCL11
(eotaxin 1), and granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), but the mechanism through
which H. pylori recruits eosinophils to the gastric mucosa
is unknown. Interaction of H. pylori with gastric epithelial
cells results in the production of chemokines,1 which may
potentially regulate the recruitment of eosinophils. Since
H. pylori intimately interacts with gastric epithelial cells
throughout the infection, we investigated whether chemo-
kine secretion from H. pylori–infected gastric epithelial
cells mediates eosinophil migration.

Materials and Methods

Cell Culture and Reagents

MKN28 human gastric epithelial cells were cultured in
RPMI 1640 medium (GIBCO/BRL, Invitrogen, Carlsbad,
CA) supplemented with 10% heat-inactivated fetal bovine
serum (Sigma, St. Louis, MO) at 37°C in a 5% CO2 atmo-
sphere. The p38 inhibitor SB203580 and the JNK1/2/3 in-
hibitor JNK inhibitor II (Calbiochem, San Diego, CA) were
used at a final concentration of 10 �mol/L. The MEK1/2
inhibitor PD98059 (Cayman Chemical, Ann Arbor, MI) was
used at a final concentration of 50 �mol/L. MAPK inhibitors
were added to confluent MKN28 cells 1 hour before co-
culture with H. pylori. These inhibitors have been previously
shown by our laboratory to completely inhibit the corre-
sponding MAPK pathways.9

Bacterial Strains and Co-Culture

The H. pylori cag� strain 60190 was used for all co-culture
experiments. Isogenic cagA�, cagL�, slt� (leading to in-
hibition of peptidoglycan synthesis), and vacA� null mu-
tants were constructed by insertional mutagenesis using
aphA (conferring kanamycin resistance) and were se-
lected on Brucella agar with kanamycin (25 �g/mL).9

Heat-killed H. pylori were generated by heating bacteria
to 80°C for 10 minutes.

H. pylori was grown in Brucella broth supplemented
with 10% fetal calf serum for 16 hours and then co-
cultured with MKN28 cells at a multiplicity of infection of
100. Supernatants were collected 24 hours after infection
by centrifugation, passed through 0.2-�m syringe filters
(Corning, Corning, NY), aliquoted, and stored at �80°C
until use.

Eosinophil Isolation and Migration Assay

Eosinophils were isolated from peripheral blood of
healthy volunteers that were H. pylori seronegative in ac-
cordance with the institutional review board at Vanderbilt
University. Whole blood was diluted 1:1 with 2 mmol/L

EDTA in PBS, layered over Histopaque (d � 1.077;
Sigma, St. Louis, MO) and centrifuged at 600 � g for 30
minutes. The granulocyte pellet was depleted of erythro-
cytes by hypotonic lysis, and eosinophils were isolated
using a magnetic eosinophil isolation kit with the au-
toMACS instrument as per the manufacturer’s instruc-
tions (Miltenyi Biotec, Auburn, CA). Purity of eosinophils
was analyzed by flow cytometry using an anti-CD16 an-
tibody and determined to be 99% or greater.

Migration assays were performed in 96-well ChemoTx
plates (NeuroProbe Inc, Gaithersburg, MD) with a 5-�m
pore polycarbonate filter as per the manufacturer’s in-
structions. Co-culture supernatants, medium alone, or
recombinant chemokines were added to plate wells, and
1 � 105 eosinophils were added to the top of the filter.
Plates were incubated for 105 minutes at 37°C, 5% CO2.
Filters were then washed with PBS to remove eosinophils,
scraped, and centrifuged to remove cells from the under-
side of the filter. For enumeration of migrated eosinophils,
the following protocol was developed for this study. Flow
cytometry absolute count standard beads (Polysciences
Inc, Warrington, PA) were added to each well (30,000 per
well), and cells were quantified using a BD LSRII flow
cytometer (BD Biosciences, San Jose, CA). Beads and
eosinophils were gated separately, and the stopping
gate was set at 10,000 beads. The number of eosinophils
collected was enumerated and then multiplied by the
dilution factor (df � 3) to determine the total number of
migrated eosinophils. A standard curve was generated
by adding eosinophils directly to the wells of each plate
via twofold serial dilution.

