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Gastric Infection by Helicobacter pylori
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Abstract

Helicabacter pylori infection causes chronic active gastritis, ulcer disease, and gastric cancer.
Current eradication regimens use a proton pump inhibitor (PPI) and two antibiotics. Triple therapy
now has a success rate less than 80%, below the cutoff for efficacious eradication. Antibiotic
resistance, inconsistent acid control by PPIs, and poor patient compliance contribute to the failure
rate. H. pylori is a neutralophile that has developed special acid acclimation mechanisms to
colonize its acidic gastric niche. Identifying the components of these mechanisms will provide
novel bactericidal drug targets. Alternatively, better 24-hour acid control would increase the
efficacy of antibiotics, leading to dual therapy with improved PPIs and amoxicillin. Studies of acid
acclimation by H. pylori have identified several potential eradication targets including Urel, a-
carbonic anhydrase, and a two-component system. Continuing improvement of PPIs has led to the
development of at least three candidate drugs with improved 24-hour acid control.

Introduction

It has been nearly 25 years since the association of Helicobacter pylori infection with
gastritis and peptic ulcer disease was discovered. During this time, much effort has been
spent investigating the role of the organism in gastric and extragastric diseases, development
of eradication therapies, and basic biology. In addition to its role in gastric inflammation and
ulcer disease, H. pylori is classified as a class 1 carcinogen for its role in gastric cancer, one
of the mostly deadly cancers. At least two forms of gastric cancer are associated with H.
pylori infection: adenocarcinoma and, less commonly, mucosa-associated lymphoid tissue
(MALT) lymphoma [1]. Eradication of H. pylori in patients with duodenal or gastric ulcer
cures the ulcers and reduces the risk of cancer [2,3].

Controversy exists whether the organism should be eradicated in asymptomatic individuals
(the “test-andtreat” approach). It is claimed that the organism is not a pathogen but a
commensal [4]. Evidence for this idea is the putative worsening of GERD after eradication,
but most data suggest neither an increased incidence of GERD after eradication nor
increased acid secretion or reflux [5]. In this article, we regard the risk of gastric
adenocarcinoma as sufficient justification for a test-and-treat strategy, and focus on current
and future eradication therapies.
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Current H. pylori eradication therapy requires a proton pump inhibitor (PPI) and at least two
antibiotics (triple therapy). This approach requires treatment for 7 to 14 days and has an
inadequate success rate (< 80%) according to the Maastricht 111 consensus report [6]. The
development of antimicrobial resistance by H. pylori is a major factor in unsuccessful
eradication with triple therapy. Treatment with clarithromycin or metronidazole may also
contribute to development of antibiotic resistance of other important bacterial pathogens
[7,8]. In H. pylori, primary resistance to amoxicillin has not been described. In a recent
meta-analysis, primary resistance to clarithromycin decreased the eradication rate by 50%,
whereas primary resistance to metronidazole decreased the rate of eradication by 37% [9].

A meta-analysis of eradication failure categorized subjects according to their rate of
metabolism of the PPI used in the therapy. Mutations in CYP219, a situation more common
in Japan than in the West, provided information that improved acid suppression results from
increased plasma residence time of omeprazole and consequently highly efficient
eradication of H. pylori with a PP1 and only amoxicillin twice daily [10].

Given the decreasing efficacy of triple therapy and its contribution to the global problem of
increasing antibiotic resistance, novel therapy is needed for H. pylori eradication.
Compliance is another issue: patients find twice-daily consumption of three tablets or
capsules burdensome. Another confounding factor is that when a symptomatic patient is
treated, the PPI relieves the symptoms, thus discontinuation of the medication may occur.
This article therefore focuses on new potential eradication strategies.

Gastric Biology of H. pylori

To identify a better regimen for H. pylori eradication, an understanding of the gastric
biology of the organism is needed. H. pylori is a neutralophile that colonizes the acidic
gastric environment, and it has developed mechanisms to combat high acidity. Therefore,
identifying the components of the acid resistance mechanisms and how these components
are regulated may provide bactericidal drug targets by exploiting its acidic gastric niche.

