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Chronic gastritis induced byHelicobacter pylori is the strong-
est known risk factor for peptic ulceration anddistal gastric can-
cer, and adherence ofH. pylori to gastric epithelial cells is criti-
cal for induction of inflammation. One H. pylori constituent
that increases disease risk is the cag pathogenicity island, which
encodes a secretion system that translocates bacterial effector
molecules into host cells. Decay-accelerating factor (DAF) is a
cellular receptor for H. pylori and a mediator of the inflamma-
tory response to this pathogen. H. pylori induces DAF expres-
sion in human gastric epithelial cells; therefore, we sought to
define themechanism by whichH. pylori up-regulates DAF and
to extend these findings into a murine model of H. pylori-in-
duced injury. Co-culture of MKN28 gastric epithelial cells with
the wild-typeH. pylori cag� strain J166 induced transcriptional
expression of DAF, which was attenuated by disruption of a
structural component of the cag secretion system (cagE).H. py-
lori-induced expression of DAF was dependent upon activation
of the p38 mitogen-activated protein kinase pathway but not
NF-�B. Hypergastrinemic INS-GAS mice infected with wild-
type H. pylori demonstrated significantly increased DAF
expression in gastric epithelium versus uninfected controls or
mice infected with an H. pylori cagE� isogenic mutant strain.
These results indicate thatH. pylori cag� strains induce up-reg-
ulation of a cognate cellular receptor in vitro and in vivo in a
cag-dependent manner, representing the first evidence of regu-
lation of an H. pylori host receptor by the cag pathogenicity
island.

Helicobacter pylori induces an inflammatory response in the
stomach that persists for decades and increases the risk not only
for peptic ulceration but also for gastric adenocarcinoma and
non-Hodgkin’s lymphoma of the stomach (1, 2). Gastric adeno-

carcinoma is the second leading cause of cancer-related death
in the world, and chronic gastritis induced by H. pylori is the
strongest known risk factor for this malignancy (1, 3–7). How-
ever, only a fraction of infected persons ever develop cancer,
underscoring the importance of defining mechanisms that reg-
ulate biological interactions between H. pylori and their hosts
that promote transformation.
Although the vast majority ofH. pylori in colonized hosts are

free-living, �20% bind to gastric epithelial cells, and adherence
is important in the induction of injury (8). BabA is an outer-
membrane protein (OMP)2 encoded by the strain-specific gene
babA2, which binds the Lewisb (Leb) histo-blood-group antigen
on gastric epithelial cells (9, 10). BabA binding specificities
reflectH. pylori strain adaptation to different glycosylation pat-
terns that predominate in a particular host population, and
BabA-mediated Leb binding can be altered by both bacterial
phase variation and genetic recombination (11). AnotherH. py-
lori adhesin, SabA, binds the sialyl-Lewisx (sLex) antigen, which
is an established tumor antigen and marker of gastric dysplasia
(12). Gastric inflammation induced by H. pylori up-regulates
the expression of sLex on epithelial cells, which amplifies inter-
actions between this molecule and SabA.
We recently identified anotherH. pylori receptor, Decay-ac-

celerating factor (DAF), that is up-regulated after bacterial con-
tact (13). DAF is an intrinsic regulator of complement that is
attached to the outer leaflet of the cell membrane by a glycoph-
osphatidylinositol anchor (14). DAF protects cells from com-
plement activation on their surfaces by dissociatingmembrane-
bound C3 convertases that are required for cleaving C3 and
further propagating the complement cascade. DAF can also be
utilized as a cellular receptor by several pathogenic organisms
associated with chronic inflammatory diseases, including uro-
pathogenic diffusely adhering Escherichia coli, coxsackievi-
ruses, echoviruses, and enteroviruses (14–18).
Expression of DAF is increased within H. pylori-infected

human gastric tissue compared with uninfected mucosa, and
the intensity of expression is directly related to the density of
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H. pylori colonization and severity of inflammation (19, 20).We
recently demonstrated that DAF influences the inflammatory
response toH. pylori as infected DAF-deficient mice developed
significantly less severe inflammation compared with infected
wild-type mice, suggesting that the interaction between H. py-
lori and DAF is important for pathogenesis (13).
In addition to host effectors that mediate injury, H. pylori

