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Abstract

Helicobacter pylori is arguably one of the most successful pathogens; it colonizes the stomachs of
more than half of the human population. Colonization and persistence in such an inhospitable
niche requires the presence of exquisite adaptive mechanisms. One of the proteins that contributes
significantly to the remarkable adaptability of H. pylori is the ferric uptake regulator (Fur), which
functions as a master regulator of gene expression. In addition to genes directly related to iron
homeostasis, Fur controls expression of several enzymes that play a central role in metabolism and
energy production. The absence of Fur leads to severe H. pylori colonization defects and,
accordingly, several Fur-regulated genes have been shown to be essential for colonization.
Moreover, proteins encoded by Fur-regulated genes have a strong impact on redox homeostasis in
the stomach and are major determinants of inflammation. In this review, we discuss the main roles
of Fur in the biology of H. pylori and highlight the importance of this regulatory protein in the
infectious process.
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Helicabacter pylori is a human pathogen with a unique capacity to efficiently colonize the
hostile environment of the stomach. Gastric colonization by H. pylori induces chronic active
gastritis in nearly all infected individuals, but most patients do not develop any apparent
clinical signs of infection. However, in a subset of individuals, H. pylori infection progresses
from gastritis to more severe upper gastrointestinal disorders such as peptic ulcers, mucosa-
associated lymphoid tissue lymphoma or gastric adenocarcinoma. The reasons why certain
individuals develop clinical disease while the majority of people remain asymptomatic are
poorly understood. However, some progress has been made in the identification of factors
that affect the wide range of disease states observed. Interestingly, these factors are
multifactorial and include bacterial, host and environmental elements. Among the identified
bacterial factors, the expression of the cytotoxin-associated protein CagA and the
vacuolating cytotoxin VVacA have been shown to be major contributors to disease severity.
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For example, CagA-positive H. pylori strains are at least twice as likely to cause cancer as
H. pylori strains without CagA [1,2]. From the environmental perspective, diets rich in salt,
pickled or smoked foods, or saturated fat, as well as the consumption of alcoholic beverages,
exacerbate the severity of the infection symptoms. On the other hand, several studies
examining host factors indicate that H. pylori is more likely to cause peptic ulcers in people
with blood type O, while those with blood type A are more likely to develop gastric cancer

[3].

According to the WHO, gastric cancer is the second most common cause of cancer-related
death in the world, responsible for up to 736,000 deaths in 2008. Of note, it is estimated that
H. pylori infection is responsible for 5.5% of all global cancers and 65% of gastric cancers
worldwide [4]. The prevalence of H. pylori infection ranges from 20% in industrialized
countries to more than 90% in the developing world, which makes H. pylori the most
prevalent infection worldwide [5]. Currently, treatment of H. pylori infection involves triple
therapy with a proton pump inhibitor or ranitidine, combined with clarithromycin and
amoxicillin or metronidazole [6]. However, the rapid increase in antibiotic resistance may
soon require the use of quadruple therapy. The complexity of the eradication therapy and the
cost of these drugs is often excessive in nations where H. pylori is endemic, and thus often
results in poor patient compliance [7]. Moreover, even successful eradication therapy does
not protect the host from potential reinfection nor prevent asymptomatic infected individuals
who do not realize that they need treatment from ultimately developing gastric cancer.
Therefore, the identification of potential new drugs and new drug targets, along with the
development of effective vaccines to prevent or cure chronic H. pylori infection, constitute a
fundamental area of research. This endeavor demands a profound understanding of H. pylori
pathogenesis and virulence factors.

As with many other organisms, H. pylori regulates gene expression in response to
environmental change. To achieve this, H. pylori is equipped with a rather limited repertoire
of response regulators and two component systems [8,9]. Control of iron homeostasis is
mediated by the ferric uptake regulator (Fur), which essentially regulates transcription of
genes involved in iron acquisition and storage in response to changes in iron availability
[10,11]. However, Fur also regulates gene expression in response to low pH [12-15],
oxidative stress [16,17] and salt [18]. Thus, this iron-sensing protein is actually a global
regulator of gene expression in H. pylori that contributes significantly to the unique
plasticity that is characteristic of this bacterium. In keeping with this, Fur has been shown to
be important for survival under stressful conditions other than iron limitation [13].
Consequently, the Fur regulon includes genes involved in acid acclimation, resistance to
oxygen reactive species and nitrogen metabolism. Therefore, collectively, Fur plays a key
role in the adaptation of H. pylori to the hostile conditions that exist in the stomach. In H.
pylori [13,19], as well as other pathogenic bacteria such as Staphylococcus aureus [20],
Campylobacter jejuni [21] Listeria monocytogenes [22], Actinobacillus pleuropneumoniae
[23], Bacillus cereus [24] and Vibrio cholerae [25], inactivation of the fur locus leads to
reduced virulence of the corresponding mutants. Hence, Fur plays a critical role in bacterial
pathogenesis. In the present review, we summarize the diverse means by which Fur
maintains the intracellular iron balance in H. pylori, and discuss the importance of this
regulatory protein in H. pylori colonization of the stomach.