Gastric Environment of H. pylori

The gastric lumen in humans with normal acid secretion has a median pH of 1.4 with pH
elevations after dinner, breakfast. and lunch because of the buffering action of food [11].
The luminal pH of the stomach is not disputed; however, considerable controversy exists as
to the gastric surface pH and the pH within the mucus layer, the sites of H. pylori infection
[12]. Historically, it was proposed that a pH gradient exists through the gastric mucus, with
the luminal face being acidic and the gastric surface being neutral because of restricted
proton back diffusion by the mucus or secretion of HCO3™ [13].

A considerable body of literature exists using either glass-tipped or open-tip
microelectrodes, suggesting that a mucus “barrier” was present and hindered proton back
diffusion [12,14]. More recently, however, use of fluorescent pH probes and confocal
microscopy showed no difference between surface and luminal pH when the luminal pH was
set at 3.0 [15]. Using pH microelectrodes in the mouse model, no gastric barrier was
detected with H. pylori infection [16<]. Likewise, in the gerbil model, transcriptome
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analysis of infecting organisms showed that the gene profile reflected an acidity less than pH
4.5 [17+]. Hence, for colonization, H. pylori must be able to grow under acidic conditions
encountered at the site of infection.

Acid Resistance of Neutralophiles

For an organism to pass through the stomach and access the small intestine or colon, it must
survive both low and high acidity if ingested with or without food. For an organism to
remain viable, it must maintain an inward electrochemical gradient of protons, the proton-
motive force (PMF)—the algebraic sum of the inward pH gradient and the inner membrane
electrical potential difference [18,19]. In Escherichia coli, the PMF is ~ -170 mV, moving
protons inward to enable ATP synthesis via the F1FO ATPase and allowing proton-coupled
uptake or export of solutes [18]. Loss of an adequate inner membrane potential interferes
with folding of membrane proteins and solute homeostasis. Therefore, in a neutralophile
under acidic conditions cell growth is abolished, but the organism can still survive provided
excessive acidification of the cytoplasm is prevented.

General Acid Responses of Neutralophiles

Various mechanisms have evolved to allow gastric transit by pathogenic bacteria. E. coli can
survive extreme acid stress because of expression of 12 genes located at the acid fitness
island [20]. One group of genes consists of glutamate, arginine, or lysine decarboxylases
(gadA/B, adiA, cadA) along with the product antiporters (y-amino butyric acid, agmatine,
and cadaverine (GadC, AdiC, CadC). Their activity results in the consumption of a proton
with each coupled cycle.

Acid Acclimation by H. pylori

H. pylori is a gram-negative neutralophile and shares some of the cytoplasmic pH regulatory
systems with other neutralophiles. However, the acid acclimation pathways developed by
this organism are unique, enabling H. pylori to maintain its periplasmic pH in acidic
medium at levels where both the cytoplasmic pH and membrane potential are compatible
with growth [21]. The several systems used to maintain periplasmic pH form the basis for
acid acclimation and growth in the gastric environment.

The Urease System of H. pylori

H. pylori expresses a neutral pH optimum urease at higher levels than any other known
bacteria, accounting for as much as 8% of the total protein [22]. Urease activity generates
NH3 and CO», providing acid neutralizing and buffering capacity. Urease-negative mutants
are unable to colonize animal models, showing that this urease is essential for gastric
habitation [23]. The urease gene cluster consists of seven genes: ureA and ureB (the
structural subunits of the enzyme), followed by the urease accessory genes urel, urek, urefF,
ureG, and ureH [24]. UreA and UreB form a hexameric heterodimer requiring NiZ* insertion
for activity. Nickel insertion is mediated by a pair of complexes—UreE/UreG and UreF/
UreH [25]. Regulation of urease occurs at several levels: biosynthesis of the structural
genes, insertion of Ni2* into the apoenzyme, and regulation of urea access to urease.
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UreA and UreB are present largely as apoenzyme; therefore, regulation of Ni2*
concentration inside the organism plays a vital role in acid survival. NixA is a specific Ni2*
transporter in the inner membrane of H. pylori. Deletion of nixA reduces, but does not
prevent, infection of the mouse stomach, but many other genes may also be implicated in
uptake and storage of this essential cation [26]. HypA and HypB are involved in the
insertion of nickel into hydrogenase. Deletion of these nickel assembly genes not only
affected hydrogenase activity but sharply reduced urease activity by 200-fold. This finding
is attributed to a role for these genes in nickel incorporation into urease [27].