constituents can also regulate pathogenic responses. After
adherence, H. pylori strains that possess a type IV secretion
system encoded by the cag pathogenicity island translocate
CagA and components of peptidoglycan into host cells (21–24).
CagA subsequently undergoes Src- and Abl-dependent tyro-
sine phosphorylation and activates a eukaryotic phosphatase
(SHP-2), eventuating in dephosphorylation of host cell proteins
and cellular morphological changes (22, 23, 25, 26). H. pylori
peptidoglycan components delivered by the cag secretion sys-
tem are recognized by the intracellular pattern recognition
receptor NOD1, which initiates cell-signaling events including
activation of NF-�B (24). In vivo, the presence of the cag island
also influences the topography of colonization, as H. pylori
cag� strains predominate within the mucus gel layer, whereas
cag� strains are found immediately adjacent to epithelial cells
(27). Compared with cag� strains, H. pylori cag� strains aug-
ment the risk for severe pathologic outcomes, such as peptic
ulceration and gastric cancer (1). Because adherence likely
plays a critical role in pathogenesis, we sought to delineate the
host and bacterial factors that mediate H. pylori induction of
DAF. We demonstrate that H. pylori cag� strains up-regulate
DAF expression in gastric epithelial cells in vitro and in vivo in
a cag-dependentmanner and that this induction is mediated by
p38 MAP kinase activation.

EXPERIMENTAL PROCEDURES

Reagents and Constructs—Actinomycin D, cycloheximide,
the p38 inhibitor SB203580, and the JNK1/2/3 inhibitor JNK
inhibitor II were obtained from Calbiochem, and the MEK1/2
inhibitor PD98059was obtained fromCaymanChemical. Anti-
DAF IA10 (BD Pharmingen), anti-phospho-ERK1/2 (Thr-202/
Tyr-204), anti-phospho-MAPKAPK-2 (Thr-334), and anti-
phospho-c-Jun (Ser-73) antibodies (Cell Signaling) were used
for Western analysis. The anti-DAF antibody MCA1614 (AbD
Serotec) was used for immunohistochemistry. The pNF-�B
luciferase vector (Clontech) and pRL Renilla luciferase vector
(Promega) were used for NF-�B luciferase studies. Dominant-
negative mutant ���� S32A/S36A and dominant-negative I�B
kinase�K44A constructs were used for NF-�B inhibition stud-
ies (generous gifts of Dr. Andrew Neish, Emory University
School of Medicine) (28).
Cell Culture—MKN28 human gastric epithelial cells (kindly

provided by Dr. Robert Coffey, Vanderbilt University) were
grown in RPMI 1640 (Invitrogen) with 10% heat-inactivated
fetal bovine serum and 20 �g/ml gentamicin in an atmosphere
of 5% CO2 at 37 °C.
Bacterial Strains—Experiments were performed with the

H. pylori cag� strains J166 and 7.13 (13, 29). Isogenic cagA,
cagE, and cagM null mutants were constructed by insertional
mutagenesis using aphA (conferring kanamycin resistance)
as previously described (30, 31) and were selected on Bru-

cella agar with kanamycin (25 �g/ml). Heat-killed H. pylori
were generated by heating the bacteria to 80 °C for 10 min.
H. pylori lysates were generated by sonication as previously
described (32). Lysates were then sterilized using a 0.2-�m
pore size filter.
Western Analysis—MKN28 gastric epithelial cells were

grown to confluence, then cultured in serum-free medium for
24 h and then co-cultured withH. pylori for specified times at a
multiplicity of infection (m.o.i.) of 100. H. pylori-infected and
uninfected MKN28 cells were lysed in radioimmune precipita-
tion assay buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 1% Triton
X-100, 0.1% SDS), and protein concentrations were quantified
by the BCA assay (Pierce) (31). Proteins (30 �g) were separated
by SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Pall Corp., Ann Arbor, MI). DAF levels were
examined in gastric cells by Western blotting using an anti-
DAF (1:1000, IA10) antibody. Levels of the phosphorylated
MAPK targets ERK1/2, MAPKAPK-2, and c-Jun were detected
using the respective antibodies described above (1:1000).
Primary antibodies were detected using horseradish peroxi-
dase-conjugated secondary antibodies (Santa Cruz) and
visualized by Western Lightning Chemiluminescence Rea-
gent Plus (PerkinElmer Life Sciences) according to the man-
ufacturer’s instructions. Western blots were imaged, and
band intensities were quantified using the ChemiGenius Gel
Bio Imaging System (Syngene).
Real-time Quantitative RT-PCR—MKN28 gastric epithelial