Iron sources in the stomach, iron utilization mechanisms of H. pylori &
association of H. pylori infection with iron-deficient anemia

Iron is an essential micronutrient for virtually all organisms, and H. pylori is no exception.
In the stomach, ingested food provides iron in the form of heme and nonheme. The low pH
and the digestive enzymes found in the stomach release iron from ligands to the gastric
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lumen. H. pylori and the host both compete for the free iron by deploying mechanisms
specifically devised to sequester and facilitate the acquisition of this and other essential
metals. Indeed, it is well known that sequestration of micro-nutrients represents one of the
first lines of defense of the host against bacterial infection; this process is termed nutritional
immunity. However, H. pylori seems particularly adept at competing for iron; it has been
established that H. pylori successfully competes for iron in a murine host to such an extent
that it can actually cause iron deficiency when the intake of dietary iron is poor [26]. This
fact is evidence of the exquisite evolutive adaptation of this unique microorganism to its
natural niche.

In order to guarantee a sufficient supply of iron from the environment, H. pylori cells
display a repertoire of high-affinity iron-uptake systems (Figure 1). In the gastric lumen,
released ferrous iron is kept in solution by means of the acidic pH and the low oxygen
concentration characteristic of this niche. This in turn prevents the rapid conversion of the
metal to ferric iron. Ferrous iron molecules pass freely through the outer membrane of the
bacteria, but require high-affinity transporters in the cytoplasmic membrane to enter the cell;
this function is carried out by FeoB in H. pylori [27]. Ferric citrate represents another
important source of iron for H. pylori and, accordingly, three transporters implicated in the
uptake of this molecule have been identified in this bacterium: FecAl, FecA2 and FecA3.
Accumulation of ferric citrate into the periplasm via the Fec uptake systems requires energy,
which is derived from the proton motive force mediated by the inner membrane protein
complex composed of TonB, ExbB and ExbD [28,29].

Although the presence of siderophores has not been described in H. pylori, it has been
shown that this bacterium can bind and utilize several host iron-binding molecules as iron
sources [30-32]. This is particularly relevant because H. pylori colonizes the gastric mucosa
where free iron is readily sequestered by host iron-binding proteins such as lactoferrin and
transferrin. The recent development of an iron-deficient chemically defined medium
unequivocally demonstrated that H. pylori can acquire iron from fully saturated (holo)
lactoferrin and transferrin [30]. Interestingly, however, the authors showed that H. pylori
binds the apo-form of these two proteins with higher affinity than the holo-forms.
Consequently, H. pylori cannot use iron from partially saturated (<75%) lactoferrin or
transferrin and, thus, is unable to acquire iron from serum. Owing to this, the inability to
acquire iron from serum has been suggested to block H. pylori virulence by preventing its
growth in the bloodstream, where the presence of apo-lactoferrin and apo-transferrin is
relatively high [30].

So far, little is known about how H. pylori cells acquire iron bound to host-binding proteins.
A 70-kDa outer membrane protein with lactoferrin-binding properties was suggested several
years ago, but the identity of this protein still remains unknown [33]. Similarly, the proteins
responsible for transferrin binding in H. pylori have not yet been identified. By contrast, two
outer membrane proteins, FrpB1 and FrpB2, have been implicated in hemoglobin binding
[34,35]. In keeping with this, the ability of H. pylori to use hemoglobin as an iron source is
well documented [30,32]. Several iron-repressible outer membrane proteins from H. pylori,
including FrpB1, seem to be responsible for heme utilization [32,34]. It is noteworthy that
the relative concentration of free heme can lead to opposite effects on H. pylori cells [30],
while low concentrations of free heme stimulate growth, heme concentrations above 1 uM
elicit toxicity. Even if heme and hemoglobin are released in the stomach from the ingested
food, it seems that the use of hemoglobin may become most relevant when the bacterium is
in contact with blood cells that are released as a result of ulceration.