Role of Urease in Acid Acclimation

At neutral pH, urease activity of intact organisms is low, in contrast to that of total cell
lysate. However, as the ambient pH is reduced from pH 6.5 to 5.5 and down to pH 2.5 the
urease activity of the intact organism increases 10-20 fold. Thus acidic pH activates a urea
transporter in the inner membrane, increasing urea access to cytoplasmic urease. Stable
urease activity down to pH 2.5 also shows that even at this medium pH, cytoplasmic pH
does not fall; otherwise urease activity would be inhibited [28]. Deletion of urel, an integral
membrane protein, prevented the pH-dependent increase of urease activity [28]. Hence, Urel
is an acid-activated urea transporter providing urea to the cytoplasmic urease. Expression of
urel is essential for colonization of mouse and gerbils [29,30].

The urel gene appears to be uniquely expressed by gastric Helicobacter spp [28].
Topographic analysis showed that this protein is a six-transmembrane segment polytopic
membrane protein, and fractionation studies localized it to the inner membrane of the
organism [31]. Expression of Urel in Xenopus oocytes determined its urea transport
properties [32]. Urel displayed characteristics of a pH gated urea channel (nonsaturable,
voltage independent), having low open probability at neutral pH and high open probability
at pH 5.0 and below with half maximal opening at pH 5.9.

Consequences of Urel Activation

H. pylori is suitable for the study of its inner membrane potential and cytoplasmic pH using
fluorescent dyes. At a medium pH of 7.4, the membrane potential was found to be ~-180
mV, and as the pH of the medium was decreased, the membrane potential fell as expected
from the increase of the inward ApH, reaching 0 mV at a medium pH of 3.5. The addition of
urea under acidic medium pH conditions between pH 3.0 and 6.0 elevated inner membrane
potential to a relatively constant value of ~ -101 mV, sufficient for maintenance of growth.

H. pylori cytoplasmic pH, measured with 2°,7’-bis-(2-carboxyethyl)-5-(and -6)-
carboxyfluorescein, acetoxymethyl ester (BCECF), was determined over a range of medium
pH from 7.4 to 4.5. In the absence of urea, at neutral medium pH, cytoplasmic pH was
estimated to be about 8.0 and fell to 5.3 at a medium pH of 4.5. At medium pH 4.5, the
cytoplasmic pH was restored to pH 6.5 with urea addition. Hence, at neutral pH, either in the
absence or presence of urea, the PMF is ~ -40 mV (ApH) — 180 mV (AV) = ~ -220 mV. At
pH 4.5 in the absence of urea, the PMF is ~ -48 mV — 45 mV =~ -93 mV, but with the
addition of urea at this pH the PMF rises back to -120 mV - 101 mV = 221 mV [21]. Hence,
urease activity permits H. pylori to maintain a normal PMF at acidic pH. The key distinction
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between H. pylori and presumably other gastric Helicobacter spp and other acidresistant
neutralophiles is the ability to maintain periplasmic pH at a level that allows a PMF to be
maintained that allows cell growth to continue in the gastric environment.

Although these data clarified the role of Urel in the acid acclimation processes of H. pylori,
it would be extremely unlikely that this protein along with urease would be the only means
of combating the stress of gastric habitation. Hence, acid-induced gene regulation was
studied using microarray analysis at pH 7.4, 6.2, 5.5 and 4.5 in the absence or presence of
urea [21]. About 187 genes were up regulated by exposure to acidic pH and 100 were down
regulated. Other laboratories have used microarray data, some in agreement with the data
from this laboratory and others not, but thus far, the data presented here are unique in
investigating the effect of urea on gene expression in different pH media [33-35].

Changes in gene expression that occur at a medium pH of 6.2 in the absence but not in the
presence of urea are likely responses to periplasmic pH because the addition of urea reverses
the gene regulation, indicating that normal periplasmic pH and membrane potential have
been restored. Under these conditions, several genes, which might be considered as pH
homeostatic genes, are able to produce NHs such as urease, asparaginase, aspartate ammonia
lyase, and the periplasmic a-carbonic anhydrase (HP1186) able to produce HCO3 as a
periplasmic buffer. Also, three hydrogenase expression/forming genes, hypA, hypB, and
hypC, were up regulated; they have a role in nickel uptake and sequestration, essential for
adequate urease enzyme activity [36].

