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BACTERIAL VIRULENCE AND HOST RESPONSE
V. vulnificus boasts a vast armamentarium of putative bacterial factors that may contribute to its pathogenesis (39, 68),
including an acidic polysaccharide capsule (which mediates
bacterial resistance to phagocytosis and complement-mediated
lysis) (2, 67, 73, 74), type IV pili (fimbriae) (which mediate
attachment), and degradative enzymes conferring invasiveness
(e.g., a metalloprotease, a hemolysin-cytolysin, and a phospholipase). Yersinia species analogously express a constellation of
thermogenically regulated proteins such as the Inv and YadA
proteins, which mediate adhesion and invasion of the epithelium, partially through attachment mediated by the ␤-1 integrins. They also similarly express Ail proteins and Yersinia
outer membrane proteins, which, among other functions, protect against complement-mediated bacterial lysis, interfere
with phagocytosis and cellular signaling, reduce local tumor
necrosis factor alpha (TNF-␣) secretion, and impair cellular
function (9, 15, 16). Additionally, both these pathogens carry
lipopolysaccharides (LPSs), which in conjunction with elements such as constituents of the complex polysaccharide capsule of V. vulnificus, may modulate the innate immune response and have the capacity to participate in mediating septic
shock. They do so by engaging CD14-toll-like receptor
4–MD-2 complex, hence stimulating NF-B and elaborating
TNF-␣/NO. However, although this panoply of factors may
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tors have been suggested to interact to cause disease in patients with iron overload. I subsequently argue that although
many of these established factors unequivocally contribute to
disease and indicate that iron excess has profound effects both
on the host immune response and is also essential for pathogen
survival, they fail to provide a unifying explanation for specific
host susceptibility to these pathogens. I propose that an effective host response will at least in part be augmented by hepcidin, a recently identified cysteine-rich cationic antimicrobial
peptide central to iron metabolism (35). I develop the hypothesis that hepcidin represents an important host response to V.
vulnificus and similar iron-sensitive pathogens. Failure of adequate hepcidin expression in patients with liver disease and
functional impairment due to high iron concentrations in
hemochromatosis may impair effective hepcidin bactericidal
activity, predisposing the patient to severe infection. Translation of this hypothesis from bench to bedside will be of significance for the counseling and management of those predisposed to V. vulnificus and other infections and may more
broadly inform our understanding of more-complex, iron-dependent host-pathogen interactions.

The aphrodisiacal potential of oysters is the stuff of maritime
folklore, having roots in tales of Aphrodite (literally “foam
born”), the goddess of love, said to have arisen from the sea on
an oyster shell. However, mariners’ tales chronicling oysters’
lethal potential, despite having abounded since the 5th century
B.C., have received less attention. Vibrio vulnificus, originally
described in 1979 (6; J. J. Farmer III, Letter, Lancet ii:903,
1979), is a particularly virulent, lactose-fermenting, motile
gram-negative halophilic bacterium that inhabits temperate
coastal waters, notably of the Gulf of Mexico. V. vulnificus is
concentrated in fish and filter feeders such as oysters and clams
(up to 50% culture positive) and crabs (up to 11% culture
positive) (18, 72), and infection associated with exposure to
this organism may range from wound infections to fatal septicemic shock (38, 69). Moreover, as probably the leading cause
of seafood-associated fatalities in the United States, this organism is considered a significant public health hazard, since
despite early recognition, aggressive antibiotic therapy, and
surgical debridement, the morbidity, mortality, and cost associated with V. vulnificus infections remain substantial (48, 49).
Risk factors for V. vulnificus infection include the V. vulnificus subtype (various genetically distinct subgroups of biotype
1 identified by randomly amplified polymorphic DNA PCR
appear to be especially virulent), immunocompromised state
(human immunodeficiency virus, cancer, bone marrow suppression, achlorhydria, and diabetes), end-stage renal impairment, liver impairment (particularly cirrhosis [infection risk,
200-fold]) (33), and hemochromatosis (primary or secondary
such as the hemolytic anemias and thalassemias or porphyria
cutanea tarda) (11, 30, 31, 51, 71). Interestingly, these same
patients, especially those with iron overload, also have a striking predisposition to other aggressive bacteria, including Listeria monocytogenes, Klebsiella sp., and Yersinia sp. (the last of
these, perhaps coincidentally, is also a potentially waterborne
pathogen found in fish) (1, 14, 32, 43, 51, 61, 63, 70, 76; J.
Collazos, E. Guerra, A. Fernandez, J. Mayo, and E. Martinez,
Letter, Clin. Infect. Dis. 21:223-224, 1995; M. L. Delforge, J.
Devriendt, Y. Glupczynski, W. Hansen, and N. Douat, Letter,
Clin. Infect. Dis. 21:692-693, 1995).
This review focuses particularly on V. vulnificus but also on
other organisms—as an archetypal group of iron-sensitive
pathogens—in order to summarize the conventional mechanisms through which bacterial virulence factors and host fac-
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IRON AND PATHOGENS
Following seminal observations that V. vulnificus exhibited
reduced growth in serum unless iron-bound transferrin or hematin was added, that the intraperitoneal injection of iron to
mice resulted in a dramatic lowering of the 50% lethal dose
from 106 to 1.1 cells and in a reduction in the time of death
following infection, and that virulence correlated directly with
host iron availability (89), attention has focused on the mechanisms of essential iron acquisition and how this relates to
virulence. The growth and metabolism of bacteria are exquisitely sensitive to iron—which is ultimately utilized in the active
sites of enzymes, constrained sites of proteins, or directly in
redox reactions to mediate otherwise kinetically improbable
electron transfer reactions. Despite being one of the earth’s
most abundant elements, the levels of iron in the environment
and in mammalian hosts (with elaborate iron-withholding defense systems described below) are often too low (some estimates suggest this may be as low as 10⫺9 M or even lower) to
sustain this iron requirement that is destined for use in DNA
and RNA metabolism, in the complex redox reactions of intermediate metabolism, and in electron transport. This situation is exacerbated in aerobic environments at neutral pH, as
ferrous iron spontaneously oxidizes to its ferric Fe(III) state,
predominantly existing as its insoluble inorganic hydroxide or
oxyhydroxide (44).
As an adaptive strategy, many bacteria as well as other
organisms have therefore developed siderophores (over 500
have been described, with bacterial varieties being predominantly of the hydroxymate and catechol-phenolate class),
which are high-affinity iron-binding molecules that retrieve essential elemental iron from the host transferrin or lactoferrin
and carry it in the Fe(III) state (87). Thus, either iron is
delivered to the cell surface directly as elemental Fe(II) in
conjunction with porins in the outer bacterial membrane and is
facilitated by proteins such as FeoA and FeoB (these proteins
have ATP/GTP-binding motifs suggestive of a role in facilitated uptake at the cytoplasmic membrane) or, alternatively,
iron is transported in the form of complexes consisting of
transferrin, lactoferrin, or heme and hemophores or siderophores, which are transported through the outer membrane
by specific surface receptors that are energetically sponsored
(through proton motive forces) by regulators such as the TonExbB-ExbD system. Iron complexes are subsequently imported through the cytoplasmic membrane in conjunction with