Despite having previously generated controversy, epidemiological and clinical evidence
suggest a relationship between iron deficiency anemia (IDA) and H. pylori infection [36—
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41]. Moreover, recent work has shown that H. pylori infection induces iron deficiency in
insulingastrin mice [42]. Supporting this association, iron administration in combination
with anti-H. pylori therapy has been demonstrated to be more effective than iron
administration alone for the treatment of IDA [43]. H. pylori-induced anemia could result
from iron loss due to microbleeding. However, H. pylori-induced hypoacidity may also
contribute to IDA by impairing iron absorption. Furthermore, it seems that H. pylori strains
isolated from patients with IDA show enhanced iron-uptake activity and thus may be more
adept at competing with the host for iron [44]. Similarly, certain polymorphisms of the
bacterioferritin Pfr and the high-affinity ferrous iron transporter FeoB are well correlated
with IDA-associated H. pylori strains [45,46]. A comparative proteomic analysis of H.
pylori strains from IDA and non-1DA patients revealed the existence of important
differences between these two groups, and identified several proteins that are predominantly
expressed in strains from IDA patients [47]. One of the proteins differentially expressed in
these strains is AmiE, an aliphatic amidase implicated in ammonia production and acid
adaptation. The gene encoding AmiE is upregulated under iron-restricted conditions and
acidic pH [13,48-50]. This may suggest a deficiency in the regulatory circuitry that senses
and responds to changes in iron availability and pH in the H. pylori strains isolated from
IDA patients. Currently, despite all efforts, the specific role of H. pylori in the etiology of
IDA, as well as the mechanism underlying the increased iron acquisition displayed by H.
pylori from IDA patients remain unknown. Understanding iron uptake and trafficking in this
bacterium as well as the regulation of these processes is critical to determine the molecular
basis of this disorder.

Fur control of iron homeostasis involves activation & repression of genes

with very diverse functions

Iron is required as a cofactor by several enzymes and as a catalyst in the electron transport
processes. However, iron overload stimulates the formation of reactive oxygen species via
the Fenton reaction. The resulting species damage DNA, proteins and membrane lipids [51].
To prevent this problem, bacteria have developed sophisticated mechanisms to sense and
respond to fluctuations in iron availability as a means of maintaining an appropriate
intracellular iron balance. In H. pylori, this control is carried out by the iron-sensing protein
Fur. In addition to genes directly related to iron homeostasis, Fur also controls expression of
very diverse genes that belong to different functional categories (Table 1 & Figure 1).
However, the most widespread group of genes under the control of this metalloregulator is
that of the iron uptake systems, including the previously mentioned high-affinity iron
transporters FecAl, FecA2, FrpB1 and FeoB [11,13,52-54]. When the intracellular
concentration of ferrous iron is low, Fur is unable to bind to the Fur box sequences within
the promoters of these genes, transcription is derepressed and the capacity of H. pylori cells
to acquire extracellular iron increases drastically. Similarly, recent experiments suggest that
the lactoferrin and transferrin receptors from H. pylori are also upregulated under iron-
deficient conditions [30].

Flavin biosynthesis is also under the control of Fur in H. pylori as well as another
gastrointestinal pathogen, C. jejuni [55,56]. Fur regulation of flavin biosynthesis is linked to
the activity of the ferric iron reductases that catalyze the flavin-mediated reduction of
extracellular ferric iron to the soluble ferrous form [57,58]. The activity of ferric iron
reductases is believed to be important for the mobilization of insoluble ferric complexes in
the almost neutral environment of the gastric epithelia. Given this, it is perhaps not
surprising that expression of a key enzyme in the synthesis of flavins, RibBA, is regulated
by Fur in H. pylori [55,59]. Indeed, RibBA plays a central role in the synthesis of riboflavin,
the biochemical source of the flavin moiety of the flavin adenine dinucleotide and flavin
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mononucleotide coenzymes (Figure 2a). Of note, disruption of the ribBA gene eliminates the
ferric iron reduction activity of H. pylori [55]. Transcriptional analysis revealed that the
ribBA gene is repressed by iron-bound Fur. Thus, when iron is scarce, ribBA transcription is
derepressed, which increases the production of flavins that are then ready to be used by
ferric iron reductases. Similarly, the putA gene of H. pylori has recently been found to be
repressed by Fur under iron-replete conditions [60]. PutA is a bifunctional enzyme that
catalyzes the conversion of proline to glutamate. In the first step of this reaction, the proline
dehydrogenase domain of PutA catalyzes the flavin adenine dinucleotide-dependent
oxidation of proline to delta-1-pyrroline-5-carboxylate. Thus, proline catabolism generates
reduced flavins that can be used by ferric iron reductases and, accordingly, the increase in
putA transcript levels observed upon iron starvation in H. pylori is likely to be a Fur-
mediated response aimed at increasing iron accessibility. Whether the expression of other
flavoproteins of H. pylori is also under the control of Fur remains to be investigated.

