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HFE is major histocompatibility class I–like (MHC)
molecule that, unlike other known classical and

nonclassical MHC proteins, has a function in cell and
body iron metabolism. HFE is unable to bind iron but
indirectly modulates the rate of iron accumulation in
cells that are key in body iron trafficking and absorption.
The disruption of the HFE gene in rodents leads to iron
overload, whereas a homozygote mutation in the HFE
protein in humans that changes cysteine at position 282
to tyrosine (C282Y) is responsible for iron overload and
organ damage resulting in the most common hereditary
disorder of iron metabolism, hemochromatosis (HC).1,2

A second mutation, which changes histidine at position
63 to aspartic acid (H63D), is present in a minority of
patients, but its role in the pathogenesis of the disease is
uncertain.3

In hemochromatosis, individuals with otherwise in-
trinsically normal iron absorption machinery and ery-
throid iron needs have a positive iron balance of 1 to 2
mg of iron daily from birth.4 During childhood and
adolescence in male and in menstruated females, this
abnormality does not cause marked iron accumulation
caused by high growth demands and iron losses, respec-
tively. Afterwards, iron overload in the liver, pancreas,
heart, and joints develops, leading to parenchymal cell
damage and organ disease. The underlying pathogenic
defect resides in macrophagic and intestinal cells that are
unable to retain transferrin iron: This determines on one
hand a cell-specific iron-deficient state and uncontrolled
iron absorption and, on the other hand, increased satu-
ration of serum transferrin with iron, followed by iron
overload of parenchymal cells in the liver, pancreas, and
heart.5 In its fully developed stage, organ structure and
function are impaired. A distinction should be made
between classical hemochromatosis and hereditary iron
overload diseases because of mutations in other iron
proteins (e.g., ferroportin, transferrin receptor 2, or hep-
cidin)6–9 or conditions owing to a secondary cause (e.g.,
iron-loading anemias, transfusions, chronic liver disease).

After the hemochromatosis (HFE) gene discovery, it
has become apparent that the mutated HFE genotype
may contribute to risk of developing many chronic dis-
eases (e.g., liver diseases, diabetes, heart diseases, arthritis
and arthralgias, impotence, and infertility), perhaps pro-
ducing cases of these conditions that are, for example,
more serious and/or of earlier onset.10 In this context,
much interest has been focused on the possible synergism
of HFE and the hepatitis C virus (HCV) hepatitis.

HCV is the major causative pathogen associated with
non-A, non-B hepatitis. Following acute infection, a
chronic state is established in as many as 85% of infected
individuals, and virus replication may continue for de-
cades.11 Although many individuals carrying the virus
remain asymptomatic, chronicity is often accompanied
by altered liver function and progressive liver disease and
culminates in cirrhosis or hepatocellular carcinoma in as
many as 20% of infected individuals.12 Indeed, end-stage
liver disease, as a consequence of chronic HCV infection,
accounts for 30%–40% of all patients undergoing or-
thotopic liver transplantation in many Western coun-
tries. Global estimates suggest that there could be up to
300 million chronically infected individuals. This repre-
sents a significant proportion of the human population
who are disposed to increased risk of liver complications
and who are a reservoir for further transmission of the
virus.

Mild to moderate iron overload is common among
patients with chronic hepatitis C (CHC): Up to 30%–
40% may show increased serum transferrin-iron satura-
tion and serum ferritin or increased hepatic iron concen-
tration, the latter finding being particularly common in
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subjects with end-stage liver disease.13–15 Several factors
may play a role in increasing hepatic iron deposits during
CHC as will be discussed below. In general, necroinflam-
matory events because of an ongoing viral infection may
contribute to biochemical or tissue iron excess. On the
other hand, it is also very possible that the viral infection
per se may modify iron trafficking and metabolism in
liver cells directly or following immunologic and host
defensive responses. In this context, the genetic predis-
position of each individual to properly modify iron traf-
ficking may be crucial in affecting iron distribution
within the liver and, possibly, in determining the out-
come of the infection. For instance, rerouting iron to
macrophagic cells, a typical response to viral and micro-
bic invasion in humans, may subtract iron for viral
replication and allow macrophages to mount an effective
immunologic response and cytokine production.16–18

What is the role played by HFE in these complex path-
ways and how may a mutated HFE influence iron ho-
meostasis and host response in the course of HCV infec-
tion? These questions are not trivial in both biologic and
clinical terms. The level of iron in each cell, including
liver cells, is tightly controlled in humans and depends
on the coordinated activity of a discrete set of genes,
which orchestrate cell iron uptake, storage, or egress.19

At the body level, the only regulated step in iron traf-
ficking in humans is intestinal iron absorption,20 and the
most important hereditary disease of metabolism in hu-
mans caused by deranged regulation of intestinal iron
absorption and body iron trafficking is hemochromatosis.
It has been estimated that several million individuals
throughout the world may carry a mutated hemochro-
matosis allele. Therefore, because of the worldwide dis-
semination of both mutated HFE alleles and HCV in-
fection, the disease burden arising from a reciprocal
pathogenic interaction can be remarkable.