periplasmic binding protein-dependent transport complexes
(PBTs) (e.g., Escherichia coli FecB, FepB, and FhuD). PBTs
either direct siderophore-bound iron to ferric reductases on
cell surface membranes which release iron in its Fe(II) state or
simply internalize siderophore complexes for intracellular processing (Fig. 1) (22). Importantly, in some instances, the Ton
system can also transcriptionally drive iron uptake, as in the E.
coli siderophore-mediated TonB-dependent receptor FecA.
However, under different circumstances, excess bacterial iron
is detrimental; transitional metal complexes can mediate unintended electron transfer either directly or through reactions
such as the Fenton and Haber-Weiss reactions, producing superoxide or hydroxide anions. These electron transfers are
highly toxic and damaging to macromolecules, including proteins and DNA (75). Scavenging systems are therefore exquisitely controlled through transcriptional repressors such as the
fur system (22). This extensive and complex machinery, especially in light of the evolutionary imperative for genetic parsimony, evidences the importance of iron to bacterial viability.
Certain bacteria, including the pathogens V. vulnificus and
Yersinia species, are particularly dependent on these scavenging techniques for survival (81, 82). Table 1 lists the wide
variety of organisms whose virulence is enhanced by iron (81).
Correspondingly, the inability to express the catechol siderophore vulnibactin in V. vulnificus reduced bacterial virulence by reducing iron acquisition (41). Additional defects in
the V. vulnificus protease metalloprotease further limits the
pathogen’s ability to cleave transferrin and lactoferrin and to
release iron to siderophores. More recently the vuuA gene,
which encodes the vulnibactin receptor, has been cloned, and
an internal deletion causing the loss of expression of the 72kDa protein resulted in the loss of the ability to use transferrin
or vulnibactin as a source of iron and a consequent loss in
virulence (80). Assessment of isogenic fur mutants has also
allowed the identification of downstream proteins such as the
77-kDa putative V. vulnificus heme receptor, hupA (40), which
is also downstream of HupR, a positive regulator of hupA
transcription under low-iron conditions in the presence of
heme. Finally V. vulnificus also utilizes ferric reductases to
further facilitate iron acquisition from siderophores into the
cell (45). These extensive observations reaffirm the role of iron
in V. vulnificus’s virulence.
Yersinia species are similarly highly dependent on iron.
These gram-negative bacilli grow in iron-enriched host fluids
as well as in macrophages, and interestingly the highly pathogenic forms carry a pathogenicity island, the high-pathogenicity island, which encodes genes for the synthesis of the siderophore yersiniabactin (12). This high-pathogenicity island
has a wide distribution among different enterobacteria such as
E. coli, Klebsiella sp., Citrobacter sp., and Salmonella enterica.
Similarly to V. vulnificus, downstream of a fur iron repressor
consensus protein-binding sequence, Yersinia species express
an iron-repressible outer membrane protein, FyuA, operating
as a receptor with the dual functions of acting as a receptor for
the Y. pestis bacteriocin pesticin and as a receptor for yersiniabactin. Furthermore, desferrioxamine can be used by Yersinia
spp. as a surrogate siderophore (5, 61), binding the bacterium’s
FoxA siderophore receptor (82). Rather like the Vibrio species,
they also contain hemR, which encodes the receptor for heme.
Other well-recognized iron retrieval strategies include bind-
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significantly contribute to bacterial pathogenesis and to host
morbidity and mortality, animal models coupled with genetically modified bacteria suggest that the majority of these factors such as the type IV pili, hemolysin, and metalloprotease
are not essential for bacterial virulence (21, 29, 64, 88). Similarly, although the capsular components of V. vulnificus are
capable of producing cytokines that may result in septicemia
resembling endotoxic shock, it appears that its LPS is relatively
innocuous and its contribution to bacterial virulence is limited
(46, 58). By contrast, V. vulnificus’s type IV leader peptidaseN-methyltransferase, otherwise termed it prepilin peptidase
(which executes pleiotropic functions, including forming adherence pili and general type II extracellular protein secretion), and the diverse iron-scavenging modalities do appear at
least in some animal models to be essential for virulence (55).
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ing of ferrated siderophilins (e.g., transferrin or lactoferrin)
with extraction of iron from host complexes, as observed in
Haemophilus influenzae and Neisseria meningitidis. N. meningitidis, for example, binds specific human ferrated transferrins
through the essential TbpA (a TonB-dependent integral membrane protein) and TbpB (a nonintegral membrane protein
with apolipoprotein features and a role in modifying the activity of TbpA) and transfers the iron into the periplasmic space,
where it is retrieved by a ferric binding protein, Fbp. These
ferric binding proteins play a role similar to that of PBTs (17,
34). Similar receptors exist for lactoferrin in other organisms.
Direct heme or hemoglobin assimilation may be mediated
by complexes such as the N. meningitidis Ton-dependent
HpuB/HpuA and the HmbR systems and the HasA system
from Serratia marcescens, which detaches heme from hemoglobin before transport (13). Similar elements may be of
particular benefit during erythrocyte lysis, as observed in
Staphylococcus aureus, Bartonella spp., and L. monocytogenes. Finally, acquisition of host intracellular iron may occur, as observed in My cobacterium tuberculosis, S. enterica
serovar Typhimurium, Francisella tularensis, and Legionella
pneumophila. Indeed, one remarkable obligate intracellular
bacterial pathogen residing in human macrophage/monocyte lineages, Ehrlichia chaffeensis, is sufficiently dependent
on iron that by activation of the host iron-responsive protein
1 mRNA-binding protein and subsequent stabilization of
transferrin receptor mRNA, it induces intracellular inclusions of iron in the infected host cell, which is then ripe for
bacterial utilization (4).