In a similar manner, the expression of the gene encoding y-glutamyltranspeptidase (GGT) is
Fur-dependent in H. pylori [60]. GGT is an enzyme that plays a crucial role in the utilization
of extracellular glutamine and glutathione via conversion of these substrates to glutamate,
which is subsequently transported into the H. pylori cell [61]. Remarkably, a recent study in
Histoplasma capsulatum implicated this protein in the generation of extracellular reduced
iron, hence revealing a new physiological role for GGT in iron acquisition [62]. It is
noteworthy that the ferric reductase activity of this protein does not appear to be flavin
cofactored. Perhaps for this reason, expression of the ggt gene in H. pylori is directly
regulated by Fur. Despite the fact that the role of H. pylori GGT in iron assimilation has not
yet been proven, Fur regulation of the ggt gene supports this idea. The activity of this
enzyme may be extremely beneficial for H. pylori, allowing the reduction of ferric iron
obtained from host binding proteins such as transferrin or hemin, as does its H. capsulatum
counterpart [63].

Expression of iron-storage proteins is also under the control of Fur and, accordingly, this
metalloregulator regulates the expression of the bacterial ferritin Pfr in H. pylori
[11,13,54,64]. Pfr belongs to the nonheme ferritin subfamily and plays a significant role in
protection against metal toxicity [65]. The intracellular levels of Pfr mimic those of iron:
when iron is abundant, the levels of Pfr are high, and when iron is limited, pfr expression is
downregulated. In this sense, pfr expression follows the opposite pattern of that of the iron-
uptake genes, which are upregulated when iron is scarce. Interestingly, Pfr is constitutively
expressed in a fur mutant, indicating that Fur functions as a repressor of pfr under iron-
limited conditions [64]. To accomplish this role, H. pylori Fur binds to the pfr promoter in
its iron-free (apo) form and prevents RNA polymerase binding. Since the classical view of
Fur is that of an iron-bound repressor protein, this ability of apo-Fur to bind DNA has
generated a significant amount of controversy. However, very recently, apo-Fur proteins
from other organisms have been shown to bind and regulate transcription of Fur-regulated
promoters [66,67]. Furthermore, the apo structure of C. jejuni has recently been determined
[66]. Therefore, depending on the iron status, H. pylori Fur has the capacity to inactivate
different sets of genes.

Increasing evidence suggests that the production of enzymes that require iron for their
function is induced in H. pylori under iron-replete conditions. This control seems to be
mediated by Fur at two different levels. First, Fur stimulates the synthesis of iron—sulfur
(Fe-S) clusters. Fe-S clusters are small, inorganic, prosthetic groups that participate in a
variety of biochemical processes, including electron transfer, substrate binding and
activation, redox catalysis, DNA replication and repair, regulation of gene expression and
tRNA modification. The positive effect of Fur on Fe-S biosynthesis is achieved by
transcriptional activation of the nifSgene [68]. NifS is a cysteine desulfurase that releases
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sulfur or sulfide from .-cysteine and functions as a sulfur donor in the biogenesis of the Fe-S
cluster (Figure 2b) [69]. Second, transcription of some genes encoding Fe-S-containing
enzymes is directly regulated by Fur. For instance, the ferredoxin oxidoreductase gene
cluster (oorDABC) was found to be activated by iron-bound Fur in the current authors'
laboratory [13,70]. Similarly, a previous study revealed that the expression of the quinone-
reactive Ni/Fe hydrogenase gene cluster (hydABCDE) was regulated by iron in a Fur-
dependent manner [54]. However, in the latter case, transcriptional data indicate that
regulation is achieved via apo-Fur, which down-regulates the expression of the hydABCDE
cluster when iron is limiting for growth. Thus, Fur coordinates an iron-sparing response in
H. pylori similar to that described in Bacillus subtilis [71,72]. This response is devised to
guarantee a resourceful utilization of iron when this metal is limiting for growth. However,
since deletion of the fur gene in H. pylori does not appear to have any impact on bacterial
growth rate, differences in the iron status are not expected to prompt a major remodeling of
the metabolic pathways in this bacterium. It is worth noting that, because of the unique
features of the Fur protein from H. pylori, the iron-sparing response in this bacterium
involves inactivation of gene expression by apo-Fur, as well as Fur-mediated activation of
target genes when iron is abundant.

Expression of the iron-cofactored superoxide dismutase protein is also repressed by apo-Fur
in H. pylori [17]. Superoxide dismutase constitutes a primary line of defense against
superoxide radicals as it catalyzes the dismutation of superoxide into oxygen and hydrogen
peroxide (H,0,). Therefore, it is anticipated that sodB derepression under iron-replete
conditions is aimed at alleviating the iron-induced oxidative stress previously described.
Nevertheless, Fur regulation of sodB is not fully conserved across H. pylori strains and loss
of regulation has been linked to nucleotide substitutions in the sodB promoter that lead to a
marked decrease in the affinity of the metal-loregulator for the promoter region [73].
Interestingly, increased levels of superoxide dismutase have been associated with the
development of metronidazole resistance [74]. Metronidazole is a prodrug that stimulates
the formation of super-oxide radicals once it is absorbed by the cells and activated by
reduction of its 5-nitro group [75]. It has been described that mutations in the Fur protein are
responsible for the observed derepression of sodB in metronidazole-resistant strains [74]. At
the present time, it is unknown whether these fur-mutant forms are deficient in regulation of
other apo-Fur targets in addition to sodB.