HFE and Chronic Hepatitis C: Basic
Aspects
HFE as Regulator of Body Iron Homeostasis

Most HC patients carry the same mutation
(C282Y) in the HFE protein. The C282Y mutation
disrupts a critical disulfide bond in the �3 domain of the
HFE protein and abrogates binding of the mutant HFE
protein to �2-microglobulin (�2M).21 This results in
reduced transport to and expression of HFE on the cell
surface. The H63D mutation does not impair �2M bind-
ing or cell surface presentation of HFE. The first indica-
tion that HFE can influence iron homeostasis came with
the discovery that it associates with the receptor for
transferrin, transferrin receptor 1 (TfR1), in a pH-depen-

dent interaction, such that a nanomolar-binding affinity
is observed at pH 7.5, with no detectable binding at pH
6 and below.22,23 TfR1 is a homodimeric type II trans-
membrane glycoprotein that binds ferric-iron-loaded
transferrin (Fe-Tf) at the slightly basic pH of the cell
surface (pH 7.4). Fe-Tf-TfR1 complexes are endocytosed
into acidic vesicles, where iron is released from trans-
ferrin (Tf). Iron-free Tf (apo-Tf) remains bound to TfR1
at acidic pH and is recycled to the cell surface where the
basic pH of the bloodstream triggers its dissociation.24 In
solution, HFE binds TfR1 tightly at the pH of the cell
surface, but not at pH 6, suggesting that HFE dissociates
from TfR1 in acidified endosomes. The binding of HFE
to TfR1, a key receptor for iron uptake, is undoubtedly
central to the function of HFE in regulation of iron
homeostasis. HFE binds to TfR1 in duodenal crypt en-
terocytes,25 which regulate the absorption of dietary iron,
in placenta26 and in cell lines over-expressing HFE in
which HFE associates with TfR1 throughout the biosyn-
thetic pathway and colocalizes with Tf in intracellular
acidic vesicles.27 Although in vitro studies indicate that
wild-type HFE inhibits Tf-TfR1-dependent iron uptake,
suggesting that a mutated HFE leads to intracellular iron
overload, it is likely that, in vivo, a faulty HFE/TfR1
interaction will result in intracellular iron deprivation.5

The HFE-TfR1 cocrystal structure provides a detailed
view of the protein complex that would exist at the pH
of the cell surface.28 The HFE molecule contacts each
polypeptide chain of the TfR1 homodimer. The relative
orientations of both molecules indicate that HFE and
TfR1 associate on the same membrane, rather than be-
tween opposing membranes. It is likely that changes in
the TfR1, rather than HFE, mediate the pH-dependent
HFE-TfR1 interaction. Whereas HFE changes relatively
little upon complex formation, the TfR1 structure un-
dergoes rearrangements.29 The changes, many of which
are at the TfR1 dimer interface, might be extensive
enough to propagate across the membrane to the TfR1
cytoplasmic tail, thereby communicating to cytoplasmic
proteins that HFE is bound to TfR1. Although HFE is
predicted to dissociate from TfR1 in acidic vesicles, the
imprint of HFE-induced structural changes might infu-
ence TfR1-facilitated release of iron from Fe-Tf at acidic
pH. Alternatively, HFE may bind TfR1 only as a means
to gain entry into endosomes, where it would then
interact with other molecule(s) to regulate iron metabo-
lism. Because neither His 63, the site of a common
amino acid change found in humans, nor a cluster of
histidines on HFE are at the interface with TfR1, one or
both of these regions of HFE could mediate an interac-
tion with a different molecule at low pH.
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In view of these findings and considering the actual
phenotypic manifestation of the disease (e.g., iron-defi-
cient intestinal and macrophagic cells), the role of HFE
in vivo might be that of facilitating iron entry/retention
in the cell. In a recent study by Montosi et al.,30 it was
demonstrated that a lower Fe2�-Tf accumulation is a
primary defect of hemochromatosis macrophages, per-
sisting in vitro, corrected by transduction and expression
of a wild-type HFE. In agreement with this conclusion,
in the HFE knock-out mice, spleens are relatively resis-
tant to dietary iron loading, reflecting decreased accu-
mulation of transferrin-bound iron by the HFE�/�

splenic macrophages,31 whereas crypt-cells show a defec-
tive accumulation of transferrin iron.32

Phenotypic Penetrance of a Mutated HFE

The assumption that a mutated HFE genotype
invariably results in an iron-overload phenotype, and
“hemochromatosis” is incorrect. The clinical penetrance
of a mutated HFE is not 100% and may vary depending
on ethnic, genetic, and environmental factors. The “bio-
chemical” penetrance (increased transferrin saturation
and/or serum ferritin) of the C282Y homozygote state
may reach 60%–70% in certain populations, whereas the
full clinical penetrance (i.e., overt organ disease) may be
significantly lower.33,34 When discussing the potential
disease-modifying effect of a mutated allele in the gen-
eral population and in specific disease populations (e.g.,
patients with CHC), we should also consider the pheno-
typic effect of the C282Y or H63D heterozygote states,
which are unable per se to cause a hemochromatosis
disease. In fact, in the absence of other inciting insults
(e.g., alcohol), there is no “clinical” penetrance of the
HFE heterozygote state.35 However, a trend toward
higher transferrin saturation and ferritin in HFE het-
erozygotes as compared with control populations has
been reported in different countries.35–40 The H63D
change in the HFE protein has been considered a poly-
morphic variety with no clinical impact.3 However, the
mutation lies in the HFE loop which interacts with
TfR1.41 According to crystallographic studies on HFE/
TfR1 complexation, the His 63 residue makes no direct
contacts with the TfR1,28 consistent with biochemical
studies showing that alteration of His 63 and nearby
residues does not affect affinity for TfR1.42 Nonetheless,
it cannot be ruled out that, in the presence of other
molecular partners or pathogenic events (viruses? hepa-
totoxins?), this amino acid change may also modify the
function of HFE protein. Interestingly, in other disease
states, a positive correlation has been reported between
the H63D HFE mutation and disease severity.43,44

Therefore, also in hemochromatosis carriers, we may

expect subtle changes in body iron turnover. Along this
line, important questions may arise: What is the clinical
significance and pathogenic role of “biochemical iron
overload?” How does this translate into liver toxicity?