IRON AND THE HOST IMMUNE SYSTEM
In response, the host has its own mechanisms of withholding
iron from microbes. These include increasing the production of
iron binding proteins, reducing dietary iron assimilation, increasing hepatic production of hemoglobin and hemin scavengers (haptoglobin and hemopexin, respectively), and the release of apolactoferrin from neutrophils to sequester iron at
sites of bacterial invasion. Conditions under which the level of
iron in serum is increased compromise these host defenses and
thereby predispose the host to invasion from these iron-requiring microbes (44).
In addition to its direct importance in bacterial growth, excess iron plays a crucial role in impairment of the host immune
system (79, 85). Although not as extensively investigated as the
immune impairment in iron deficiency states and subject to
sometimes contradictory results in different models, it is clear
that excessive iron may have profound effects on T-cell function, with increased CD8⫹ counts at the expense of reduced
CD4⫹ cell counts and a reduced mitogenic response to standard antigens and impaired hypersensitivity responses. Specifically it appears that Th1 responses marshalling cellular immune responses may be impaired (with reduced interleukin-1
[IL-1] and TNF-␣ production). Furthermore, a well-maintained Th2 axis will through cytokines such as IL-4, further
exacerbate this cellular impairment. This is consistent with
retained IL-4 production and intact humoral antibody-mediated immunity. More pertinently to the bacterial pathogens
discussed in this article, iron overload appears to potently
impair the macrophage and neutrophil arms of the innate
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FIG. 1. Iron uptake mechanisms in gram-negative bacteria. Outer membrane receptor proteins (many exist and only a few are shown: FepA,
TbpA/B, HemR, HpuA/B, HmbR, and HasR) bind iron-containing ligands (siderophores, lactoferrin, transferrin, heme, hemoglobin, and the S.
marcescens hemophore HasA) and transport them to the periplasm. PBTs (e.g., FepB, FbpA, and HemT) then facilitate the TonB-ExbB/Ddependent transport to the ATP-driven cytoplasmic-membrane transporters (e.g., FepCDG, FbpBC, and HemUV), a process that depends on the
proton motive force. Under anaerobic conditions, outer membrane porins transport soluble Fe2⫹ directly to the periplasm and then enter the
cytoplasm via ATP-dependent FeoABC channels. (Adapted from reference 22 with permission of the publisher.)
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TABLE 1. Genera of infectious-disease organisms which require
iron for growth and whose virulence is enhanced by iron levelsa
Genus

Gram-positive bacteria
Bacillus
Clostridium
Corynebacterium
Erysipelothrix
Listeria
Staphylococcus
Streptococcus
Acid-fast bacterium
Mycobacterium
Protozoa
Entamoeba
Leishmania
Naegleria
Plasmodium
Toxoplasma
Trypanosoma
Fungi
Candida
Cryptococcus
Histoplasma
Paracoccidioides
Pneumocystis
Pythium
Rhizopus
Trichosporon
a

Adapted from reference 81.

immune response from antibody-mediated and opsonin-dependent phagocytosis (19, 36, 44). For example, one study
demonstrated that a hemochromatosis patient with Listeria
meningitis showed a diminished capacity to phagocytose S.
aureus, a phenomenon which was reversible by repeated ironreducing phlebotomies. This finding has been confirmed in a
number of different cases of iron overload (50, 77, 78). Iron, for
example, has a direct inhibitory effect on vital gamma interferon-mediated pathways in macrophages, such as NO formation,
TNF-␣ formation, major histocompatibility complex class II
expression, and ICAM-1 expression (59, 86). As a consequence, gamma interferon pathways become ineffective at de-

stroying intracellular pathogens in iron-overloaded macrophages. This has been shown to detrimentally affect the
immune response to Legionella, Listeria, Ehrlichia, and some
viruses, where NO is critical (83)—with iron blocking the transcription of inducible NO synthase (7). Most recently, appreciation of the subtle yet critical relation between the immune
response and iron has been exemplified by the identification of
NRAMP-1 (natural resistance-associated macrophage protein
1)—which both is involved with modulation of iron metabolism
in macrophages and plays an important role in early-phase
macrophage activation and therefore in host innate immunity
(90).
HYPOTHESIS: HEPCIDIN IS THE HOST DEFENSE
AGAINST V. VULNIFICUS
It is thus clear that the well-recognized association between
the risk factors and invasive infection has been the subject of
intense speculation. However, despite an increased appreciation of both the host and the pathogen axes, particularly with
respect to the crucial role of iron acquisition as manifested by
the extensive scavenging apparatus and the impact of iron on
the immune response, a unifying explanation that adequately
explains the striking susceptibility of the specific patient groups
to specific bacteria remains elusive. For example in addition to
iron overload, liver disease has been shown to be the underlying predisposing factor in V. vulnificus primary septicemia in
up to 80% of those infected (65). Although it has been suggested, for example, that liver dysfunction may under some
circumstances increase levels of readily available non-transferrin-bound iron and, independently of iron overload may
predispose the patient to infection through aberrant immune
responses (3, 42), perturbed complement activity (28), failure
of appropriate Kupffer cell opsonization/uptake (27, 47, 60),
and aberrant porto-systemic delivery due to portal hypertension, a unifying hypothesis relating liver disease, iron overload,
and infections has been lacking. This may simply reflect the
lack of a common final path—with disease susceptibility being
distributed over a number of critical and independently modifiable immunological nodes—an assertion which must to some
extent be correct.
Alternatively, to provide a unifying scheme integrating the
role of liver disease and iron overload in disease, it might
additionally be argued that the activity of a putative host antimicrobial peptide that was hepatically generated, that was
augmented through hepatic modification, or that potentially
facilitated bacterial clearance at least in part by the hepatic
reticuloendothelial system might be reduced or impaired by
liver dysfunction. Although potentially designed to reduce
available essential iron, the same factor would itself be vulnerable to sequestration or modification and/or inactivation by
iron, such that hyperferric states (including liver disease and
chronic renal failure, where non-transferrin-bound iron is
plentiful) would reduce antimicrobial activity. I propose hepcidin to be this factor.
Advances in our understanding of iron metabolism have
relied on delineation of the genetics of inherited hemochromatosis. Five subtypes are now recognized (Table 2), the most
common of which is caused by mutations in the HLA-linked
hfe (hereditary hemochromatosis, or type 1) gene involved with
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Gram-negative bacteria
Acinetobacter
Aeromonas
Campylobacter
Capnocytophaga
Chlamydia
Ehrlichia
Enterobacter
Escherichia
Klebsiella
Legionella
Moraxella
Neisseria
Pasteurella
Proteus
Pseudomonas
Salmonella
Shigella
Vibrio
Yersinia
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TABLE 2. Classification of different subtypes of inherited hemochromatosis detailing genetic loci and gene product function
Classification