Transcription of the gene encoding the cytotoxin-associated gene cagA was recently shown
by our group to be activated by Fur [60]. CagA is an oncogenic protein that is delivered into
the epithelial cells through a type IV secretion system. This delivery triggers a cascade of
effects that interfere with signal transduction pathways in the host cell, which are known to
be important for downstream disease development. Remarkably, a recent report also
revealed an important role for CagA in iron acquisition [76]. Using a model polarized
epithelium, Tan et al. demonstrated that, unlike the wild-type strain, CagA mutants were
unable to colonize the apical surface of cell monolayers incubated with Dulbecco's modified
Eagle medium [77]. This deficiency was later shown to be partially rescued by the addition
of iron [76]. In uninfected monolayers, diferric transferrin binds to the transferrin receptor
on the cell surface and the transferrin—receptor complexes are routed to the basolateral
surface after endocytosis via clathrin-coated pits. However, colonization with H. pylori leads
to mis-sorting of a subset of the transferrin—receptor complex and transcytosis of the
complex from the basolateral to the apical surface. The virulence factors CagA and VacA
were found to work in concert to alter the transferrin—receptor complex trafficking. In
addition, mislocated transferrin—receptor complexes were found to accumulate at the sites of
H. pylori colonization. Thus, CagA facilitates iron acquisition by H. pylori on the apical
surface. The observed Fur-mediated activation of CagA may reflect an increased nutritional
requirement of H. pylori cells when iron is abundant.
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Fur plays an important role in the colonization of the stomach

The fur gene of H. pylori is not essential for in vitro growth, and isogenic fur mutants have
been successfully constructed [13,50,64]. The loss of Fur function in H. pylori is likely, at
least in part, compensated for by the action of other regulatory proteins encoded for in the
chromosome [8,9]. Despite the fact that Fur is dispensable for survival in vitro, several
laboratories have reported the existence of severe colonization defects associated with the
inactivation of the H. pylori fur locus [13,19,50,78].

Initially, Bury-Moné and coworkers found that H. pylori fur mutants recovered from mice 1
month postinfection were 1-2 logs less abundant than wild-type bacteria recovered at the
same time point [50]. In agreement with this, a transposon-based mutagenesis study
identified fur as one of several loci that contribute to colonization of the stomach in a murine
infection model [78]. In an attempt to better understand the infection dynamics of the fur
mutant, the current authors' laboratory temporally monitored the bacterial loads seen in
animals infected with either the wild-type or a Afur strain [13,19]. These studies were
carried out using the Mongolian gerbil model of H. pylori infection, which has been shown
to be well suited to study the development of H. pylori-induced carcinoma [79,80].
Remarkably, the number of bacteria required to establish an infection was 2 logs higher for
the fur mutant than for the wild-type strain, reinforcing the role of Fur in colonization [13].
In addition, the obtained results corroborated a decrease in the number of recoverable Afur
bacteria at days 3 and 7 postinfection. However, bacterial loads of the wild-type strain and
the fur mutant were virtually identical at later time points. The discrepancies between these
results and those of the previous studies are probably due to the different animal models
employed; differences in gastric physiology in the different models probably affect the pool
of genes necessary for various stages of colonization, as well as impact the dynamics of
infection. Nevertheless, our findings revealed that the role of Fur in colonization is more
important at early time points. Perhaps the initial steps of infection are when bacteria are
particularly challenged to adapt to the new environment, and thus this period is the critical
point when changes in gene expression are most needed to ensure rapid acclimation to the
gastric niche.

The role for Fur during the earliest stages of establishment of infection was confirmed by
experiments in which gerbils were first infected with the Afur strain and subsequently super-
infected with the wild-type strain at various times postinfection [19]. Consistently, the wild-
type strain efficiently displaced the Afur bacteria during the first week of infection, but this
ability progressively diminished over time. When the converse experiment was performed,
the Afur mutant was unable to displace the wild-type strain at any time point tested [19].
Furthermore, competition assays, wherein mutant and wild-type bacteria were coinfected
into the same animals, further confirmed the colonization defects seen upon the loss of Fur
[19] - the number of mutant bacteria recovered from the stomachs was 1 log lower at day 1
and 2 logs lower at later time points [13,19]. Thus, on the whole, the presence of Fur
increases the colonization potential of H. pylori and is important for the process of
establishing an infection, but it is not crucial for maintaining the infection once it has
occurred.