cells were grown to confluence, cultured in serum-freemedium
for 24 h, and then co-cultured withH. pylori for specified times
(m.o.i. � 100). RNA was prepared from H. pylori:gastric cell
co-cultures using the RNeasy RNA purification kit (Qiagen)
following the manufacturer’s instructions. Reverse tran-
scriptase PCR was performed using TaqMan reverse transcrip-
tion reagents (AppliedBiosystems), whichwas followed by real-
time quantitative PCR using the TaqMan Gene Expression
Assay and a 7300 real-time PCR system (Applied Biosystems).
Daf and gapdh cDNA were quantified using a TaqMan� Gene
Expressions primer set purchased from Applied Biosystems.
-Fold induction of dafmRNAwas determined from the thresh-
old cycle values normalized for gapdh mRNA expression, and
this ratio was then normalized to the value derived from cells
cultured with medium alone.
Transfections and Luciferase Assay—MKN28 cells were tran-

siently transfected using FuGENE 6 reagent (Roche Applied
Science) per the manufacturer’s instructions. Cells were
allowed to incubate with the transfection mixture for 24 h, cul-
tured in serum-free medium for an additional 24 h, and then
co-cultured with H. pylori strain J166 (m.o.i. � 100). Samples
were assayed for luciferase activity on a TD-20/20 Luminome-
ter (Turner Designs) using the Dual Luciferase� reporter kit
(Promega) according to the manufacturer’s instructions.
Experimental Animal Infections—All procedures were

approved by the Institutional Animal Care Committee of
Vanderbilt University. Male INS-GAS transgenic mice on the
FVB/N background 6–8 weeks of age were challenged with
either sterileBrucella broth, wild-typeH. pylori strain 7.13, or a
7.13 cagE� mutant by oral gavage as previously described (33).
Mice were euthanized at 4, 12, and 24 weeks post-challenge. At

H. pylori and DAF Expression

AUGUST 29, 2008 • VOLUME 283 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 23923



necropsy, linear strips extending from the squamocolumnar
junction through proximal duodenum were fixed in 10% neu-
tral-buffered formalin, paraffin-embedded, and cut at 5 �M

increments. Sections were then deparaffinized, and DAF
immunohistochemical (IHC) staining was carried out as previ-
ously described (29) using the anti-DAF antibody MCA1614
(Serotec). A single pathologist (E. Harris), experienced in
murine pathology and blinded to treatment groups, scored
DAF IHC staining on an ordinal scale from 0 to 4 by as previ-
ously described (34).
To assess colonization, gastric tissue was homogenized,

plated, and incubated under microaerobic conditions at 37 °C
for 5–6 days as previously described (33). Colonies were veri-
fied as H. pylori by Gram’s stain, urease, catalase, and oxidase
reactions as described (33). Successful colonization was con-
firmed by IHC staining using an anti-H. pylori antibody.
Gastric Epithelial Cell Isolation and Detection of DAF Pro-

tein by Flow Cytometry—Gastric epithelial cells were iso-
lated from frozen stomach samples using a dissociation and
dispersion technique as previously described (35). Briefly,
epithelial cells were treated with 10 mM dithiothreitol at
room temperature for 30 min and then with 1.0 mM EDTA
for 60 min at 4 °C. Dispersed cells were filtered through a 0.4
�M filter to isolate single cells. Cell surface DAF protein was
stained using hamster anti-mouse DAF antibody conjugated
with phycoerythrin (BD Pharmingen) (1:50 dilution) at 4 °C
for 45min. After washing, cells were fixed and permeabilized
with 0.1% paraformaldehyde and ice-cold methanol. To con-
firm epithelial lineage, cells were also stained with a mouse
anti-pan cytokeratin antibody conjugated with fluorescein
isothiocyanate (Abcam, Cambridge, MA) (1:50 dilution) for
30 min at 4 °C. Cells were acquired using a LSR II flow
cytometer (BD Biosciences) and analyzed by Flowjo (Star
tree, Ashland, OR).
Extraction of Total RNA from Murine Gastric Mucosa—Se-