Because urease produces 2NH3 + CO, from urea, a-carbonic anhydrase was investigated in
detail. When the periplasmic carbonic anhydrase gene was deleted, many of the properties of
the wild type were lost, similar to urel deletion. For example, the addition of urea no longer
restored membrane potential in acidic media. There was also complete loss of periplasmic
buffering in the carbonic anhydrase mutant. The addition of acetazolamide to the wild-type
organism, after regeneration of the membrane potential by urea, inhibited membrane
potential, restoring it to baseline [37]. Further, acid survival was impaired, either with
deletion of the enzyme or by addition of acetazolamide. There was a 3-log decrease in
survival in the knockout mutants or in the presence of acetazolamide at pH 2.0 in the
presence of urea. Recent in vivo data demonstrate a loss of infectivity in mice in the absence
of carbonic anhydrase activity [38¢]. These data, along with the gene analysis, show that the
acid acclimation response of H. pylori is significantly more complicated than simply the
activation of urease by acid activation of Urel.

Although the NH3 produced by urease activity is able to neutralize entering protons, the pKa
of the NH4*/NH3 couple is 9.2 and would not effectively buffer the periplasm to a relatively
neutral pH. Therefore, NH3 alone would not account for the finding that the periplasmic pH
is relatively constant at 6.1 in the presence of urea, down to at least pHg,¢ 3.0. On the other
hand, pH 6.1 is the effective pKa of HCO3™. Hence, both NH3 and CO, production from
intrabacterial urease activity enable acid acclimation by H. pylori, the NH3 to neutralize
entering protons and the HCO3™ to buffer the periplasm. At pH 4.0 and above, deletion of
carbonic anhydrase had little effect on survival, hence the pH of the habitat of H. pylori in
the mouse stomach must be less than 4.0.
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Two-component Systems

ArsRS

HP0244

Prokaryotes use two-component systems (TCS) to relay environmental stimuli to the
cytoplasm, resulting in cellular responses similar to the G protein—coupled receptors
(GPCR) in eukaryotes. TCS are minimally composed of a histidine kinase sensor protein,
usually located in the inner membrane, and a response regulator located in the cytoplasm.
Responding to an environmental stimulus, the sensor component autophosphorylates,
followed by phospho-transfer from the kinase sensor to an aspartyl side chain of the
response regulator. Although specificity of response to specific input signals is typical,
evidence is mounting for cross-talk between a sensor kinase and noncognate response
regulators. It may well be that this cross-talk is designed for optimal response to an
environmental change, such as pH. Further, differences in affinity exist between sets of
genes between the phosphorylated and nonphosphorylated forms of the regulator, allowing a
graded response to a stimulus [39,40]. Thus, TCS, if vital for infection or colonization, make
novel targets for eradication therapies.

H. pylori expresses four histidine kinases and six response regulators, including those with
known response regulators, HP0165/HP0166 (ArsRS, an acid-responsive TCS), HP0244/
HP0703 (FIgRS) involved in intermediate flagellar development, and HP1364/HP1365
[41,42]. Knockout mutants lacking the sensor kinase component of the TCS did not impair
urease activity at neutral pH and only the HP0244 knockout mutation affected motility.
However, none of the sensor kinase knockouts were able to infect the mouse stomach, a
finding expected for the HP0244 deletion mutant because motility is required for infection
[43]. Deletion of the response regulator HP1365 impaired growth in vitro at pH 5.5 [44].

Transcriptomal analysis of H. pylori, HP0165 deletion mutants at pH 5.0, found most genes
were repressed [39]. 109 genes were affected by the deletion at this pH, including nine acid
acclimation genes, seven envelope genes, and genes shown to be up regulated in vitro at
acidic pH and in the gerbil stomach [17e, 42].