Mutant gene product

Gene locus

OMIM

Function

Type 1 (most common)

Protein encoded by hfe

6p21.3

235200

Duodenal crypt body iron sensor

Type 2 (juvenile)

Unknown
HAMP

1q21
19q13

602390
606464

Unknown
Hepcidin antimicrobial peptide

Type 3

TFR2

7q22

604250

Low-affinity transferrin receptor

Type 4

Ferroportin 1/IREG1/MTP1 (SLC11A3)

2q32

604653/606069

Intestinal iron exporter ferroportin 1

Type 5

H-ferritin

11q12-q13

134770

Ferritin heavy chain 1 (FTH1)

production and results in hepatic and/or pancreatic iron accumulation (53).
Intriguingly, hepcidin is also found in sea bass of the Morone
genus and is activated by organisms such as Streptococcus iniae,
another highly invasive marine organism (20, 66). Although the
majority of existing studies have focused on the susceptibility
of gram-positive bacteria to hepcidin, hepcidin is also known to
have a potent effect on gram-negative bacteria, as confirmed by
its potency in relation to Neisseria cinerea (35). N. cinerea is a
common commensal of the oropharyngeal flora which only
rarely causes infection; nevertheless, it interestingly expresses
the HpuAB bipartite hemoglobin receptor system, attesting its
dependence on iron. Furthermore, in those patients that have
been noted to suffer disease, a suggestion for the role of complement deficiency and renal failure (potentially with iron
overload) has been noted (24). There is thus a parsimonious
elegance about the concept of a highly conserved vertebrate
antimicrobial acute-phase hepatic peptide that increases in
response to inflammation both by neutralizing the offending
organism and that has been exapted by evolution to interact
with the machinery of iron regulation to reduce the circulating
iron so vital to pathogens while there is active infection (note:
this effect of hepcidin is probably why chronic diseases cause
anemia) (23). However, it might at first glance seem paradoxical that in hemochromatosis (except HAMP-related hemochromatosis), while hepcidin levels are “appropriately” upregulated, the host is still perturbingly susceptible to V.
vulnificus.
The paradox may simply be explained by the fact that hepcidin plays only a small part in the response to these organisms.
A more interesting explanation, consistent with a key role for
hepcidin in these infections, derives from an “evolutionary
oversight”—namely, that hepcidin has evolved in an environment where its upregulation almost invariably leads to a decrease in the level of iron in serum. Hemochromatosis represents the teleologically unlikely eventuality of simultaneously
high levels of circulating iron and hepcidin. As Fig. 2 demonstrates, there are a number of sites at which iron can impair
hepcidin synthesis and action. The primary expression of hepcidin mRNA, although probably increased in the context of
hepatocellular iron-repletion, may under specific circumstances potentially be exacerbated by infections, resulting in a
failure of mRNA upregulation (52). An interesting though
preliminary observation has, for example, indicated that hfe
hemochromatosis patients may be hepcidin deficient, perhaps
due to complex intrahepatic signaling defects; these patients
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duodenal crypt iron sensing and uptake (8). Type 2 or juvenile
hemochromatosis is a rare, autosomal recessive condition
caused in one pedigree by a mutation in an unidentified locus
on chromosome 1q. Recently, a genetic approach was able to
associate mutations in the hepcidin antimicrobial peptide
(HAMP) encoded on chromosome 19q13, a key regulator of
iron metabolism, with type 2 juvenile hemochromatosis (62).
The human gene encodes a precursor protein of 84 amino
acids. The N-terminal 24-amino-acid endoplasmic reticulum
signal sequence is cleaved to a 60-amino-acid propeptide,
which is itself cleaved by propeptide tissue convertases at Arg59
(a consensus site for the subtilisin/kexin family of propeptide
convertases) to an active C-terminal 25-amino-acid antimicrobial peptide (Hepc25) found circulating in blood and urine (56,
57). A number of variant remnants (e.g., 20- and 22-amino-acid
peptides) and a proregion segment (Ser25-Arg59) have also
been identified as containing a strained beta-pleated-sheet
with a tight hairpin that is stabilized by eight cysteines disposed
via four intramolecular disulfide bonds. This amphipathic hepcidin contains a motif of numerous cationic residues, well recognized in antimicrobial peptides that bind to negatively
charged phospholipids on the cytoplasmic membranes of many
microbes (bacterial, parasitic, and fungal). It has been speculated that hepcidin (originally termed liver-expressed antimicrobial peptide [LEAP-1]) might subsequently disrupt membrane function, penetrate cells in order to damage them, or
excite an immune response through chemotactic properties.
Operating downstream of potent cytokines and Toll-like receptors, hepcidin contains potential binding sites for transcription factors HNF3, C/EBP, and NF-B in its regulatory region
and is thus recruited by bacterial LPS and inflammation (35).
Astonishingly hepcidin also regulates iron metabolism. In
transgenic mice overexpressing hepcidin, it reduces systemic
iron by reducing intestinal uptake, reducing the release from
the reticulo-endothelium, and altering placental transport and
results in lethal perinatal anemia (54). In most cases of primary
and secondary hemochromatosis, its mRNA is significantly upregulated, attempting to compensate for the increased systemic iron (52). In one excellent clinical study confirming the
dynamic role of hepcidin in an almost-Kochian manner, a
glycogen storage disease type1a patient expressing hepcidin
from a hepatic adenoma suffered from refractory anemia that
resolved on resection of the adenoma (84). Finally, the patients
with mutant hepcidin and type 2 juvenile hemochromatosis
approximate to the targeted disruption of the upstream USF2
transcription factor gene, which causes a reduction of hepcidin
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may be effectively hepcidin deficient (10). Additionally, although synthetic blocking or modification at the level of translation, signal sequence cleavage, or nuclear localization is unlikely to generally contribute to disease when systemic levels
appear appropriate (52), the proportions of the different variants and of the proregion may vary under conditions of iron
repletion. For example, the proregion (Ser25-Arg59) has antibacterial activity equally potent to that of Hepc20 and Hepc25,
though under normal circumstances it cannot be detected and
is thought to be susceptible to degradation (56). If the levels of
these variants are low but critical to specific protection against
V. vulnificus, then high iron levels may modify these proportions detrimentally. Finally, elevated iron may act to cause
pseudo-hepcidin deficiency by competing with the cationic residues on hepcidin for the pathogen, allosterically altering hepcidin’s already-strained structure, sequestering the molecule,
predisposing the molecule to its degradation, preventing localization or synthesis at the site of infection, or reducing opsonizing activity. Indeed, in the context of excess iron, hepcidin
may actually promote bacterial virulence. There is already significant precedence for cations’ interfering with small antimicrobial peptide function (25); for example, Fe2⫹ was capable of
inhibiting the candidacidal activity of cysteine- or cation-rich
rabbit leukocyte defensins and four unrelated cationic peptides, confirming the role of ions in peptide modification (37).
Furthermore, the role of ionic conditions in modifying antimi-