The Effect of a Mutated HFE on Liver
Metabolism: The Central Role
of Kupffer Cells

If we hypothesize that a mutated HFE is a mod-
ifier factor for CHC, we must first consider a scenario in
which HFE acts through a specific effect on body or liver
iron trafficking and causes increased iron turnover in the
bloodstream and, eventually, enhanced hepatic iron dep-
osition and, finally, increased liver toxicity.

In patients with hemochromatosis, a new form of
redox-active iron appears in the bloodstream, the so-
called nontransferrin bound iron NTBI.45 Interestingly,
hemochromatosis heterozygotes also appear to have mea-
surable levels of NTBI in the serum.46 Hepatocytes may
take up this form of iron through different TfR1-inde-
pendent mechanisms that are perfectly functional also
during iron overload.47–50 In addition, the recently de-
scribed transferrin receptor-2, which is highly expressed
in the hepatocytes,51 does not interact with HFE but is
capable of delivering transferrin iron, and appears to be
normally expressed during liver iron overload.52 There-
fore, the cell, when facing high iron levels in the blood-
stream, even if the TfR/HFE system is nonfunctional
because of HFE mutations, may still be exposed to a
continuous influx of iron. The iron-storage capacity of
the liver is highly expandable and mainly relies on the
induction of ferritin synthesis: Within the ferritin shells,
iron is kept in a safe state. Nevertheless, this is not an
inert state, and redox changes in the cytoplasm, xenobi-
otics, or other conditions may rapidly mobilize this iron
and make it catalytically active.53 We know that exces-
sive redox-active iron in the hepatocytes may enhance
liver damage via its catalytic role for hydroxyl-radical
formation54 and lead per se to hepatic fibrosis through
activation of hepatic stellate cells or exacerbate an un-
derlying liver disease caused by other toxins.53

In hemochromatosis, in addition to the pathogenic
importance of hepatocellular iron overload, a leading role
in the derangement of iron metabolism and possibly in
disease progression is likely played by Kupffer cells.
Immunostaining experiments have found a predominant
signal for HFE in Kupffer cells, with negligible expres-
sion in hepatocytes.55 Macrophages in hemochromatosis
do not respond to an inflammatory challenge by increas-
ing iron retention, as normal macrophages do.56 In fact,
HFE, through modification of iron handling and reten-
tion in Kupffer cells, could modify the immunologic
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activities of macrophages during host response to bacte-
rial and viral infection. The presence of a mutated HFE
may lead to inability to set the proper level of intracel-
lular iron critical for iron-mediated regulation of nitric
oxide or tumor necrosis factor � (TNF-�) production, or
for macrophage-effector functions (e.g., pathogen kill-
ing) via iron-mediated catalysis of radical formation. In
fact, hemochromatosis patients have a higher suscepti-
bility to specific pathogens.57

Another possibility is that HFE in macrophages syn-
ergizes with other iron proteins, either indirectly,
through perturbation of iron homeostasis, or directly,
through a physical interaction, as suggested by crystal-
lographic studies.28 There are at least 3 proteins in
Kupffer cells that are potential targets for HFE: ferro-
portin (the product of the SLC11A3 gene), natural re-
sistance-associated macrophage protein(s) (Nramp1 and
Nramp2), and hepcidin. The first 2 proteins are normally
produced in macrophages; the third one is a circulating
peptide secreted by the hepatocytes that has its physio-
logic cell target in macrophages.

Ferroportin is a transmembrane iron carrier responsi-
ble for iron export from the basolateral site of the en-
terocytes and macrophages to the circulation.58 Its mu-
tation leads to a hereditary iron-overload disease similar
to hemochromatosis, in which the main pathologic fea-
ture is iron trapping in Kupffer cells.6,7 Ferroportin is
over-expressed in the duodenum of patients with ho-
mozygote hemochromatosis.59 A similar up-regulation in
macrophagic cells could contribute to the macrophagic
iron-deficient state in hemochromatosis.60 It is unclear
whether, in macrophages, there might be also a physical
interaction of HFE with ferroportin. This latter possibil-
ity has been proposed by a recent study: A mutated HFE
in hemochromatosis, unable to bind TfR1, would pref-
erentially complex with ferroportin and enhance iron
egress from macrophagic cells.61

The natural resistance-associated macrophage protein
(Nramp) gene family is composed of 2 members in
mammals, Nramp-1 and Nramp-2. Nramp1 is an inte-
gral phagolysosomal protein composed of 12 highly hy-
drophobic transmembrane domains62 expressed primar-
ily in macrophages and may be centrally involved in
innate immune defense against intracellular pathogens.
Nramp-1 confers protection against infections with in-
tracellular pathogens such as Leishmania, Salmonella, or
Mycobacteria (for review see Bellamy63). Interestingly,
Nramp-1 expression appears to be regulated by iron
perturbations, with increased mRNA and protein levels
in macrophages loaded with iron.64 There is controversy
on the role of Nramp-1 as an iron carrier: Some studies

suggest that Nramp-1 may indeed transport iron in
macrophages across the phagolysosomal membrane by
proton-coupled transport,65 whereas others suggest that
the primary function of Nramp-1 is proton transport into
the phagolysosome.66,67 Nramp-2 (also named divalent-
metal transporter 1, DMT1) is the main iron carrier in
the apical membrane of enterocytes and in the endosome.
A glycine to arginine substitution at position 185 in
Nramp-2 leads to severe iron deficiency anemia in the
microcytic anemia (mk) mice and in the Belgrade (b) rats
because of impaired intestinal iron absorption and defec-
tive endosomal iron handling in peripheral tissues, re-
spectively.68–70 A recent study in macrophages has
shown that Nramp-1 is expressed in the lysosomal com-
partment, whereas Nramp-2 is expressed primarily in
recycling endosomes and also, to a lesser extent, at the
plasma membrane, colocalizing with transferrin.71 This
interesting observation suggests that Nramp-2 plays a
key role in the metabolism of transferrin-bound iron by
transporting free Fe2� across the endosomal membrane
into the cytoplasm. So far, no data have been presented
on a direct contact of HFE and Nramp proteins in
macrophages. Hepcidin was independently discovered by
2 groups searching for novel antimicrobial peptides.72,73