Given the large number of genes regulated by Fur, the defect of the fur mutant in the
colonization of the stomach is probably the deregulation of numerous Fur-regulated loci
rather than the specific activity of a single gene. Accordingly, many Fur-regulated genes act
in concert to facilitate survival of H. pylori cells under different environments. In keeping
with this, many genes under the control of Fur have been shown to play important roles in
colonization (Table 2). Therefore, the Fur-orchestrated expression of these genes is critical
for H. pylori to efficiently colonize the gastric mucosa.
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Fur determines the distribution of bacteria in the stomach

It is well documented that H. pylori colonizes both the corpus and the antrum of the human
stomach. Despite this, the bacterium predominantly localizes to the antral region, where acid
production is lower than in the corpus [81,82]. Therefore, local acid production is a major
determinant of colonization. This distinct distribution has been shown to be preserved in the
Mongolian gerbil model of infection (Figure 3) [19]. However, the distribution of H. pylori
in the stomach is altered in gerbils infected with the Afur mutant (Figure 3) [19]. In this
sense, single-strain infection experiments revealed a dramatic increase in the number of Afur
bacteria localized to the corpus of the stomach at 1 day postinfection. This is in acute
contrast to the low levels of colonization of the corpus featured by the wild-type strain at
this and later time points. Remarkably, wild-type cells multiply in the antrum immediately
and the bacterial load increases. On the contrary, by day 3 postinfection, Afur bacteria have
been rapidly cleared from both the corpus and the antrum, causing a concomitant decrease in
the overall bacterial load, which then slowly recovers over the next 2 weeks. The increased
tropism of the fur mutant towards the corpus of the stomach may be due, at least in part, to
the altered expression of genes coding for components of the chemotaxis apparatus.
Transcriptional data suggest that Fur regulates the expression of the gene coding for the
chemotaxis protein CheV2 [54]. Furthermore, nonchemotactic mutants of H. pylori display
an anomalous distribution in the stomach of infected mice; they are not predominantly
localized to the antrum as normal [83]. Interestingly, it has been reported that H. pylori
mutants lacking the type IV secretion protein CagY or the effector protein CagA colonize
the antral region of the stomach more prominently than the corpus [84]. As mentioned
earlier, transcription of cagA was recently found by the current authors' group to be activated
by Fur [60]. Thus, the lower levels of CagA expression expected for the fur mutant may
facilitate the higher colonization of the antrum observed at the very initial steps of
colonization. Whether or not disregulation of cheV2 and cagA is responsible for the atypical
localization of H. pylori in the stomach, or whether this can be attributed to the altered
expression of other Fur-regulated factors that serve as adhesins, remains to be determined.

Fur impacts the level of inflammation & the degree of disease

The absence of the fur locus was also found to correlate with lower levels of inflammation
of both the corpus and the antrum of infected gerbils [19]. This is important because the
level of inflammation has been identified as one of the factors associated with an elevated
risk of developing gastric cancer. Inflammation probably plays a significant role in nutrient
acquisition by H. pylori, since mucosal/cellular damage could lead to leakage of serum and
other cellular contents. This in turn provides an excellent source of nutrients and urea. The
main bacterial factors that contribute to H. pylori-induced gastric inflammation are the type
IV secretion system and CagA. Several studies have shown that serum antibody response to
CagA correlates with severity of gastric inflammation [85-87]. To this end, CagA-positive
strains induce higher levels of IL-1p and IL-8, which may induce further inflammation [88].
In addition, it has been reported that the conserved repeat responsible for phosphorylation-
independent activity motif in the C-terminal region of CagA may stimulate NF-xB-mediated
inflammation by interacting with the HGF receptor [89]. NF-kB regulates a variety of genes
whose products are involved in cell growth, inflammation and immune responses. Taken
together with the fact that Fur functions as an activator of cagA expression, the lower levels
of inflammation elicited by the fur mutant are not unexpected [60]. In addition, CagA-
positive strains have been shown to correlate with a higher risk of developing gastric cancer.
Therefore, one should expect to find milder disease outcomes associated with H. pylori fur
mutants. This concept is supported by the finding that gerbils infected with the fur mutant
developed invasive adenocarcinoma much later and with less frequency than gerbils infected
with the wild-type strain [19].
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In addition to regulation of CagA, Fur also regulates the expression of VacA, a potent
exotoxin that causes progressive vacuolation of host cells as well as gastric injury. Fur
regulation of VacA expression is indirect and, accordingly, Fur does not bind to the vacA
promoter [13]. It has been reported that oral administration of VVacA to mice causes
degeneration of the gastric mucosa and acute inflammation, followed by gastric ulcer
disease [90]. Of note, VacA seems to be important for H. pylori during the initial steps of
colonization [91]. Thus, the defects in early-stage colonization demonstrated by the fur
mutant may be due to alterations in VacA. Clearly the necessity for Fur-dependent
regulation of CagA and VacA explains why fur mutants demonstrate changes in the rate of
disease development and overall induced disease severity.