rial sectioning of frozen gastric tissue was performed using a
cryostat. The thickness of the serial sections was 7 �M. Hema-
toxylin and eosin stains were performed on the first and last
section in the series to determine cellular composition of the
tissue and serial sections were selected in which the majority
cell type was epithelial. RNA was isolated using the RNeasy
RNA extraction kit according to the manufacturer’s instruc-
tions. dafmRNA expression wasmeasured using real-time RT-
PCR as described above and normalized to levels of gapdh
mRNA. Taqman� probes were used to detect daf and gapdh
expression; Mm00438377_m1 and Rodent GAPDH control
reagents, respectively (Applied Biosystems).
Statistical Analysis—An analysis of variance one-way analy-

sis of variance and the Tukey-Kramer post test were used for
analysis of in vitro data. The Mann-Whitney U test of inter-
group comparisons was used for analysis of in vivo IHC and
real-time PCR data. The Newman-Keuls test was used for anal-
ysis of flow cytometric data. Significance was defined as p �

0.05. All calculations were performedwith theGraphPad Prism
4 statistical analysis software package (GraphPad Software,
Inc.).

RESULTS

H. pylori Induction of DAF Is Regulated at the Transcrip-
tional Level—We previously demonstrated that H. pylori up-
regulates DAF in vitro (13). To determine whether DAF induc-
tion was transcriptionally or post-transcriptionally mediated,
the H. pylori cag� strain J166 was co-cultured with MKN28
gastric epithelial cells that had been pretreated with either acti-
nomycin D (inhibitor of transcription) or cycloheximide
(inhibitor of translation). DAF protein expression was assessed
after 24 h of co-culture (Fig. 1). Actinomycin D completely
blockedDAF induction in response toH. pylori (p� 0.001), and
inhibition of translation by cycloheximide blocked DAF induc-
tion in a dose-dependent manner. Vehicle-treated, H. pylori-
infected cells expressed significantly more DAF thanH. pylori-
infected cells that had been pretreatedwith cycloheximide (p�
0.01), and DAF expression in cycloheximide-treated, infected
cells was not significantly higher than vehicle-treated, unin-
fected control cells. These results indicate that up-regulation of
DAF byH. pylori in human gastric epithelial cells is mediated at
a transcriptional level.
H. pylori Induction of daf Requires Viable Bacteria—Bacteria

can activate epithelial signaling pathways via multiple mecha-
nisms. Todeterminewhether liveH. pylori are necessary fordaf
induction or if inert bacterial components are sufficient, we
incubated MKN28 cells with viable bacteria or with H. pylori
that had either been heat-killed or lysed by sonication and
assessed daf mRNA expression using real-time quantitative
RT-PCR (Fig. 2). Co-culture of cells with live H. pylori, as
expected, significantly induced daf mRNA. However, incuba-
tion with either heat-killed or sonicated H. pylori failed to

FIGURE 1. H. pylori induces the transcriptional up-regulation of DAF in
gastric epithelial cells. MKN28 gastric epithelial cells were pretreated with
either actinomycin D (ActD) or cycloheximide (CHX) at the indicated concen-
trations and then co-cultured with the H. pylori cag� strain J166 for 24 h at an
m.o.i. � 100. A, Western blot analysis was performed using an anti-DAF anti-
body as described under “Experimental Procedures.” �, cells incubated with
medium alone. A representative blot is shown. Anti-GAPDH blots served as
normalization controls. B, densitometry represents data from three inde-
pendent experiments. Error bars, S.E. *, p � 0.001 J166 versus control cells or
ActD-treated cells. §, p � 0.01 J166 versus cycloheximide-treated cells.
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induce expression of daf. These results indicate that induction
of daf in gastric epithelial cells is dependent upon an active
interplay with viable bacteria.
DAF Induction IsMediated by a Functional Type IV Secretion

System—The requirement for viable H. pylori to induce daf
raised the possibility that bacterial components intimately
involved in epithelial contact may mediate daf expression. The
cag pathogenicity island encodes a bacterial type IV secretion
system that translocates effector molecules such as peptidogly-
can and CagA into host cells after binding, thus affecting cell
function. Therefore, we determined if H. pylori-mediated up-
regulation of DAF is cag pathogenicity island-dependent.