Quantification of Cytokines and Chemokines

Co-culture supernatants were assayed for cytokines and
chemokines by enzyme-linked immunosorbent assay–
based systems (SearchLight System, Aushon Biotechnol-
ogy, Woburn, MA; and Millipore, BioPharma, St. Charles,
MO), in which captured antibodies were spotted in arrays
with microplate wells to allow detection of cytokines si-
multaneously by chemiluminescence. Levels of CCL2,
CCL5, and GM-CSF mRNA in MKN28 cell lysates co-
cultured with or without H. pylori were assessed by real-
time RT-PCR as previously described.9

Statistical Analysis

Statistical analyses were conducted by comparing mean
levels of eosinophil counts and chemokine concentra-
tions by grouping variables using repeated-measures
analysis of variance. To estimate the difference between
the number of migrated eosinophils cultured alone or in
the presence of H. pylori strains, a linear mixed-effects
model with a random intercept was used. A linear mixed-
effects regression model was used to compare chemo-
kine concentrations under different conditions. All analy-
ses were conducted using the R statistical package, with

P � 0.05 considered statistically significant.
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Results

Eosinophils are a prominent component of the inflamma-
tory infiltrate within H. pylori–infected gastric mucosa7;
therefore, we determined whether co-culture of H. pylori
with gastric epithelial cells could directly induce eosino-
phil migration. Supernatants from MKN28 cells with me-
dium alone or co-cultured with H. pylori strain 60190 were
used in migration assays. Co-culture supernatants from
H. pylori–infected MKN28 cells significantly increased eo-
sinophil migration compared with conditioned media
from MKN28 cells alone (Figure 1A).

Induction of eosinophil migration required live bacteria
because heat-killed H. pylori were unable to induce eo-
sinophil migration (Figure 1B). Therefore, we next inves-
tigated whether specific H. pylori virulence constituents
mediate eosinophil migration by targeting genes within
the cag pathogenicity island. MKN28 cells were cultured
with medium alone or in the presence of wild-type H.
pylori strain 60190 or isogenic cagA�, cagL�, slt�, or
vacA� mutants, and supernatants were used in migration
assays. The cagA� mutant was no different from the

Figure 1. Co-culture of H. pylori with gastric epithelial cells induces eosin-
ophil migration and chemokine production. A: Eosinophil migration toward
supernatants harvested from MKN28 cells cultured alone or in the presence
of wild-type H. pylori strain 60190. Bars represent the mean � SEM of 7
experiments. *P � 0.003 vs control. B: Eosinophil migration toward super-
natants harvested from MKN28 cells cultured alone (control) or in the pres-
ence of wild-type H. pylori strain 60190, isogenic cagA�, cagL�, slt�, or
vacA� mutants, or heat-killed H. pylori. Bars represent the mean � SEM of
5 experiments. *P � 0.05 versus 60190.
wild-type strain in terms of inducing eosinophil migration
(Figure 1B). However, the cagL� mutant induced signifi-
cantly less migration compared with levels induced by
the wild-type strain (Figure 1B), indicating that eosinophil
migration was dependent on CagL but not CagA. The slt�

mutant, which limits the amount of peptidoglycan avail-
able for translocation by the cag secretion system,3

also induced significantly less eosinophil migration
than the wild-type strain (Figure 1B). Thus, H. pylori
infection of gastric epithelial cells is required for eosin-
ophil migration, and this is dependent on a functional
cag secretion system.

In contrast to the cag island mutants, supernatants
from MKN28 cells co-cultured with the vacA� mutant
induced significantly increased levels of eosinophil mi-
gration compared with wild-type H. pylori strain 60190
(Figure 1B).