crobial peptide activity has also gained momentum in the field
of cystic fibrosis (CF). It has been suggested among other
hypotheses that defects in the CF transmembrane conductance
regulator protein result in an abnormally high level of NaCl in
the airway surface fluid of lungs of patients with CF. Human
␤-defensins secreted by airway epithelia onto the airway surface are inactivated in this ionically abnormal milieu of CF in
a dose-dependent fashion, resulting in diminished bactericidal
activity against a broad group of pathogens (26). This observation also provides conceptual support for the role of ions
(albeit in this case concentrations of monovalent ions) in modifying antimicrobial peptide activity.
CONCLUSION
Iron retrieval is clearly an essential component of bacterial
pathogenesis and represents the battleground upon which the
host and pathogen compete. Hepcidin is a newly discovered
though ancient member of the host’s armory, which I have
proposed may be of great significance throughout phylogeny. If
this assertion is correct, in addition to elucidating the role of a
novel antimicrobial in bacterial pathogenesis, it provides yet
another loophole for pathogens to utilize in manipulating ferrodynamics. This hypothesis has implications for the counseling and management of hemochromatosis and hepatically
compromised patients with iron chelation or venesection. Fur-
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FIG. 2. Diagram of the possible role of iron in hepcidin processing. As detailed in the text, although as yet experimentally undetermined, iron
may modify hepcidin mRNA expression and translation, the 84-amino-acid propeptide localization and intracellular transport, the endoplasmic
reticulum (ER) signal sequence cleavage, the 60-amino-acid propeptide cellular extrusion and further cleavage, and the proportions of hepcidin
remnants and 35-amino-acid proregion (these elements may together or in isolation have their own functional effects). Most importantly, iron may
cause a hepcidin pseudodeficiency by electrostatically competing with the cationic hepcidin to bind to pathogens, altering hepcidin aggregation,
preventing pathogen lysis and opsonization, altering chemotaxis, and preventing phagocytosis or the inhibition of the respiratory burst. ␣␣, amino
acid.
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thermore, although the effects of hepcidin may be most
marked with specific patients in response to pathogens such as
V. vulnificus, the role of iron and hepcidin variations (genetic
polymorphisms and those that are acquired) may represent a
significant, albeit less stark, axis in general host-pathogen interactions—for example, with other bacteria such as Yersinia
spp. and a variety of other organisms.
REFERENCES

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.

55.

56.