Expression of hepcidin is nearly confined to the liver. The
knock-out mice for the transcription factors upstream
stimulatory factor 2 (USF2) or C-EBP�, both required
for hepcidin transcriptional control, have a hemochroma-
totic phenotype.74,75 Transgenic animals over-expressing
hepcidin die perinatally because of severe iron defic-
iency.76 A rare form of severe juvenile iron overload is
associated with a mutation in hepcidin.9 In addition, a
clear role of hepcidin in the cause of hypoferremia of
chronic diseases (e.g., anemia of chronic disease), charac-
terized by iron trapping in macrophages and decreased
intestinal iron absorption, has been recently proposed.77

These findings highlight the role of hepcidin as a key
regulator of iron metabolism: Hepcidin, produced in the
liver in response to iron or inflammatory stimuli, would
act as a circulating peptide, which, upon interaction with
TfR1/HFE or ferroportin in intestinal cells and macro-
phages, dictates the extent of iron release/transfer to the
bloodstream. In this model, the protein would modulate
both intestinal iron absorption and macrophage iron
recycling. Whether hepcidin, per se, has a direct effect on
HFE expression or function, or vice versa, is presently
unknown.

HFE as “Immunological” Factor in Chronic
Hepatitis C

A further explanation for a pathogenic role of a
mutated HFE may stem from a still unraveled immuno-
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logic role of HFE. HFE is a nonclassical MHC class I
molecule and does not seem to play a direct role in the
classical pathway of antigen presentation, as MHC class
I molecules normally do. HFE has not been found to
bind antigenic peptides: Its crystal structure suggests
that the ancestral peptide-binding groove is too narrow
for such a function.28,41 MHC class I molecules are
capable of functions outside of antigen presentation.
Some have been shown to interact with receptors such as
the insulin receptor and the epidermal growth factor
receptor and are likely involved in the formation of
high-affinity, ligand-binding sites.78–80

On the other hand, MHC class I-like molecules are
endowed with immunologic functions81: Q7 and Q9 fix
and present a diverse array of peptides to CD8� �-�-
lymphocytes; human HLA-E and its mouse ortholog Qa1
preferentially present peptides and control the activation
of a subset of CD94/NKG2� natural killer cells; CD1d
preferentially associate with lipids and interact with a
restricted subset of T lymphocytes known as NK/T cells;
the neonatal Fc receptor, without any bound material in
its closed �1 �2 groove, interacts laterally with its
ligand and promotes maternal IgG gut absorption, trans-
placental IgG transport, and IgG reabsorption from the
initial urine filtrate.82 It is, therefore, tempting to spec-
ulate that HFE also, in addition to its regulatory role in
iron metabolism, could have preserved some immuno-
logic function. However, C282Y homozygous patients
and HFE knock-out mice do not present any detectable
gross alteration of their immune system.83 This, how-
ever, does not preclude that HFE molecules have a more
specific immune function.

As a nonclassical MHC-I protein, HFE may be able to
interact with immune cells. HFE could be the ligand for
specific �-lymphocytes in the intestine of mammalian
species and communicate the body’s iron status to T
cells, which would then use cytokines as feedback mod-
ulators to achieve iron homeostasis. In fact, the ligand for
specific T lymphocyte subsets that accumulate in the gut
of mammalian species is still unknown.84 HFE is one of
the possible candidates. Because the �-� receptor knock-
out mice develop iron overload, it has been suggested
that �-� T cells may communicate with intestinal cells
via �-� receptor HFE antigen interaction.85 Such an
intercellular communication between T lymphocytes and
intestinal cells, possibly in the crypt where HFE is
highly abundant, may induce immune effector functions
(e.g., TNF-� formation) and modulate intestinal cell
differentiation/apoptosis, and may thus be also of impor-
tance for the coordination of both intestinal immune
response and iron absorption. Interestingly, it has been

found that monocytes from HC patients produce signif-
icantly reduced amounts of TNF-� in vitro.86

In addition to a direct interaction of HFE with im-
mune cells, there might be a more general and profound
effect of HFE on the activity of immune cells, for in-
stance, through its interaction with TfR and/or through
modulation of iron homeostasis. In T lymphocytes, TfR
is associated with the T-cell receptor � chain, 1 of the 2
subunits responsible for the transduction of an activation
signal following antigen recognition.87 The TfR,
through this interaction, coparticipates in T-cell activa-
tion. It is unknown whether HFE also participates in this
pathway or whether a mutated HFE might negatively
affect this interaction. On the other hand, iron has turned
out to be of pivotal importance for immunosurveillance
because of its growth-promoting role for immune cells
and its interference with cell-mediated immune effector
pathways and cytokine activities. There is a critical iron
level for immune cells for mounting proper defense
mechanisms and immunologic response because both
iron deprivation and iron excess may have detrimental
effects.88 An iron-deficient state may limit the availabil-
ity of the essential nutrition factor iron to the pathogen,
including viruses, as recently suggested for HCV and
HBV.89,90 In fact, experimental iron overload seems to
enhance HCV pathogenicity.91 The induction of iron
overload also results in a shift of the ratio between
T-helper (CD4�) and T-suppressor/cytotoxic T cells
(CD8�), with a relative decrease of the latter.92 In fact,
the CD4�/CD8� peripheral blood lymphocyte ratio is
often high, because of a reduction in the number of
circulating CD8� T lymphocytes, in most hemochroma-
tosis patients with liver damage.93 A similar reduction in
the number of CD8� T lymphocytes was also docu-
mented in liver biopsy specimens from HH patients.93

Alterations in CD4/CD8 ratios and in the CD8 receptor
repertoire significantly correlate with the degree of liver
damage and fibrosis in hemochromatosis patients.94

These findings suggest that HFE has a direct role in the
shaping of T-cell populations, and this effect may reflect
on the outcome of the infection as well as the severity of
liver disease.