The expression of two other genes coding for proteins that have been shown to induce
higher levels of inflammation, GGT and PutA, is also under the control of Fur in H. pylori.
[60]. In the case of GGT, it has been postulated that glutathione hydrolysis by this enzyme
induces H,O, production [92]. The increase in H,O, production by host cells in the
presence of GGT has been linked to NF-xB activation and upregulation of I1L-8 production
[93]. In addition, elevated levels of H,O, generate oxidative stress, which has been
associated with the development of severe gastric diseases in H. pylori infections [94]. In
fact, epidemiological studies suggest that gastric cancer and precancerous lesions may be
caused by reactive oxygen species and that dietary antioxidants can prevent stomach cancer
[95]. Supporting this hypothesis, previous data suggest that H,O5 in combination with NHg
and NHCI hinders the healing process of peptic ulcers [96]. In the presence of cloride ions,
H,0, generates hypochlorus anions that subsequently react with ammonia to lead to the
formation of monochloramine. Previous reports have demonstrated that monochloramine is
a potent inductor of mucosal toxicity [97].

Proline oxidation by PutA, an enzyme that plays a central role in proline metabolism, also
generates reactive oxygen species, such as H,O», [98,99]. Based on studies that demonstrate
that H. pylori can use proline as a respiratory substrate [100], it has been suggested that
proline obtained from damaged host epithelia may support persistent colonization and
growth of Helicobacter species. This hypothesis is supported by the inability of an H. pylori
putA mutant to colonize the stomach of a murine animal model [101]. Interestingly,
Helicobacter hepaticus mutants defective in the putA gene display wild-type levels of
infection in mice [98]. Therefore, putA appears essential for the colonization of the gastric
mucosa, but dispensable for the colonization of other niches. Despite this, in agreement with
the role of PutA in the generation of reactive oxygen species, liver samples from mice
infected with the putA mutant show less inflammation than liver samples from mice infected
with the wild-type strain. Therefore, in summary, Fur-regulated genes play a major role in
the development of the inflammatory response, and deregulation derived from the absence
of the Fur protein has a strong impact on redox homeostasis in the stomach.

Future perspective

One area of H. pylori research that has not been fully explored is transmission of the
bacterium from one host to the next. In this sense, despite the fact that several animal
models have been successfully employed to study the pathogenesis of H. pylori infection,
none of the available animal models have yet proven to be useful to study the process of
transmission of this bacterium. The lack of a transmission model for H. pylori limits a full
understanding of the role of virulence genes in disease development. Among the genes that
could reasonably play a role in transmission, we believe those responsible for adaptation to
stressful conditions, including fur, would likely be important. Thus, during the process of
transmission, it is expected that bacteria must survive outside the host gastric mucosa, at
least temporarily; the conditions will probably be substantially different from those existing
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in the stomach or the digestive tract. Given the important role of Fur in adaptation, it would
be interesting to determine whether animals infected with an H. pylori fur mutant could
transmit this infection. This information could give us insight into the role of Fur in the
ultimate dissemination of the bacterium. Thus, in the coming years, we expect that the
increasing interest of the scientific community to understand H. pylori pathogenesis and the
need to identify new therapeutic targets will lead to the development of reliable models to
study H. pylori transmission.

In addition, we expect that the role of Fur in the activation of cagA will be studied in detail.
Since individuals infected with cagA-positive strains show increased risk of developing
gastric cancer, it is reasonable to think that Fur-mediated upregulation of cagA will also
contribute to such an association. Thus, it is expected that fur-positive strains, showing
higher levels of CagA expression, should be associated with increased toxicity and risk of
developing gastric cancer. Similarly, we expect that the role in colonization and
pathogenesis of particular Fur-regulated genes that have not been previously analyzed, such
as ribBA or hpn2, will be studied using one of the available animal models of infection.
Since Fur plays a role in colonization and disease, we believe that understanding the role of
each particular Fur-regulated gene during the infection process is pivotal to identifying the
best targets to develop live vaccines.