MKN28 cells were co-cultured with either wild-type H. pylori
or isogenic cagA or cagE null mutant derivatives. Real-time qRT-
PCR analysis demonstrated that co-culture with the cagA�

mutant induced daf expression to levels similar to those
induced by the wild-type strain (Fig. 3A). However, co-cul-
ture with the cagE� mutant failed to induce daf, and expres-
sion levels were no different from levels in uninfected cells.
Western blot analysis confirmed that inactivation of cagE sig-
nificantly attenuates the ability ofH. pylori to induce DAF (Fig.
3B). Experiments were also performed with an independent
H. pylori cag� strain, 7.13,which readily infects animals andhas
been shown to induce gastric cancer in Mongolian gerbils and
hypergastrinemic mice (29, 33, 36, 37). Similar to results
obtained with strain J166, real-time qRT-PCR results showed
that daf induction was dependent upon cagE but not cagA. The
importance of the cag secretion system was more rigorously
confirmed by demonstrating that inactivation of another cag
gene encoding a structural component of the type IV secretion
system (cagM) similarly attenuated daf expression (data not
shown). These results indicate that H. pylori induction of DAF
is dependent upon a functional cag secretion system but not
CagA per se.

H. pylori Induction of daf Occurs via a NF-�B-independent
Pathway—Activation of the transcription factor NF-�B by
H. pylori is mediated by the cag secretion system (24, 38–40).
The daf promoter contains a �B response element, and activa-
tion of NF-�B leads to the up-regulation of DAF in response to
proinflammatory stimuli (41–44). To define the role of NF-�B
in H. pylori-induced DAF expression, MKN28 cells were tran-
siently transfected with constructs that express either a domi-
nant-negative I�B� or dominant-negative I�B kinase � as well
as a NF-�B-responsive luciferase reporter construct. As
expected, H. pylori strain J166 significantly increased NF-�B-
mediated luciferase activity, which was abolished by the domi-
nant-negative I�B� and I�Bkinase� constructs (Fig. 4A). How-
ever, inhibition ofNF-�Bhadno effect on the ability ofH. pylori
to induce daf (Fig. 4B).
Activation of p38 Mediates daf Up-regulation by H. pylori—

Our group and others have shown that H. pylori cag� strains
activate MAP kinases such as ERK, p38, and JNK in a cag-de-
pendent manner (31, 45). As a prelude to defining the role of
these signaling molecules in the transcriptional up-regulation
of daf, we first confirmed the efficacy of ERK, p38, and JNK
inhibitors used in subsequent experiments. Total MKN28 cell
lysates were assessed for phospho-ERK, the p38 target phos-

FIGURE 2. H. pylori induction of daf requires viable bacteria. MKN28 cells
were incubated with medium alone (�) or live, heat-killed, or sonicates of
H. pylori strain J166 for 2 h. Levels of daf mRNA were determined by real-time
qRT-PCR as described under “Experimental Procedures” and normalized to
corresponding levels of gapdh mRNA. Results are expressed as -fold increase
in daf mRNA in H. pylori-infected versus uninfected samples. Error bars, S.E.
*, p � 0.001 versus uninfected cells.

FIGURE 3. DAF induction is mediated by a functional cag secretion system
but not CagA. MKN28 cells were co-cultured with wild-type (WT) H. pylori
strain J166 or isogenic cagA� or cagE� mutants at an m.o.i. � 100. A, levels of
daf mRNA were determined by real-time qRT-PCR after 2 h of co-culture and
were normalized to corresponding levels of gapdh mRNA. Results are
expressed as -fold increase in daf mRNA in H. pylori-infected versus uninfected
samples. Error bars, S.E. *, p � 0.05 versus uninfected cells. B, cell extracts were
used for Western blot analysis using an anti-DAF antibody. A representative
blot of multiple repetitions performed on three occasions is shown. Anti-
GAPDH blots served as normalization controls.
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pho-MAPAP kinase-2 (46), and the JNK target phospho-c-Jun
(47) byWestern blot after stimulation withH. pylori. The spec-
ified concentration of each inhibitor was sufficient to attenuate
H. pylori-induced activation of each respectiveMAPK (supple-
mental Fig. 1). MKN28 cells were then pretreated with inhibi-
tors ofMEK, p38, or JNK, and dafmRNA expression was quan-
tified by real-time qRT-PCR. Inhibition of p38 blocked the
induction of daf byH. pylori strains J166 (Fig. 5) and 7.13 (data
not shown), whereas inhibition of ERK had no effect. Inhibition
of JNK resulted in slightly higher levels of daf than observed in
theH. pylori-infected vehicle-treated control; however, this dif-
ferencewas not statistically significant. These data indicate that
H. pylori-induced daf expression is mediated in a p38 MAPK-
dependent manner.
Inactivation of a Component of the cag Secretion System