H. pylori induces production of a multitude of proinflam-
matory cytokines by gastric epithelial cells in vitro and in
vivo.1 Having demonstrated that supernatants from H.
pylori–infected MKN28 cells induce eosinophil migration,
we next assayed for the presence of specific chemokines
linked to eosinophil migration to define induced host el-
ements that may mediate eosinophil migration in this
context. These included CCL2, CCL3, CCL5, CCL7,
CCL8, CCL11, CCL13, CCL24, CCL26, CXCL9, CXCL10,
CXCL11, interleukin-3, interleukin-5, and GM-CSF. Gas-
tric epithelial cell production of only CCL2, CCL3, CCL5,
and GM-CSF was significantly increased in the presence
of H. pylori strain 60190 compared with medium alone
(Figure 2A). Of interest, chemokines that inhibit eosino-
phil migration, such as CXCL9, CXCL10, and CXCL11,
were not significantly altered by the presence of H. pylori
(data not shown).

Having identified bacterial virulence factors that medi-
ate eosinophil migration (Figure 1B), we next investigated
the ability of isogenic mutants that lacked these factors to
alter production of secreted cytokines with chemotactic
potential (Figure 2B). Similar to the results for eosinophil
migration, the cagA� mutant was no different from the
wild-type strain in terms of inducing chemokine secretion.
In contrast, the cagL� mutant induced significantly less
secretion of CCL2, CCL5, and GM-CSF into co-culture
supernatants compared with levels induced by the wild-
type strain (Figure 2B), consistent with results focused on
eosinophil migration (Figure 1B). Of interest, inactivating
slt had no discernible effect on chemokine induction
compared with levels induced by wild-type H. pylori (Fig-
ure 2B). In contrast, for the vacA� mutant that increased
eosinophil migration (Figure 1B), levels of CCL2 and GM-
CSF were significantly increased, whereas CCL5 levels
were significantly decreased by VacA-deficient co-cul-
ture supernatants when compared with wild-type H. pylori
(Figure 2B).

We next performed functional assays to investigate
the ability of individual chemokines induced by H. py-
lori/MKN28 co-culture to stimulate eosinophil migra-
tion. CCL11 was used as a positive control and po-
tently induced eosinophil migration (Figure 2C). CCL2,
CCL5, and GM-CSF, but not CCL3, stimulated eosino-
phil migration in a concentration-dependent manner,

with GM-CSF being the most potent attractant (Figure
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2C). Thus, three of the four chemokines induced by H.
pylori infection of MKN28 cells were able to induce
eosinophil migration.

Having demonstrated that H. pylori co-culture with
MKN28 cells mediates eosinophil migration, we next in-
vestigated the molecular mechanisms underlying these
events. H. pylori induces MAPK signal transduction path-
ways in gastric epithelial cells,6 and these pathways can
regulate cytokine secretion. Therefore, to ascertain
whether these signaling components mediate eosinophil
migration in response to H. pylori, MAPKs were disrupted
via pharmacological inhibition, and migration was exam-
ined. Inhibition of JNK did not affect eosinophil migration
(Figure 3A). Disruption of either p38 or ERK alone par-
tially attenuated eosinophil migration; however, addition
of p38 and ERK inhibitors together significantly de-
creased eosinophil migration (Figure 3A). These results

Figure 2. Chemokines induced by H. pylori infection of gastric epithelial
cells mediate eosinophil migration. A: Chemokine concentrations in the
supernatants of MKN28 cells cultured alone or in the presence of H. pylori
strain 60190. Bars represent the mean � SEM of 5 experiments. *P � 0.013,
0.047, 0.0002, and 0.021 for CCL2, CCL3, CCL5, and GM-CSF, respectively,
versus uninfected controls. B: Chemokine concentrations in the supernatants
of MKN28 cells cultured alone or in the presence of H. pylori wild-type strain
60190 or isogenic cagA�, cagL�, slt�, or vacA� mutants. Bars represent the
mean � SEM of 5 experiments. *P � 0.05 vs CCL2 control. **P � 0.05 vs CCL5
control. ***P � 0.05 vs GM-CSF control. C: Eosinophil migration toward

media alone or increasing concentrations of the chemokines CCL11 (positive
control), GM-CSF, CCL5, CCL2, or CCL3.
indicate that p38 and ERK cooperate in mediating H.
pylori–induced gastric epithelial cell stimulation of eosin-
ophil migration.