Finally, we also expect that the role of Fur in IDA etiology will be explored further. Since
Fur is the main regulator of iron homeostasis in H. pylori and it inhibits the expression of
high-affinity iron transporters, malfunction of this protein may lead to increased iron uptake
from the host. Chronic infection by fur-mutant H. pylori strains that constitutively express
these transport proteins could lead to iron deficiency. To our knowledge, the iron
concentration in the blood of animals infected with a fur mutant has never been assessed.
Therefore, it would be interesting to determine whether there is a decrease of iron in the
blood of animals infected with a fur-mutant strain.
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Executive summary

The complexity and elevated cost of the eradication therapy used to treat
Helicobacter pylori infections requires the identification of potential new drugs
and new drug targets, along with the development of effective vaccines to
prevent or cure chronic H. pylori infection.

Pathogenic bacteria often use iron as an environmental signal to regulate
virulence genes; thus, the study of the mechanisms devised to sense and respond
to changes in iron availability are paramount to identify and understand
virulence factors.

H. pylori seems particularly adept at competing for iron with the host, and it can
actually cause iron deficiency when the intake of dietary iron is poor.

The ferric uptake regulator (Fur) controls iron homeostasis and functions as a
master regulator of gene expression in H. pylori. Fur regulates genes implicated
in iron homeostasis as well as genes coding for enzymes that play a central role
in metabolism and energy production.

The absence of Fur leads to severe colonization defects. Consistently, several
Fur-regulated genes have been shown to be essential for colonization. In
addition, Fur plays a role in the distribution of H. pylori in the stomach.

Proteins encoded by Fur-regulated genes have a strong impact on redox
homeostasis in the stomach and are major determinants of inflammation.
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TIron-sulfur proteins.

CagA: Cytotoxin-associated protein; GGT: y-glutamyltranspeptidase; Pfr: Bacterial ferritin.
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(A) Riboflavin and (B) iron—sulfur clusters.

TRibB function in Helicobacter pylori is catalyzed by the bifunctional enzyme RibBA.
NifS/IscS: Cysteine desulfurase; NifU/IscU: (Iron—sulfur) cluster scaffold protein; RibA:

GTP cyclohydrolase 11; RibB: 3,4-dihydroxy-2-butanone 4

-phosphate synthase; RibC:

Riboflavin synthetase; RibD: Pyrimidine deaminase; RibE: 6,7-dimethyl-8-ribityllumazine

synthase.
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Figure 3. Colonization pattern of Helicobacter pylori at early stages of infection
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Distribution of Helicobacter pylori in the stomach of Mongolian gerbils infected with either
the (A) wild-type strain or a (B) Afur mutant. The expected levels of CagA expression and

the associated risk of developing inflammation and gastric cancer are indicated.
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List of Helicobacter pylori ferric uptake regulator-regulated genes.

Table 1

Gene Function Ref.
Repressed by iron-bound Fur

fecAl Iron transport [13,54]
fecA2 Iron transport [13,54]
frpBl Iron transport [13,54]
feoB Iron transport [11,60]
exbB2 TonB-dependent energy transduction system [13,54]
fur Iron homeostasis [102,103]
nikR Nickel homeostasis [104]
amE Aliphatic amidase [13,54]
hpn2 Nickel storage [13,54]
pdxAJ Vitamin B6 biosynthesis [13,54]
ribBA Riboflavin biosynthesis [59]
putA Proline metabolism [60]
ggt Synthesis and degradation of glutathione [60]
ruvC Recombination and repair [13]
Activated by iron-bound Fur

cagA Cytotoxicity [60]
oorDABC Metabolism [13,70]
nifS Iron—sulfur cluster biosynthesis [68]
Repressed by apo-Fur

pfr Iron storage [13,54]
sodB Oxidative stress defense [17,54]
serB Amino acid biosynthesis [54]
hydABCDE Hydrogenase [54]
chev2 Chemotaxis [54]
cytochrome ¢553  Electron transport [54]
Activated by apo-Fur

fur Iron homeostasis [102,103]

Fur: Ferric uptake regulator.
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Table 2

Helicabacter pylori ferric uptake regulator-regulated genes that have been shown to play a role in

colonization.
Genename Function Animal model of infection Ref.
feoB Iron transport Mouse [27]
fec Al Iron transport Gerbil [105]
pfr Iron storage Gerbil [106]
pdxJ Vitamin B6 biosynthesis Mouse [107]
putA Proline metabolism Mouse [101]
ggt Synthesis and degradation of glutathione  Mouse/piglet [108,109]
fapt Motility Piglet [110]
sodB Oxidative stress defense Mouse [111]
hydABCDE  Hydrogenase Mouse [112]
cagat Cytotoxicity Gerbil [76]
nikR Nickel homeostasis Mouse [50]

TCoIonization of a double flaA/flaB mutant was analyzed.

*Mongolian gerbils were maintained on an iron-deficient diet.
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