Attenuates H. pylori Induction of DAF in Vivo—To determine
whether the in vitro observations in MKN28 cells mirrored
events within colonized gastric mucosa, DAF expression was
assessed in transgenic hypergastrinemic INS-GAS mice. INS-
GAS mice overexpress gastrin and spontaneously develop gas-
tric cancer, but this requires the virtual lifetime of the animal

(48). Infection with H. pylori accelerates this process and
closely models lesions found in human disease (33, 48, 49).
Therefore, we infected INS-GAS mice with the H. pylori cag�

strain 7.13, which readily infects rodents, and investigated DAF
expression (29, 33, 36, 37).
Mice were challenged with Brucella broth alone, wild-type

strain 7.13, or a 7.13 cagE� isogenic mutant for 4, 12, and 24
weeks. DAF expressionwas detected using immunohistochem-
istry and scored on an ordinal scale from 0 to 4 as previously
described (34). DAF staining in uninfected mice was localized
to stromal plasma cells, lymphocytes, and endothelial cells,
with focal weak staining of surface foveolar epithelial cells (Fig.
6D). There were no differences in DAF staining detected at 4
weeks post-challenge among the groups. However, mice
infectedwithwild-typeH. pylori strain 7.13 for 12weeks and 24
weeks demonstrated significantlymore abundant DAF staining
versus uninfectedmice (Fig. 6A). DAF staining was accentuated
along the luminal surface in gastric epithelial cells that com-
prise the foveolar pits and was often accompanied by light dif-
fuse cytoplasmic staining (Fig. 6B, inset). The intensity of DAF
staining in mice infected with the cagE� mutant (Fig. 6C) was
significantly attenuated compared with mice infected with
wild-type H. pylori and was similar to uninfected mice.
To confirm increased DAF expression on gastric epithelial

cells, individual cells were isolated from frozen gastric mucosal
tissue from INS-GASmice that had been infectedwithH. pylori
for 12 weeks as described under “Experimental Procedures.”
Cells were fluorescently stained for DAF, and the epithelial
marker cytokeratin and protein expression was quantified
using flow cytometry. DAF staining was significantly increased
on gastric epithelial cells of mice infected with wild-typeH. py-
lori strain 7.13 compared with mice challenged with the cagE�

isogenic mutant or broth alone (Fig. 7, A–C).

FIGURE 4. NF-�B is not required for H. pylori induction of daf. MKN28 cells
were transiently transfected with a NF-�B-responsive luciferase reporter con-
struct and either a dominant negative-I�B� (dnI�B�) or a dominant negative
I�B kinase � (dnIKK�) expression construct. Cells were then co-cultured with
H. pylori strain J166 at a m.o.i. � 100. A, NF-�B-driven firefly luciferase activity
was assayed on a luminometer after 6 h of co-culture and normalized to
Renilla luciferase activity. Error bars, S.E. *, p � 0.001 versus uninfected cells.
B, levels of daf mRNA were determined by real-time qRT-PCR after 2 h of
co-culture with the H. pylori strain J166 and were normalized to correspond-
ing levels of gapdh mRNA. Results are expressed as -fold increase in daf mRNA
in H. pylori-infected versus uninfected samples. Error bars, S.E. *, p � 0.05 ver-
sus uninfected cells.

FIGURE 5. Activation of p38 is required for daf up-regulation by H. pylori.
MKN28 cells were pretreated with pharmacological inhibitors of MEK1/2
(MEKi, PD98095, 50 �M), p38 (SB203580, 10 �M), JNK (JNK inhibitor II (JNKi), 10
�M), or vehicle control (DMSO) (�) for 30 min and then co-cultured with the
H. pylori strain J166 at a m.o.i. � 100. Levels of daf mRNA were determined by
real-time qRT-PCR after 2 h of co-culture and were normalized to correspond-
ing levels of gapdh mRNA. Results are expressed as -fold increase in daf mRNA
in H. pylori-infected versus uninfected samples. Error bars, S.E. *, p � 0.05 ver-
sus uninfected cells.
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To further confirm the immunohistochemistry data, daf
mRNAwas quantified in gastric tissue using real-timeRT-PCR.
Total RNA was extracted from frozen tissue from INS-GAS
mice 12 weeks post-challenge. Mice infected with wild-type
H. pylori strain 7.13 demonstrated significantly increased
expression of daf compared with uninfected mice or mice
infectedwith the cagE�mutant (p� 0.05, Fig. 7D). Collectively,
these in vivo findings recapitulate our in vitro data and confirm
that a functional cag secretion system is required for H. pylori-
mediated induction of DAF in gastric epithelial cells.