Thomsen, and P. Garred. 1997. Acquired C3 deficiency in patients with
alcoholic cirrhosis predisposes to infection and increased mortality. Gut
40:544–549.
Jeong, K. C., H. S. Jeong, J. H. Rhee, S. E. Lee, S. S. Chung, A. M. Starks,
G. M. Escudero, P. A. Gulig, and S. H. Choi. 2000. Construction and phenotypic evaluation of a Vibrio vulnificus vvpE mutant for elastolytic protease.
Infect. Immun. 68:5096–5106.
Johnson, R. W., and F. C. Arnett. 2001. A fatal case of Vibrio vulnificus
presenting as septic arthritis. Arch. Intern. Med. 161:2616–2618.
Johnston, J. M., S. F. Becker, and L. M. McFarland. 1985. Vibrio vulnificus.
Man and the sea. JAMA 253:2850–2853.
Kelly, D. A., E. Price, B. Jani, V. Wright, M. Rossiter, and J. A. WalkerSmith. 1987. Yersinia enterocolitis in iron overload. J. Pediatr. Gastroenterol.
Nutr. 6:643–645.
Kizer, K. W. 1994. Vibrio vulnificus hazard in patients with liver disease.
West. J. Med. 161:64–65.
Klebba, P. E., and S. M. Newton. 1998. Mechanisms of solute transport
through outer membrane porins: burning down the house. Curr. Opin. Microbiol. 1:238–247.
Krause, A., S. Neitz, H. J. Magert, A. Schulz, W. G. Forssmann, P. SchulzKnappe, and K. Adermann. 2000. LEAP-1, a novel highly disulfide-bonded
human peptide, exhibits antimicrobial activity. FEBS Lett. 480:147–150.
Kuvibidila, S., and B. S. Baliga. 2002. Role of iron in immunity and infection, p. 209–228. In P. C. Calder, C. J. Field, and H. S. Gill (ed.), Nutrition
and immune function. CABI Publishing, Oxon, United Kingdom.
Lehrer, R. I., T. Ganz, D. Szklarek, and M. E. Selsted. 1988. Modulation of
the in vitro candidacidal activity of human neutrophil defensins by target cell
metabolism and divalent cations. J. Clin. Investig. 81:1829–1835.
Levine, W. C., P. M. Griffin, et al. 1993. Vibrio infections on the Gulf Coast:
results of first year of regional surveillance. J. Infect. Dis. 167:479–483.
Linkous, D. A., and J. D. Oliver. 1999. Pathogenesis of Vibrio vulnificus.
FEMS Microbiol. Lett. 174:207–214.
Litwin, C. M., and B. L. Byrne. 1998. Cloning and characterization of an
outer membrane protein of Vibrio vulnificus required for heme utilization:
regulation of expression and determination of the gene sequence. Infect.
Immun. 66:3134–3141.
Litwin, C. M., T. W. Rayback, and J. Skinner. 1996. Role of catechol
siderophore synthesis in Vibrio vulnificus virulence. Infect. Immun. 64:2834–
2838.
MacGregor, R. R. 1999. Alcohol abuse, host defenses and infection, p.
853–857. In R. K. Root, F. Waldvogel, L. Corey, and W. E. Stamm (ed.),
Clinical infectious diseases: a practical approach. Oxford University Press
USA, New York, N.Y.
Manso, C., I. Rivas, J. Peraire, F. Vidal, and C. Richart. 1997. Fatal Listeria
meningitis, endocarditis and pericarditis in a patient with haemochromatosis.
Scand. J. Infect. Dis. 29:308–309.
Marx, J. J. 2002. Iron and infection: competition between host and microbes
for a precious element. Best Pract. Res. Clin. Haematol. 15:411–426.
Mazoy, R., E. M. Lopez, B. Fouz, C. Amaro, and M. L. Lemos. 1999.
Ferric-reductase activities in Vibrio vulnificus biotypes 1 and 2. FEMS Microbiol. Lett. 172:205–211.
McPherson, V. L., J. A. Watts, L. M. Simpson, and J. D. Oliver. 1991.
Physiological effects of the lipopolysaccharide of Vibrio vulnificus on mice
and rats. Microbios 67:141–149.
Mellencamp, M. A., and L. C. Preheim. 1991. Pneumococcal pneumonia in
a rat model of cirrhosis: effects of cirrhosis on pulmonary defense mechanisms against Streptococcus pneumoniae. J. Infect. Dis. 163:102–108.
Morris, J. G., Jr. 1988. Vibrio vulnificus—a new monster of the deep? Ann.
Intern. Med. 109:261–263.
Morris, J. G., Jr., and R. E. Black. 1985. Cholera and other vibrioses in the
United States. N. Engl. J. Med. 312:343–350.
Moura, E., A. F. Verheul, and J. J. Marx. 1998. A functional defect in
hereditary haemochromatosis monocytes and monocyte-derived macrophages. Eur. J. Clin. Investig. 28:164–173.
Muench, K. H. 1989. Hemochromatosis and infection: alcohol and iron,
oysters and sepsis. Am. J. Med. 87:40N–43N.
Nemeth, E., E. V. Valore, M. Territo, G. Schiller, A. Lichtenstein, and T.
Ganz. 2003. Hepcidin, a putative mediator of anemia of inflammation, is a
type II acute-phase protein. Blood 101:2461–2463.
Nicolas, G., M. Bennoun, I. Devaux, C. Beaumont, B. Grandchamp, A. Kahn,
and S. Vaulont. 2001. Lack of hepcidin gene expression and severe tissue
iron overload in upstream stimulatory factor 2 (USF2) knockout mice. Proc.
Natl. Acad. Sci. USA 98:8780–8785.
Nicolas, G., M. Bennoun, A. Porteu, S. Mativet, C. Beaumont, B. Grandchamp, M. Sirito, M. Sawadogo, A. Kahn, and S. Vaulont. 2002. Severe iron
deficiency anemia in transgenic mice expressing liver hepcidin. Proc. Natl.
Acad. Sci. USA 99:4596–4601.
Paranjpye, R. N., J. C. Lara, J. C. Pepe, C. M. Pepe, and M. S. Strom. 1998.
The type IV leader peptidase/N-methyltransferase of Vibrio vulnificus controls factors required for adherence to HEp-2 cells and virulence in ironoverloaded mice. Infect. Immun. 66:5659–5668.
Park, C. H., E. V. Valore, A. J. Waring, and T. Ganz. 2001. Hepcidin, a