To define more clearly the mechanism through which
MAPK may exert effects on eosinophil migration, p38-
and ERK-dependent pathways were disrupted in gas-
tric epithelial cells co-cultured with or without H. pylori
via pharmacological inhibition, and expression of
CCL2, CCL5, and GM-CSF was quantified by real-time
RT-PCR. Inhibition of p38 and ERK significantly de-
creased CCL2, but not CCL5 or GM-CSF, expression
compared with H. pylori–infected controls (Figure 3B).
These results indicate that p38 and ERK likely alter
eosinophil migration by different mechanisms, which is

Figure 3. Effect of MAPK inhibition on H. pylori–induced eosinophil
migration and gastric epithelial cell chemokine expression. A: Eosinophil
migration toward supernatants harvested from MKN28 cells cultured
alone or in the presence of wild-type H. pylori strain 60190 with or
without SB203580 (p38i), PD98059 (ERKi), or JNK inhibitor II (JNKi). Bars
represent the mean � SEM of 5 experiments. *P � 0.05 versus 60190 in the
presence of vehicle (dimethyl sulfoxide) alone. B: Chemokine expression
in cell lysates harvested from MKN28 cells cultured alone or in the presence
of H. pylori strain 60190 with or without SB203580 (p38i) and PD98059
(ERKi) as assessed by real-time RT-PCR. Bars represent the mean � SEM of
5 experiments. *P � 0.0109 versus 60190 in the presence of vehicle (dimethyl
sulfoxide) alone.
chemokine dependent.
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Discussion

The gastrointestinal immune system is exquisitely poised
to detect and respond to bacteria residing at mucosal
surfaces. However, pathogens have developed multiple
strategies to subvert the mucosal immune response; con-
sequently, microbes contribute to the development of
more than 1 million cases of cancer per year. H. pylori is
the strongest identified risk factor for gastric adenocar-
cinoma and the second leading cause of cancer-related
death worldwide, and persistence of this pathogen is
mediated by an ineffective adaptive immune response
that is characterized by insufficient TH1 and TH17 re-
sponses and inappropriate regulatory T-cell activation.
Eosinophils can produce cytokines that influence both
TH2 and TH1 responses and are well-positioned effectors
to modify the T-cell response to H. pylori; thus, eosinophil
infiltration likely contributes to the ability of H. pylori to
infect its human host for decades.

Our data now implicate the cag pathogenicity island
but not CagA per se as a necessary factor for recruitment
of eosinophils in vitro, and these findings are consistent
with studies using gastric tissue specimens. Previous
reports have demonstrated that there is no correlation
between eosinophil density in the gastric mucosa and
CagA antibody titer in the same patients.10 Of interest, we
also found that loss of VacA increased eosinophil migra-
tion in vitro, and these results are concordant with recent
data demonstrating that VacA may counteract effects of
the cag island in host cells.11,12

The chronic inflammatory response that develops in
response to H. pylori is a critical mediator of gastric car-
cinogenesis, and evidence suggests that eosinophil re-
cruitment may not only facilitate persistence but may also
influence tumor progression.13 Investigations examining
cytokine responses to the 30-kDa antigen of Mycobacte-
rium tuberculosis have implicated p38 and ERK signaling
as critical mediators of CCL2 expression,14 similar to our
current results. Recruited eosinophils release cyto-
kines, such as transforming growth factor-�, which is
involved in tissue remodeling and fibrosis. In chroni-
cally inflamed gastric tissue, proliferation of mesenchy-
mal tissue can replace glandular tissue, leading to
gastric atrophy, a lesion with premalignant potential for
intestinal-type gastric adenocarcinoma. Thus, H. pylo-
ri–induced MAPK-dependent recruitment of eosino-
phils and subsequent release of fibrogenic cytokines
may lower the threshold for cancer development at
both early (gastritis) and later (gastric atrophy) steps in

the cascade to gastric carcinogenesis.
In conclusion, our current results have defined mech-
anisms through which H. pylori enhance eosinophil re-
cruitment to colonized gastric mucosa, which may play a
significant role in pathogenesis and disease.
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