DISCUSSION

Our results have demonstrated that 1) H. pylori cag� strains
induce DAF expression in a cag pathogenicity island-depend-
ent manner that does not require CagA, 2) H. pylori-induction
of daf is abolished by inhibition of p38, and 3) an in vivomodel

ofH. pylori-induced gastritis recapitulates our in vitro observa-
tions by demonstrating a requirement for a functional cag
secretion system to induce DAF in epithelial cells. Collectively,
these data indicate thatH. pylori utilizes the cag island to affect
the expression of DAF, potentially increasing adherence capac-
ity, whichmay be important for initial and chronic colonization
of its host.
Increased pathologic outcomes have been associated with

infection byH. pylori cag� strains, but themechanismbywhich
these strains increase disease risk is not completely understood.
Several studies have highlighted the importance of the translo-
cated effector protein CagA, which is responsible for aberrant
activation ofmultiple signaling pathways. These include activa-
tion of �-catenin, SHP-2, and Grb-2, molecules that have been
implicated in carcinogenesis. However, our results demon-
strate that CagA is not required for increased expression of
DAF.
Our finding that a functional cag secretion system is suffi-

cient forH. pylori-mediated induction of DAF implicates addi-
tional bacterial factors that may be translocated into host cells
leading to DAF induction. A candidate molecule for such
induction is the bacterial cell wall component peptidoglycan.
Peptidoglycan motifs that are recognized by NOD1 are deliv-
ered into host cells via the cag secretion system, and an impor-
tant signaling event mediated by NOD1 is activation of NF-�B
(24). However, although other investigators have shown that
DAF regulation is responsive to NF-�B activation by pro-in-
flammatory stimuli (43, 50), our data demonstrate that NF-�B
activation is not necessary for DAF induction by H. pylori.
Another intriguing hypothesis based on a recent investigation
(51) is that binding of CagL to cell surface �5�1 integrins can
alter local membrane dynamics and eventuate in the assembly
of focal adhesions that trigger integrin signaling cascades (52).
Activation of integrin signaling may then subsequently induce
expression of DAF.
Listeria monocytogenes induces IL-8 secretion via NOD1

activation in a NF-�B and p38-dependent manner (53), and
H. pylori-induced secretion of IL-8 is dependent upon p38 acti-
vation andNOD1 activation ofNF-�B (24, 45, 54, 55). Although
themechanism throughwhichNOD1 induces activation of p38
remains unclear (56), there are several mechanisms by which
p38 may promote increased DAF expression. Activation of p38
can transactivate the transcription factor CREB, which has pre-
viously been shown to transcriptionally up-regulate DAF in
intestinal epithelial cells (41, 42, 44). Alternatively, daf mRNA
transcript stability has been shown to be increased by activation
of p38 in monocytic cell lines (57). Investigations into the
mechanism by which p38 mediates DAF induction are cur-
rently ongoing in our laboratory.
An interesting question is whether up-regulation of DAF in

H. pylori-infected cells is dependent on the DAF receptor per
se. Previous studies have demonstrated that DAF can orches-
trate epithelial pro-inflammatory responses in other cell sys-
tems. For example, co-culture of DAF-expressing T84 intesti-
nal epithelial cells with Dr� diffusely adhering E. coli leads to
activation of ERK 1/2, p38, and JNK, which eventuates in IL-8
secretion (58). However, we have recently demonstrated that
suppression ofDAF in gastric epithelial cells via siRNAdoes not

FIGURE 6. Inactivation of a component of the cag secretion system atten-
uates H. pylori induction of DAF in vivo. A, INS-GAS mice were challenged
with Brucella broth (BB) control, wild-type (WT) H. pylori cag� strain 7.13, or an
isogenic 7.13 cagE� mutant for 4, 12, or 24 weeks. A, immunohistochemical
staining of DAF was performed and scored on an ordinal scale from 0 to 4 by
a single pathologist. Error bars, S.E. *, p � 0.05 WT 7.13 versus Brucella broth or
cagE�. B–D, representative DAF IHC-stained sections from mice challenged
for 12 weeks with wild-type H. pylori strain 7.13 (B), 7.13 cagE� isogenic
mutant (C), or Brucella broth alone (D). Magnification, 20�.
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affect H. pylori-induced IL-8 production,3 a response that has
previously been shown to be dependent on MAPK signaling
(44). Therefore, these findings are not consistent with a model