Of great importance is also the potential effect of iron
on subsets of lymphocyte populations, which may have a
role in viral clearance and in the progression of liver
disease. There exist 2 subsets of T-helper (Th) cells in
humans, Th-1 and Th-2.95,96 Th-1-derived cytokines
such as interferon (IFN)-� and interleukin (IL)-2 in
addition to growth-promoting effects toward other im-
mune cells are crucial for effective host defense in the
acute phase of certain infections: These cytokines stim-

May 2003 HFE AND HCV 1513



ulate the effector pathways of circulating monocytic cells
or resident macrophages by inducing the formation of
proinflammatory cytokines, such as TNF-�, IL-1, or
IL-6, or by activating cytotoxic effector armies directed
against invading pathogens, such as oxygen radical or
nitric oxide (NO) formation. By contrast, increased ac-
tivity of Th-2-derived cytokines such as IL-4, IL-5, IL-
10, and IL-13 heightens susceptibility to many infec-
tions and causes exacerbations. Cellular iron availability
also modulates the differentiation and proliferation of
Th-1 and Th-2 cell subsets, with Th-1 clones being less
resistant to iron deprivation. This suggests that Th-1-
mediated immune effector function is more sensitive to
changes in iron homeostasis.97,98 Interestingly, iron chal-
lenge in macrophages causes an impaired response to
stimulation by the Th-1 cytokine IFN-�,99 thus reduc-
ing the cytotoxic effector potential of such macrophages
toward various intracellular bacteria or viruses.

HCV as Modifier of HFE and Iron
Homeostasis?

Nonclassical MHC proteins, as homologs of MHC
molecules, have diverse roles that include presentation of
lipid antigens (by CD1), transport of immunoglobulins
(by the neonatal Fc receptor), regulation of iron metab-
olism (by the hemochromatosis gene product HFE), and,
most notably, deception of the host immune system (by
viral homologs). During the millions of years they have
coexisted with their hosts, viruses have learned how to
manipulate host immune control mechanisms. One of
the most common is interference with class I MHC-
mediated antigen presentation to evade cellular immune
responses.100 Initiation of an immune response requires
that antigenic fragments of pathogen-derived proteins be
presented by the products of MHC. MHC class I prod-
ucts sample the cytosolic compartment and its topolog-
ical equivalents and present peptides to antigen-specific
receptors on CD8 T cells. Phagocytes and dendritic cells
can also ingest materials, including host cells that ex-
press viral antigens, and have them processed and pre-
sented by class I products.101 Class I-restricted antigen
presentation is linked to the biosynthesis and intracellu-
lar trafficking of MHC molecules. When properly assem-
bled and loaded with peptide, class I molecules are
released from the endoplasmic reticulum (ER), enter the
secretory pathway and are displayed at the cell surface.
When pathogen-derived proteins make their appearance
in the cytosol, can there be a contribution of pathogen-
derived peptides to the surface-displayed pool of MHC-
peptide complexes.100 If the eradication of virus-infected
cells relies on the activity of class I-restricted CD8�

cytotoxic T lymphocytes (CTLs), then pathogens that

attenuate class I expression would have a selective ad-
vantage: Through elimination of class I molecules from
the cell surface, the infected cell becomes temporarily
invisible to CTLs and allows the pathogen the time to
proliferate. Every step in the assembly and trafficking of
the class I complex present a suitable target for this
strategy.102 In particular, pathogens can rearrange the
intracellular trafficking machinery without causing overt
cytopathic effects. They could modify the endocytic
pathway either directly or through control of cytokine
production. Because this interference often involves di-
rect interaction with class I heavy chains and because
HFE is closely related to these antigen-presenting mol-
ecules, it can be postulated that HFE complexes might
be modulated by viral antigens and might thus manifest
another target for virus manipulation of cellular proteins.
Several viral proteins are well known to manipulate
antigen presentation by classical class I MHC molecules:
Adenovirus E3/19K retains class I molecules in the en-
doplasmic reticulum and binds to TAP (transporter as-
sociated with antigen presentation)103; human cytomeg-
alovirus (HCMV) US2 and US11 proteins target class I
heavy chains for degradation104,105; human immunodefi-
ciency virus Nef causes rapid endocytosis of cell surface
MHC class I molecules106; and herpes simplex virus
ICP47 inhibits peptide transport through the TAP chan-
nel.107,108 In support of the hypothesis that HFE may be
the target of an immunoevasion strategy, a recent study
has shown that HCMV US2 but not other viral proteins
prevents the expression of TfR-free and TfR-associated
HFE complexes, as well as of free HFE heavy chains, by
targeting HFE for rapid proteasome-mediated degrada-
tion in both human and mouse cells.109 Thus, this virus
employs a protein for altering cellular functions that
might interfere with its survival and efficient replication.
In fact, targeting HFE to degradation in liver cells may
modify cellular iron status and favor viral replication, cell
toxicity, or modify antiviral immune response. To what
extent this mechanism can be effective in cells containing
a mutated HFE remains to be explored. Nevertheless, the
fact that pathogenic viruses have evolved mechanisms to
inactivate HFE to escape the immune response strongly
indicates the importance of this molecule in the defensive
response against invading pathogens.