The acid acclimation gene cluster is only one set of genes used by H. pylori enabling gastric
habitation, and the wide range of genes that change expression in acid or in the stomach
attests to the broad response of this gastric denizen just to acidification. The general model
resulting from the studies discussed above is shown in Figure 1, encompassing the results on
urease, Urel, and carbonic anhydrase and regulation by the TCS ArsRS. Apparently,
HP0165 mutants are not able to infect a mouse model.

More recent studies examined the role of a cytoplasmic histidine kinase HP0244, already
known to regulate expression of intermediate flagellar genes via the HP0703 regulon.
Surprisingly, HP0244 deletion mutants failed to survive a pH of 2.0 even in the presence of
10-mM urea. Cytoplasmic pH and membrane potential were signifi cantly impaired,
accounting for the loss of survival. Therefore, H. pylori senses both periplasmic and
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cytoplasmic pH via sensor kinases to regulate gene transcription in response to an acid
challenge.

Blue native gel electrophoresis showed that UreA and UreB, soluble cytoplasmic proteins,
were associated with Urel, a membrane protein [25]. Further investigation using
immunoelectron microscopy showed that this association was increased at an acidic medium
pH of 5.5 [45]. Hence, urea is immediately available to the urease under acidic conditions. It
is also possible that Urel is able to transport NH3 more rapidly than free diffusion across the
lipid bilayer, allowing even more rapid periplasmic neutralization of entering protons

Direct measurement of NH3 and CO, permeability of H. pylori wild type and urel deletion
mutants did indeed show that this urea channel, similar to the aquaporin water channel, was
able to transport NH3, NH4*, and CO,. Hence, the complex detected by electrophoresis and
electron microscopy probably has relevant physiologic function.

Improved Acid Suppression

Kapidex

The drawback to current PPIs is that extending acid suppression into the night is very
difficult because new pumps are being synthesized and the drug disappears within 2 hours of
the evening meal. Improved acid suppression rests on the concept that amoxicillin requires
the organism to be in growth phase for its action. At relatively high acidity, many organisms
are in stationary phase and inhibition of acid secretion with PPl administration increases the
fraction of the bacteria in growth phase. However, with the return of nocturnal acid
secretion, the acidity is sufficient to keep many in stationary phase. The benefit of
amoxicillin is that thus far there have been no reports of resistance to this antibiotic. Because
the effectiveness of current triple therapy has fallen below 75%, improved acid inhibition in
combination with amoxicillin should result in greater than 90% eradication. Currently, three
candidate PPIs and a reversible inhibitor of the gastric acid pump show promise in extending
acid suppression into the night.

Kapidex is a delayed-release form of the R enantiomer of lansoprazole with a double coating
to allow biphasic release [46]. If administered before breakfast and again at bedtime,
perhaps acid suppression would be sufficient to inhibit nocturnal breakthrough.

Tenatoprazole

AGN904

Tenatoprazole is a long half-life PPI; early data show that administration at night of the R
enantiomer improves nighttime acid suppression [47]. Administration of this drug twice
daily may allow eradication with amoxicillin in dual therapy.

A novel form of omeprazole, AGN904 is designed to prolong absorption. Phase 1 clinical
trial data have shown greatly improved acid suppression over 24 hours compared with
esomeprazole, 40 mg, particularly at night. It is predicted that twice-daily administration of
this drug would maintain a nearly neutral intragastric pH for 24 hours, preventing highly
acidic nighttime pH excursions. Hence, dual therapy is likely to succeed.
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Reversible inhibitors of the gastric H,K ATPase

A long-acting reversible inhibitor of the gastric acid pump is in development. This
compound is expected to give better acid inhibition at night than current PPIs.
Administration twice daily in combination with amoxicillin might provide dual therapy.

Novel Eradication Targets

Carbonic anhydrase

Urel

As discussed earlier, the need for a-carbonic anhydrase activity for acid survival of H.
pylori is required. High levels of acidity anticipated at the gastric surface are a requirement
for loss of H. pylori survival in the presence of the carbonic anhydrase inhibitor,
acetazolamide. The gastric pH of the gerbil is about pH 1.0, similar to that of the human
stomach. Recently, using the gerbil model of H. pylori infection, acetazolamide treatment
for just 3 days resulted in a 66% eradication rate and significantly reduced H. pylori gastric
load by 95% in the remaining animals. However, this protocol was not optimized and it is
anticipated that an increase in the duration of treatment would result in eradication rates
approaching 100%. The presence of acetazolamide would be most effective at high levels of
acidity, which occurs at night. Hence, controlledrelease acetazolamide at bedtime would
optimize the acid-dependent bactericidal effect of the drug.