of DAF autoregulation in H. pylori-
infected gastric epithelial cells.
Murine models provide valuable

insights into host, bacterial, and
environmental factors involved in
H. pylori-induced gastric injury and
inflammation. The INS-GAS model
of gastritis has been used exten-
sively for the study of H. pylori-in-
duced inflammation and injury (33,
48, 49, 59–61). Utilizing thismodel,
we have shown that the pattern of
DAF up-regulation mirrors our in
vitro studies; specifically, a func-
tional cag secretion system plays an
active role in the induction of epi-
thelial DAF. Because H. pylori cag�

strains are found in closer juxtapo-
sition to gastric epithelium than
cag� strains (27), our current results
suggest thatDAFmay represent one
of several receptors that are up-reg-
ulated during chronic inflammation
and which contribute to the persist-
ence of more virulent H. pylori
strains.
In addition to a role in maintain-

ing chronic inflammation during
infection, DAF has also been shown
to play a role in tumorigenesis.
Increased expression of DAF by
transformed cells has been linked
with resistance to immune clear-
ance (62–64). Increased DAF
expression is present in gastric can-
cer precursor lesions such as intes-
tinal metaplasia, gastric adenomas,
and gastric dysplasia, suggesting
that aberrant expression of DAF
precedes the development of gastric
cancer (65). Our results implicating
the cag pathogenicity island in DAF
up-regulation may also help to
explain why persons infected with
H. pylori cag� strains are at signifi-
cantly increased risk for the devel-
opment of gastric cancer versus
those infected with cag� strains.
In conclusion, H. pylori induces

the transcriptional up-regulation of
the cellular receptor DAF. DAF

induction is mediated by the cag secretion system but does not
require the translocated effector protein CagA. DAF induction
is also mediated by activation of p38 MAPK. In vivo, a func-
tional cag secretion system is important for the induction of
DAF by H. pylori in a murine model of gastritis. Collectively,
these data have identified a novel mechanism by which H. py-
lori cag� strains may tightly regulate their interactions with

3 D. P. O’Brien, J. Romero-Gallo, B. G. Schneider, R. Chaturvedi, A. Delgado, E. J.
Harris, U. Krishna, S. R. Ogden, D. A. Israel, K. T. Wilson, and R. M. Peek, Jr.,
unpublished data.

FIGURE 7. H. pylori-induced expression of DAF is mediated by the cag secretion system in vivo. A–C,
gastric epithelial cells were harvested from frozen tissue obtained 12 weeks post-challenge from INS-GAS mice
challenged with Brucella broth (n � 5), wild-type H. pylori strain 7.13 (n � 6), or an isogenic 7.13 cagE� mutant
(n � 4), stained with phycoerythrin (PE)-conjugated anti-DAF antibodies and fluorescein isothiocyanate (FITC)-
conjugated anti-cytokeratin antibodies, and then used for flow cytometric analysis. A, representative dot plots
of DAF and cytokeratin expression demonstrate increased DAF expression on gastric epithelial cells from mice
challenged with wild-type (WT) H. pylori strain 7.13 compared with either Brucella broth (BB) alone or a cagE�

isogenic mutant. B, representative histogram of DAF expression on gastric epithelial cells shows an increase in
DAF fluorescence as a shift in fluorescence profile to the right in cells infected with wild type strain 7.13 versus
uninfected cells. C, epithelial expression of DAF as determined by flow cytometry was significantly higher in
mice infected with wild-type H. pylori (n � 6) when compared with mice challenged with either the cagE�

isogenic mutant (n � 4) or Brucella broth control (n � 5). Error bars, S.E. **, p � 0.01 versus uninfected cells.
D, total RNA was isolated from frozen gastric tissue, and daf mRNA expression was analyzed by real-time
RT-PCR. daf mRNA expression was significantly increased in mice infected with wild-type H. pylori strain 7.13
(n � 5) versus mice challenged with the cagE� isogenic mutant (n � 4) or Brucella broth alone (n � 5). Error bars,
S.E. *, p � 0.05 versus uninfected cells.
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gastric epithelial cells and lower the threshold for more severe
disease.
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