Downloaded from http://iai.asm.org/ on November 11, 2019 by guest

1. Abbott, M., A. Galloway, and J. L. Cunningham. 1986. Haemochromatosis
presenting with a double Yersinia infection. J. Infect. 13:143–145.
2. Amako, K., K. Okada, and S. Miake. 1984. Evidence for the presence of a
capsule in Vibrio vulnificus. J. Gen. Microbiol. 130:2741–2743.
3. Andersen, B. R. 1975. Host factors causing increased susceptibility to infection in patients with Laennec’s cirrhosis. Ann. N. Y. Acad. Sci. 252:348–352.
4. Barnewall, R. E., N. Ohashi, and Y. Rikihisa. 1999. Ehrlichia chaffeensis and
E. sennetsu, but not the human granulocytic ehrlichiosis agent, colocalize
with transferrin receptor and up-regulate transferrin receptor mRNA by
activating iron-responsive protein 1. Infect. Immun. 67:2258–2265.
5. Baumler, A. J., and K. Hantke. 1992. Ferrioxamine uptake in Yersinia enterocolitica: characterization of the receptor protein FoxA. Mol. Microbiol.
6:1309–1321.
6. Blake, P. A., M. H. Merson, R. E. Weaver, D. G. Hollis, and P. C. Heublein.
1979. Disease caused by a marine Vibrio. Clinical characteristics and epidemiology. N. Engl. J. Med. 300:1–5.
7. Bogdan, C. 2001. Nitric oxide and the regulation of gene expression. Trends
Cell Biol. 11:66–75.
8. Bomford, A. 2002. Genetics of haemochromatosis. Lancet 360:1673–1681.
9. Bottone, E. J. 1999. Yersinia enterocolitica: overview and epidemiologic correlates. Microbes Infect. 1:323–333.
10. Bridle, K. R., D. M. Frazer, S. J. Wilkins, J. L. Dixon, D. M. Purdie, D. H.
Crawford, V. N. Subramaniam, L. W. Powell, G. J. Anderson, and G. A. Ram.
2003. Disrupted hepcidin regulation in HFE-associated haemochromatosis
and the liver as a regulator of body iron homoeostasis. Lancet 361:669–673.
11. Bullen, J. J., P. B. Spalding, C. G. Ward, and J. M. Gutteridge. 1991.
Hemochromatosis, iron and septicemia caused by Vibrio vulnificus. Arch.
Intern. Med. 151:1606–1609.
12. Carniel, E. 2001. The Yersinia high-pathogenicity island: an iron-uptake
island. Microbes Infect. 3:561–569.
13. Clarke, T. E., L. W. Tari, and H. J. Vogel. 2001. Structural biology of
bacterial iron uptake systems. Curr. Top. Med. Chem. 1:7–30.
14. Corke, P. J., A. S. McLean, D. Stewart, and S. Adams. 1995. Overwhelming
gram negative septic shock in haemochromatosis. Anaesth. Intensive Care
23:346–349.
15. Cornelis, G. R. 1998. The Yersinia deadly kiss. J. Bacteriol. 180:5495–5504.
16. Cornelis, G. R., A. Boland, A. P. Boyd, C. Geuijen, M. Iriarte, C. Neyt, M. P.
Sory, and I. Stainier. 1998. The virulence plasmid of Yersinia, an antihost
genome. Microbiol. Mol. Biol. Rev. 62:1315–1352.
17. Cornelissen, C. N. 2003. Transferrin-iron uptake by Gram-negative bacteria.
Front. Biosci. 8:d836–d847.
18. Davis, J. W., and R. K. Sizemore. 1982. Incidence of Vibrio species associated
with blue crabs (Callinectes sapidus) collected from Galveston Bay, Texas.
Appl. Environ. Microbiol. 43:1092–1097.
19. de Sousa, M., R. Reimao, G. Porto, R. W. Grady, M. W. Hilgartner, and P.
Giardina. 1991. Iron and lymphocytes: reciprocal regulatory interactions.
Curr. Stud. Hematol. Blood Transfus. 58:171–177.
20. Douglas, S. E., J. W. Gallant, R. S. Liebscher, A. Dacanay, and S. C. Tsoi.
2003. Identification and expression analysis of hepcidin-like antimicrobial
peptides in bony fish. Dev. Comp. Immunol. 27:589–601.
21. Fan, J. J., C. P. Shao, Y. C. Ho, C. K. Yu, and L. I. Hor. 2001. Isolation and
characterization of a Vibrio vulnificus mutant deficient in both extracellular
metalloprotease and cytolysin. Infect. Immun. 69:5943–5948.
22. Faraldo-Gomez, J. D., and M. S. Sansom. 2003. Acquisition of siderophores
in gram-negative bacteria. Nat. Rev. Mol. Cell Biol. 4:105–116.
23. Ganz, T. 2003. Hepcidin, a key regulator of iron metabolism and mediator of
anemia of inflammation. Blood 102:783–788.
24. George, M. J., J. A. DeBin, K. E. Preston, C. Chiu, and S. S. Haqqie. 1996.
Recurrent bacterial peritonitis caused by Neisseria cinerea in a chronic ambulatory peritoneal dialysis (CAPD) patient. Diagn. Microbiol. Infect. Dis.
26:91–93.
25. Gladstone, G. P., and E. Walton. 1970. Effect of iron on the bactericidal
proteins from rabbit polymorphonuclear leukocytes. Nature 227:849–851.
26. Goldman, M. J., G. M. Anderson, E. D. Stolzenberg, U. P. Kari, M. Zasloff,
and J. M. Wilson. 1997. Human beta-defensin-1 is a salt-sensitive antibiotic
in lung that is inactivated in cystic fibrosis. Cell 88:553–560.
27. Gomez, F., P. Ruiz, and A. D. Schreiber. 1994. Impaired function of macrophage Fc gamma receptors and bacterial infection in alcoholic cirrhosis.
N. Engl. J. Med. 331:1122–1128.
28. Homann, C., K. Varming, K. Hogasen, T. E. Mollnes, N. Graudal, A. C.

29.

6699

6700

57.

58.

59.
60.
61.

63.
64.
65.

66.

67.
68.

69.
70.
71.
72.