There is a surprising homology between HCV and
iron protein biology, which raises an intriguing possi-
bility for potential synergism/competition between HFE
and HCV. HCV uses an alternative mechanism to initi-
ate translation of its genome: An RNA element located
in the 5�-noncoding region, termed internal ribosome entry
site (IRES), drives translation initiation through direct
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recognition of the 40S subunit and eIF3 by the IRES
RNA tertiary structure, eliminating the need for the cap
structure and other cap-binding factors usually used by
eukaryotic RNA.110,111 Interestingly, most iron proteins
are controlled at the posttranscriptional level by the
interaction of abundant cytoplasmic proteins, the iron
regulatory proteins (IRPs) with RNA motifs (so-called
iron-responsive element; IREs) located either at the 5�
(i.e., ferritin, ferroportin) or at the 3� (DMT1, TfR1)
untranslated region (UTR) of their RNA.112 Recently,
the molecular mechanism of this process has been dis-
sected by using reconstituted, IRE-IRP-regulated, cell-
free translation systems.113 While for mRNA containing
an IRE at the 3� UTR binding of IRP hinders nuclease
attack,114 in the case of mRNA bearing 5� UTR IRE,
IRE-IRP binding prevents the interaction between the
cap-binding complex eIF4F and the small ribosomal
subunit and hence the formation of an efficient transla-
tion complex. The binding of IRP to IRE is stimulated
by iron deprivation, cytokines, nitric oxide, and inflam-
matory stimuli.112 These data along with those on the
function of HCV-IRES raise the fascinating questions of
whether there might be an interaction/competition at the
molecular level for the ribosomal machinery to initiate
translation between HCV and iron proteins or whether,
during viral infection, the interaction of these various
molecular players might be modified by viral proteins or
immunological/inflammatory signals.

HFE and Chronic Hepatitis C:
Clinical Observations
Although there are clear differences among the

published studies in terms of aim, design, ethnic back-
ground of studied populations, analyses of data, methods
employed for measuring hepatic iron status, and evalu-
ation of the phenotypic penetrance of the genetic defect,
we can identify 3 main areas of investigation of the
relationship between HFE and CHC: prevalence of HFE
mutations in CHC; relationship between HFE genotype
and hepatic iron overload in CHC; and relationship
between HFE genotype, fibrosis, and disease progression
in CHC.

Prevalence of HFE Mutations in Chronic
Hepatitis C

A higher prevalence of HFE mutations in CHC
may indicate a role for the mutated gene in the patho-
genesis of the disease. In CHC patients, it might indicate
that these individuals, in the presence of a mutated HFE
allele, are more susceptible to contract acute HCV
infection or, possibly, to develop CHC after acute infec-

tion. Most of the published studies in which HFE mu-
tation analysis has been performed in HCV patients have
shown no difference in the prevalence of C282Y or
H63D mutations when compared with a control
population.115–121 However, CHC patients appear signif-
icantly more likely to have HFE mutations as compared
with control population when C282Y homozygotes or
C282Y/H63D compound heterozygotes are also included
in the analysis.118,122 This supports the concept of a
synergistic deleterious effect of hemochromatosis (i.e.,
C282Y homozygosity or C282Y/H63D compound het-
erozygosity) and HCV on the underlying liver disease.123

Similar conclusions have been reached by another recent
study in HC patients with CHC.124 In general, heterozy-
gosity for HFE mutations does not seem to be over-
represented in CHC patients. More convincingly, a
higher prevalence of HFE mutations has been reported
in other liver diseases, such as porphyria cutanea
tarda.125–129

HFE Mutations and Iron Overload in Chronic
Hepatitis C

Another important issue addressed in the litera-
ture is the contribution of HFE genotype to iron overload
in CHC. The majority of the published studies have
found evidence for an association between HFE geno-
types and biochemical iron overload (i.e., higher trans-
ferrin-iron saturation and/or serum ferritin lev-
els),115,116,118,120 even when considering only the H63D
heterozygote state.121 However, strikingly disparate re-
sults have been reported on the association between HFE
gene status and hepatic iron overload: Some studies have
found a positive correlation between HFE mutations and
liver iron deposits in CHC115,116,121,122; other studies
have not.117,118,120,130–132 There is no straightforward
explanation for this discrepancy, but some general com-
ment can be put forth. First of all, it must be emphasized
that different methodologies to measure hepatic iron are
available, and each one of them may have advantages and
limitations: standard histologic iron-staining procedure
(Perl’s reaction); semiquantitative scoring, including ad-
ditional qualitative evaluation of lobular, hepatocytic, or
sinusoidal iron distribution (histochemical hepatic iron
index)133; and quantitative biochemical iron evalua-
tion,47 including atomic absorption spectrometry. The
different sensitivity of the methods used may be partic-
ularly critical, especially when searching for low amounts
of accumulated iron, as expected in hemochromatosis
carriers. On the other hand, a qualitative evaluation of
hepatic iron deposits may be very informative because, as
discussed, iron can play different pathogenic roles de-
pending on the hepatic cell in which it accumulates.
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Another important aspect that must be considered in
interpreting the available published data is the control
for confounding variables such as demographic parame-
ters, environmental factors, hepatic inflammatory activ-
ity, and, most importantly, duration of HCV infection.
The date of infection with HCV is difficult to ascertain
in most patients. In principle, if HFE had an effect in
accelerating iron overload and liver damage in a shorter
time frame in CHC, this effect could be blunted if the
HFE group was compared with HFE wild-type patients
with a much longer duration of disease. A longer disease
duration may favor the occurrence of confounding factors
that are independent from HFE status, such as develop-
ment of spontaneous intrahepatic microshunting, spur
cell anemia, or, in the opposite direction, chronic gas-
trointestinal blood loss. A recent report in 164 patients
with antibodies to HCV demonstrated, after controlling
for the duration of the disease, no relationship between
HFE mutations and iron loading.132 On the contrary, in
a larger study in 316 patients with CHC that also
included patients with end-stage liver disease, the pres-
ence of HFE mutations including C282Y heterozygosity
was independently associated with biochemical and he-
patic iron loading, after correction for the duration of the
disease.121 This correlation did not hold true in patients
with end-stage liver disease, in which other nonspecific
iron-loading factors may be present.