In 1976, treatment of peptic ulcers using acetazolamide showed healing rates of 91% to 97%
with a relapse rate of only 6% over 2 years [48]. These results were attributed to inhibition
of acid secretion. It is clear that these results are not the result of inhibition of acid secretion
alone because the relapse rates for the PPIs and H,-receptor antagonists for the treatment of
peptic ulcer disease are about 60% after 1 year, and both are much more potent antisecretory
agents than acetazolamide [8]. Because work on acetazolamide was performed before the
isolation and culture of H. pylori in 1982 by Marshall and Warren [49], the contribution of
eradication of this gastric pathogen to these data was not recognized.

In light of the novel findings that carbonic anhydrase found in the periplasm of H. pylori is
required for acid acclimation in vitro, and that the a.-carbonic anhydrase inhibitor
acetazolamide eradicated H. pylori in the gerbil model, and the apparently profound effect of
acetazolamide on the healing of ulcer disease and subsequent low rate of relapse,
acetazolamide treatment may result in eradication of H. pylori in humans. Furthermore, this
medication will be much more affordable than current therapy and the simplicity of
treatment would allow worldwide eradication of this type 1 carcinogen. Eradication is
important not only for the prevention and cure of peptic ulcer disease but also for the
prevention of gastric adenocarcinoma, the third leading cause of cancer deaths in the United
States. Furthermore, because acetazolamide is an enzyme inhibitor, resistance would not be
expected.

Urel, a proton-gated urea channel, is unique to H. pylori among human pathogens and its
activity is essential for acid acclimation and gastric colonization [29,30,50]. An in vitro
high-throughput screen is available for inhibitors of this channel and, given the carcinogenic
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consequences of infection, development of a compound able to inhibit urea uptake by the
organism would appear worthwhile.

HP0165, a two-component histidine kinase sensor, has its sensor domain exposed to the
periplasm. It is unique to gastric Helicobacter spp. Development of an inhibitor preventing
the pH response of this sensor would impair gastric survival.

Conclusions

The analysis of acid acclimation by H. pylori suggests several targets for eradication. The
first—improved acid suppression for eradication with a PP1 and only amoxicillin— requires
availability of a longer-acting PPl whose acid suppression extends into the night. The
second—inhibition of carbonic anhydrase activity—also requires enzyme inhibition at night.
The third—inhibition of novel targets such as Urel or HP0165—requires the development of
new chemical entities.
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Figure 1.

A model of HP0165/HP0166 regulation of periplasmic pH of Helicobacter pylori. Under
acidic conditions, urea enters the periplasm through the outer membrane via porins. Urea
entry into the cytoplasm is accelerated by the H*-gated urea channel, Urel, increasing urease
activity. Periplasmic acidity also activates the histidine kinase sensor, HP0165, by phosphate
transfer to the response element, HP0166, thus increasing transcription of the “acid
acclimation” genes, with the exception of hypB and aspA. Arginase produces cytoplasmic
urea and the amidases and aspartase, cytoplasmic NH3. Urease activity is increased by
nickel insertion into the UreA/UreB apoenzyme by UreE, F, G, and H in concert with HypA
and HypB, hydrogenase accessory proteins. Cytoplasmic urease generates 2NH3 + H,CO3"
which is converted to CO, + H,0 by cytoplasmic p-carbonic anhydrase. The membrane-
permeant NH3 and CO, diffuse into the periplasm. The CO, is converted to H* + HCO3™ by
the membrane-bound periplasmic a-carbonic anhydrase that buffers the periplasm to pH
about 6.1. The NHs absorbs the proton released by carbonic anhydrase and the other NH3 is
able to absorb entering protons or can alkalinize the medium. The cooperative upregulation
of these genes and the role of the HP0165/HP0166 two-component system illustrate not only
that the organism is exposed to acidic pH, but also that several genes of this regulon are
involved in maintaining gastric infection.
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