urinary antimicrobial peptide synthesized in the liver. J. Biol. Chem. 276:
7806–7810.
Pigeon, C., G. Ilyin, B. Courselaud, P. Leroyer, B. Turlin, P. Brissot, and O.
Loreal. 2001. A new mouse liver-specific gene, encoding a protein homologous to human antimicrobial peptide hepcidin, is overexpressed during iron
overload. J. Biol. Chem. 276:7811–7819.
Powell, J. L., A. C. Wright, S. S. Wasserman, D. M. Hone, and J. G. Morris,
Jr. 1997. Release of tumor necrosis factor alpha in response to Vibrio vulnificus capsular polysaccharide in in vivo and in vitro models. Infect. Immun.
65:3713–3718.
Recalcati, S., R. Pometta, S. Levi, D. Conte, and G. Cairo. 1998. Response of
monocyte iron regulatory protein activity to inflammation: abnormal behavior in genetic hemochromatosis. Blood 91:2565–2572.
Rimola, A., R. Soto, F. Bory, V. Arroyo, C. Piera, and J. Rodes. 1984.
Reticuloendothelial system phagocytic activity in cirrhosis and its relation to
bacterial infections and prognosis. Hepatology 4:53–58.
Robins-Browne, R. M., and J. K. Prpic. 1985. Effects of iron and desferrioxamine on infections with Yersinia enterocolitica. Infect. Immun. 47:774–
779.
Roetto, A., G. Papanikolaou, M. Politou, F. Alberti, D. Girelli, J. Christakis,
D. Loukopoulos, and C. Camaschella. 2003. Mutant antimicrobial peptide
hepcidin is associated with severe juvenile hemochromatosis. Nat. Genet.
33:21–22.
Santoro, M. J., Y. K. Chen, N. S. Seid, J. D. Abdulian, and M. J. Collen.
1994. Yersinia enterocolitica liver abscesses unmasking idiopathic hemochromatosis. J. Clin. Gastroenterol. 18:253–254.
Shao, C. P., and L. I. Hor. 2000. Metalloprotease is not essential for Vibrio
vulnificus virulence in mice. Infect. Immun. 68:3569–3573.
Shapiro, R. L., S. Altekruse, L. Hutwagner, R. Bishop, R. Hammond, S.
Wilson, B. Ray, S. Thompson, R. V. Tauxe, P. M. Griffin, et al. 1998. The role
of Gulf Coast oysters harvested in warmer months in Vibrio vulnificus infections in the United States, 1988–1996. J. Infect. Dis. 178:752–759.
Shike, H., X. Lauth, M. E. Westerman, V. E. Ostland, J. M. Carlberg, J. C.
Van Olst, C. Shimizu, P. Bulet, and J. C. Burns. 2002. Bass hepcidin is a
novel antimicrobial peptide induced by bacterial challenge. Eur. J. Biochem.
269:2232–2237.
Shinoda, S., M. Kobayashi, H. Yamada, S. Yoshida, M. Ogawa, and Y.
Mizuguchi. 1987. Inhibitory effect of capsular antigen of Vibrio vulnificus on
bactericidal activity of human serum. Microbiol. Immunol. 31:393–401.
Starks, A. M., T. R. Schoeb, M. L. Tamplin, S. Parveen, T. J. Doyle, P. E.
Bomeisl, G. M. Escudero, and P. A. Gulig. 2000. Pathogenesis of infection by
clinical and environmental strains of Vibrio vulnificus in iron-dextran-treated
mice. Infect. Immun. 68:5785–5793.
Strom, M. S., and R. N. Paranjpye. 2000. Epidemiology and pathogenesis of
Vibrio vulnificus. Microbes Infect. 2:177–188.
Strungs, I., D. J. Farrell, L. D. Matar, L. Dekker, and R. J. Franz. 1995.
Multiple hepatic abscesses due to Yersinia enterocolitica. Pathology 27:374–
377.
Tacket, C. O., F. Brenner, and P. A. Blake. 1984. Clinical features and an
epidemiological study of Vibrio vulnificus infections. J. Infect. Dis. 149:558–
561.
Tamplin, M., G. E. Rodrick, N. J. Blake, and T. Cuba. 1982. Isolation and

Editor: J. B. Kaper

INFECT. IMMUN.

73.
74.
75.
76.

77.
78.

79.
80.
81.
82.
83.
84.

85.
86.
87.
88.
89.
90.

characterization of Vibrio vulnificus from two Florida estuaries. Appl. Environ. Microbiol. 44:1466–1470.
Tamplin, M. L., S. Specter, G. E. Rodrick, and H. Friedman. 1983. Differential complement activation and susceptibility to human serum bactericidal
action by Vibrio species. Infect. Immun. 42:1187–1190.
Tamplin, M. L., S. Specter, G. E. Rodrick, and H. Friedman. 1985. Vibrio
vulnificus resists phagocytosis in the absence of serum opsonins. Infect.
Immun. 49:715–718.
Touati, D. 2000. Iron and oxidative stress in bacteria. Arch. Biochem. Biophys. 373:1–6.
Vadillo, M., X. Corbella, V. Pac, P. Fernandez-Viladrich, and R. Pujol. 1994.
Multiple liver abscesses due to Yersinia enterocolitica discloses primary
hemochromatosis: three cases reports and review. Clin. Infect. Dis. 18:938–
941.
van Asbeck, B. S., J. J. Marx, A. Struyvenberg, and J. Verhoef. 1984. Functional defects in phagocytic cells from patients with iron overload. J. Infect.
8:232–240.
van Asbeck, B. S., H. A. Verbrugh, B. A. van Oost, J. J. Marx, H. W. Imhof,
and J. Verhoef. 1982. Listeria monocytogenes meningitis and decreased
phagocytosis associated with iron overload. Br. Med. J. (Clin. Res. Ed.)
284:542–544.
Walker, E. M., Jr., and S. M. Walker. 2000. Effects of iron overload on the
immune system. Ann. Clin. Lab. Sci. 30:354–365.
Webster, A. C., and C. M. Litwin. 2000. Cloning and characterization of
vuuA, a gene encoding the Vibrio vulnificus ferric vulnibactin receptor. Infect. Immun. 68:526–534.
Weinberg, E. D. 1999. Iron loading and disease surveillance. Emerg. Infect.
Dis. 5:346–352.
Weinberg, E. D. 2000. Microbial pathogens with impaired ability to acquire
host iron. Biometals 13:85–89.
Weinberg, E. D. 2000. Modulation of intramacrophage iron metabolism
during microbial cell invasion. Microbes Infect. 2:85–89.
Weinstein, D. A., C. N. Roy, M. D. Fleming, M. F. Loda, J. I. Wolfsdorf, and
N. C. Andrews. 2002. Inappropriate expression of hepcidin is associated with
iron refractory anemia: implications for the anemia of chronic disease. Blood
100:3776–3781.
Weiss, G. 2002. Iron and immunity: a double-edged sword. Eur. J. Clin.
Investig. 32(Suppl. 1):70–78.
Weiss, G., D. Fuchs, A. Hausen, G. Reibnegger, E. R. Werner, G. WernerFelmayer, and H. Wachter. 1992. Iron modulates interferon-gamma effects
in the human myelomonocytic cell line THP-1. Exp. Hematol. 20:605–610.
Winkelmann, G. 2002. Microbial siderophore-mediated transport. Biochem.
Soc. Trans. 30:691–696.
Wright, A. C., and J. G. Morris, Jr. 1991. The extracellular cytolysin of Vibrio
vulnificus: inactivation and relationship to virulence in mice. Infect. Immun.
59:192–197.
Wright, A. C., L. M. Simpson, and J. D. Oliver. 1981. Role of iron in the
pathogenesis of Vibrio vulnificus infections. Infect. Immun. 34:503–507.
Zwilling, B. S., D. E. Kuhn, L. Wikoff, D. Brown, and W. Lafuse. 1999. Role
of iron in Nramp1-mediated inhibition of mycobacterial growth. Infect. Immun. 67:1386–1392.

Downloaded from http://iai.asm.org/ on November 11, 2019 by guest

62.

MINIREVIEW