What is the source or cause of iron excess in CHC?
Iron could be released by necrotic hepatocytes because of
cytopathic and immune-mediated cell lysis. In addition,
there might be a perturbation of iron trafficking because
of the immunologic response to the invading pathogen,
which may lead to intrahepatic iron decompartmental-
ization and redistribution. During infection, an under-
lying diversion of iron traffic leads to a withdrawal of the
metal from the sites of erythropoiesis and the circulation
to the storage compartment in the reticuloendothelial
system, thus resulting, at the same time, in hypoferremia
and hyperferritinemia.134 Proinflammatory and antiin-
flammatory cytokines, acute-phase proteins, and radicals
are prominently involved in causing these disturbances of
iron homeostasis because they can affect transcriptionally
or posttranscriptionally the expression of genes involved
in iron uptake, storage, or iron sensing.19 In all cases
described, either following phagocytosis of necrotic
hepatocytes or because of immunologic and inflamma-
tory effects on iron trafficking, iron would preferentially
accumulate in nonparenchymal liver (Kupffer cells). In-
deed, in CHC, iron deposits have been preferentially
found in sinusoidal/Kupffer cells.50,135,136 However, this
does not seem to be a general finding, because CHC

patients with exclusive hepatocystic iron accumulation in
the absence of HFE mutations or other secondary causes
of iron overload can be also seen.124,137 These observa-
tions open the possibility to other hypotheses, which
may include, in addition to nonspecific causes of iron
overload discussed above, a direct effect of the virus on
cellular iron metabolism. An intriguing hypothesis, dis-
cussed above, is that HCV might affect the expression of
proteins important in modifying iron trafficking during
inflammation/host response, such as HFE, ferritin, ferro-
portin, or hepcidin.77,138 This mechanism could explain,
for instance, the occasional occurrence of increased serum
ferritin and hepatic iron deposits in patients with CHC
independently of ongoing necroinflammatory events or
HFE status.

What about the pattern of iron accumulation in HFE
mutated subjects with CHC? Although no data are avail-
able on large series of patients with both hemochroma-
tosis and CHC, it is likely that a genetically determined
hemochromatotic pattern of iron distribution (i.e., gran-
ular iron deposition in periportal zone I hepatocytes and
only late involvement of Kupffer cells and periportal
macrophage) would persist also during HCV-related
liver disease. In the case of the HFE heterozygote state in
CHC, the low penetrance of the mutated allele may not
be able to modify the events leading to the nonhemo-
chromatotic pattern of iron accumulation in the liver
(e.g., preferential nonparenchymal cell iron accumula-
tion).

HFE Mutation, Disease Severity, and
Progression of Chronic Hepatitis C

On strict clinical ground, the most meaningful
question is whether the mutated HFE affects hepatic
disease activity and progression in CHC. Several studies
have shown that HFE genotypes do affect histologic
fibrosis score in CHC,115,116,120–122,130 and, with the ex-
ception of 2 studies,120,130 this effect is consistently re-
lated to hepatic iron accumulation. Yet, opposite find-
ings have been reported in other studies in which
prevalence of HFE mutations did not correlate with
either iron accumulation or fibrosis scores.117,132,137 The
same reservations expressed above on the lack of control
for confounding variables can apply to some of the pub-
lished studies on the HFE status and disease progression
in CHC. Indeed, Tung et al.,121 by using multivariate
regression analysis, and controlling for duration of HCV
infection and histologic inflammation score, showed that
patients with CHC who carried HFE mutations were
significantly more likely to have bridging fibrosis or
cirrhosis. Interestingly, this effect was more significant
with shorter duration of disease and less pronounced with
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longer duration, suggesting an effect of HFE in acceler-
ating fibrosis progression. However, HFE mutations
were not over represented in patients with HCV-related
end-stage liver disease, again suggesting that other fac-
tors may play a role in iron deposition and liver failure
during advanced liver disease.

The mechanisms described previously on iron toxicity
and fibrogenesis may also apply to the synergism of a
biochemically expressed HFE mutation and HCV: In
conjunction with the toxic effect of excess iron in paren-
chymal cells, the alteration of macrophage and immune
cell function may all cooperate in aggravating the un-
derlying liver disease, as suggested by recent studies in
patients with hemochromatosis and CHC.124,139 Indeed,
iron overload per se may aggravate the course and accel-
erate the progression of liver disease in CHC patients. In
a recent study, two hundred eleven patients cured of
thalassemia major by bone marrow transplantation, who
did not receive any chelation or antiviral therapy, have
been followed for a median follow-up of 5 years.140 In a
multivariate Cox proportional hazard model, the risk for
fibrosis progression correlated with hepatic iron content
and HCV infection.140 Although none of the HCV-
negative patients with hepatic iron content lower than
16 mg/g dry weight showed fibrosis progression, all the
HCV-positive patients with hepatic iron concentration
greater than 22 mg/g dry weight had fibrosis progres-
sion. Thus, iron overload and HCV infection are inde-
pendent risk factors for liver fibrosis progression, and
their concomitant presence results in a striking increase
in risk. Nonetheless, because liver fibrosis per se is a
highly dynamic process in which multiple genes interact
with different external factors,141 the pathogenic syner-
gism of HCV and HFE has still to be considered within
a more general and complex interaction of genetic sus-
ceptibility and environmental factors that will determine
in the single patient the outcome of the chronic viral
disease.

The impact of iron homeostasis on the immune re-
sponse in HCV infection has also been emphasized by
data showing that the clinical response to IFN-� is
reduced in patients with increased hepatic iron
stores.119,142–152 This can be due to an inhibitory effect of
iron on IFN-� action, in a fashion comparable with that
shown for IFN-� because type I and type II interferons
share similar signal-transduction mechanisms in cells.153

Patients with higher hepatic iron might also respond
poorly to IFN-� because of a dominant Th-2 response
that may inhibit some of the pathways induced by type
I interferons toward target cells.154 In this context, the
inhibitory effect of iron overload on NO transcription

may also have a key negative effect on an effective
response to antiviral therapy.155 In support of the above
hypotheses, iron-removal therapy in CHC, although un-
able to achieve a sustained virologic response, has been
able to improve in all published studies the serum
transaminase activity and, in several studies, the histo-
logic activity and fibrosis score.119,151,152,156

In the case of CHC in C282Y homozygotes without
biochemical or clinical phenotype or heterozygotes with
mild or absent iron abnormalities, we must consider
other pathogenetic synergisms. In this case, a contribu-
tion of a mutated HFE to an accelerated or more severe
liver disease in CHC, suggested by some studies,120,130

may stem from a still unraveled role of HFE in immu-
nologic or host defensive mechanisms. HFE could inter-
act with another immunologic partner, possibly in spe-
cialized cells such as macrophages. If HFE has another
partner beyond TfR1, which operates in pathways other
than iron homeostasis, such as the immune response, the
concept of “phenotypic penetrance” of the genetic defect
should also be reconsidered. Conceptually, if HFE, for a
role in iron homeostasis, has to reach the recycling
endosomes,5 possibly to operate in other pathways, other
cellular compartments (cell surface?) may be targeted and
other pathogenic mutations may be relevant. In this
context, even the H63D mutated HFE, which has such a
negligible effect on iron trafficking, being a H63D-
mutated HFE still able to reach the recycling endosomes
and cell membrane, could have other effects.

HCV infection takes a chronic course in the majority
of the infected individuals, and the mechanisms under-
lying viral persistence are poorly understood.157 Experi-
mental and clinical data indicate that CD4 and CD8� T
lymphocytes are involved in viral clearance and patho-
genesis of liver disease in hepatitis C.158–160 As men-
tioned in the previous section, perturbation of iron ho-
meostasis may have profound effects on lymphocyte
number and activity. In addition, it might be possible
that HCV proteins interfere with HFE synthesis, pro-
cessing, or presentation as a potential mechanism of
immune evasion. A similar hypothesis has been recently
tested for classical MHC class I in human osteosarcoma-
derived tetracycline-regulated cell lines that allow the
expression of HCV structural and nonstructural pro-
teins.161 In this study, however, the cells could efficiently
process and present endogenously synthesized HCV pro-
teins via MHC class I and serve as targets for HCV-
specific HLAA2-restricted human CTL. Intracellular
proteasome activity was not affected by the expression of
HCV proteins. It is unclear whether these data can be
extrapolated to other cells, such as hepatocytes and
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Kupffer cells, which may be more relevant for both HCV
infection and iron metabolism, or extended to the case of
a nonclassical MHC molecules such as HFE.

Conclusions
HFE is a nonclassical MHC protein needed for

setting a proper level of iron in cells, such as macro-
phagic and intestinal crypt cells, which control intestinal
iron absorption and body iron trafficking but also im-
mune response and host defensive mechanisms. The nar-
row ancestral groove of HFE impedes a peptide presen-
tation function but allows an interaction with the main
cellular receptor for iron-loaded transferrin and possibly
with other iron proteins, which are involved in modifi-
cation of iron trafficking during inflammation. HFE may
be also able to interact with immune cells or affect their
differentiation, proliferation, and activity either directly
or through modulation of iron availability. The function
of HFE may be key in macrophagic cells in which iron is
essential for mounting proper defensive mechanisms and
activates immunologic armies against pathogens, includ-
ing viruses. A mutated HFE in humans may lead to the

most common hereditary disease of metabolism, hemo-
chromatosis, or, through an increased turnover of redox
active iron in the bloodstream and within the liver,
aggravate or accelerate the course of several chronic dis-
eases, including chronic hepatitis C. During hepatitis C
infection, HFE mutations may influence both cytopathic
and immunopathic pathways involved in activity and
progression of liver disease (Figure 1). The pathogenic
role of iron in these settings is emphasized by the ben-
eficial effect of iron-removal therapy on biochemical and
histologic index of disease activity. On the other hand,
HCV infection per se appears to modify iron homeostasis
in the liver possibly because of mechanisms related to
immunologic and host response or to still unraveled
interaction with HFE and other iron proteins in immune
cells. A proportion of individuals carrying the patho-
genic amino acid substitution in the HFE protein will
never develop a hemochromatosis disease; seemingly,
when these subjects will experience an HCV infection,
they may not present an accelerated or more severe liver
disease as compared with CHC patients carrying a wild-
type HFE. HFE may need other environmental and/or

Figure 1. Possible pathways of HFE and HCV synergism during chronic hepatitis C.
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genetic factors to produce life-threatening conditions. A
still unidentified molecular (immunologic?) partner for
HFE, for instance, in macrophagic or intestinal progen-
itor cells, would be an ideal candidate for such a cofac-
torial role. For millions of years, viruses have studied cell
biology and immunology the hard way to acquire and
defend their ecologic niche and to learn how to manip-
ulate immune control mechanisms. To understand viral
pathogenesis, our knowledge of viral gene functions
must be integrated into virus-host interaction networks:
HFE, an MHC I homolog, which happens to be a cofac-
tor for an iron receptor, seems to be placed right at the
center of these complex and largely unraveled pathways.
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