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ABSTRACT

Levels of body iron should be tightly controlled to prevent the formation of oxygen radicals, lipoperoxidation,
genotoxicity, and the production of cytotoxic cytokines, which result in damage to a number of organs.
Enterocytes in the intestinal villae are involved in the apical uptake of iron from the intestinal lumen; iron is
further exported from the cells into the circulation. The apical divalent metal transporter-1 (DMT1) transports
ferrous iron from the lumen into the cells, while the basolateral transporter ferroportin extrudes iron from the
enterocytes into the circulation. Patients with hereditary hemochromatosis display an accelerated
transepithelial uptake of iron, which leads to body iron accumulation that results in cirrhosis, hepatocellular
carcinoma, pancreatitis, and cardiomyopathy. Hereditary hemochromatosis, a recessive genetic condition, is
the most prevalent genetic disease in Caucasians, with a prevalence of one in 300 subjects. The majority of
patients with hereditary hemochromatosis display mutations in the gene coding for HFE, a protein that
normally acts as an inhibitor of transepithelial iron transport. We discuss the different control points in the
homeostasis of iron and the different mutations that exist in patients with hereditary hemochromatosis. These
control sites may be influenced by gene therapeutic approaches; one general therapy for hemochromatosis of
different etiologies is the inhibition of DMT1 synthesis by antisense-generating genes, which has been shown
to markedly inhibit apical iron uptake by intestinal epithelial cells. We further discuss the most promising
strategies to develop gene vectors and deliver them into enterocytes.
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Iron is a vital element for all mammalian
cells. The electronic structure of its two
oxidation states (Fe+2 and Fe+3) renders it
the most versatile cofactor in biological
redox reactions. However, in excess,
unbound iron is highly toxic, due to its
participation in the generation of free
radicals and reactive oxygen species. These
molecules induce peroxidation of
membrane lipids and of DNA leading to
cellular injury, ultimately resulting in
severe damage of different organs. For this
reason, in health, functional iron content is
maintained within narrow limits to provide

sufficient iron for the synthesis of essential
ferroproteins, thus avoiding the toxic
effects seen in iron overload (Andrews,
1999). Since there are no effective
physiological mechanisms for iron
excretion, iron homeostasis is regulated
solely at the intestinal absorption level.

INTESTINAL IRON ABSORPTION

The mechanisms of intestinal iron
absorption are depicted in figure 1. Nearly
all the absorption of dietary iron occurs in
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the duodenum, where specific carrier
molecules are synthesized by the villous
enterocyte. Dietary iron may be taken up
either as free iron or as heme iron
(Andrews, 1999). Free iron is largely
present in the diet as oxidized ferric ion
(Fe +3 ), which being insoluble is hardly
available to be incorporated into the
absorptive enterocyte. Thus, prior to
absorption ferric iron is reduced to the more
soluble ferrous form (Fe+2) by the reductase
Dcytb, located in the luminal surface of the
duodenal enterocyte (McKie et al., 2001).
After reduction, iron is transported
across the brush border membrane (apical
membrane) by the divalent metal
transporter DMT-1 (Fleming et al., 1997;
Gunshin et al., 1997), which also can
transport a number of other divalent metals

such us Cu+2 (Arrendondo et al., 2003) and
Co+2 (Forbes and Gros, 2003). Transporter
DMT1 also has been involved in the
transport of Cd+2 and Mn+2 (Olivi et al.,
2001; Elisma and Jumarie, 2001; Tallkvist
et al., 2001).
Mutations in DMT-1 are responsible for
defects in intestinal iron uptake both in the
mouse model of microcytic anemia (Fleming
et al., 1997) and in Belgrade rats (Fleming et
al., 1998). Loss of DMT-1 function in those
animals results in very low rates of
absorption of dietary iron and a profound
microcytic anemia, indicating that DMT-1 is
the main transporter that incorporates iron
into intestinal epithelial cells. Uptake of
heme iron occurs by an unidentified
transporter not related to DMT-1 (Lynch et
al., 1989; Wolf et al., 1994).

Figure 1: Proposed model of ionic iron absorption by the enterocyte: Ferric iron is reduced in
the intestinal lumen by membrane reductase DcytB. Ferrous iron is transported across the plasma
membrane by the divalent metal transporter DMT-1. Within cells, iron is stored as ferritin or
exported across the basolateral surface by the iron transporter ferroportin. Exported iron is
converted to ferric iron by the membrane oxidase hephaestin and bound to transferrin for
distribution to tissues. Note that the enterocyte also can take up iron into the endosomes via the
transferrin receptor. The proposed mechanisms by which HFE acts are discussed in the text.
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Iron entering the absorptive enterocyte is
stored either within the cell bound to
ferritin for the short life of the enterocyte or
it is transferred to the circulation by the
action of the iron transporter ferroportin-1
located in the basolateral membrane
(Donovan et al., 2000). Ferrous iron is
reoxidized to Fe +3 before it binds to
circulating transferrin. This oxidization is
likely catalyzed by the oxidase hephaestin
(Vulpe et al., 1999). A defective hephaestin
is associated with the sex-linked anemia
(sla) mouse (Vulpe et al., 1999).
Subsequently, the absorbed iron is bound to
transferrin and transported via the portal
system to the liver, which is the major site
of iron storage associated to ferritin and
hemosiderin (Kawabata et al., 1999;
Fleming et al., 2000).

REGULATION OF INTESTINAL IRON ABSORPTION

From the above, it follows that iron
homeostasis depends on the coordinated
function of numerous genes. Intestinal iron
absorption in humans is regulated by body
iron stores, which prevent iron overload
after ensuring that iron needs are reached
(Fleming et al., 2004). One important
component of this regulation system is
hepcidin, a peptide of 20-25 amino acids
that has multiple disulfide bonds. Hepcidin
is synthesized from a larger precursor and
secreted by the liver in response to both
inflammatory stimuli (often linked to
oxidative stress) and iron overload (Krause
et al., 2000; Park et al., 2001; Pigeon et al.,
2001). Studies in transgenic mice indicate
that hepcidin has a key role in downregulating enterocyte iron absorption and in
inhibiting the release of this metal ion from
macrophages (Ganz, 2003). Deletion of the
hepcidin gene results in massive iron
loading of the liver (Nicolas et al., 2001),
whereas transgenic overexpression of this
gene leads to severe anemia (Nicolas et al.,
2002). Another iron regulatory mechanism
acts at the enterocyte level by a diminished
interaction of intracellular iron-loaded
regulatory proteins (IRPs) with specific
structural elements in mRNA transcripts
called iron-regulatory elements (IREs)
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(Rouault et al., 1997). The binding of IRPs
to IREs increases under cellular iron
depletion conditions. This has been
proposed to increase both the stability and
abundance of mRNA transcripts with IRE
elements in the 3’ untranslated region
(UTR), including the mRNA for transferrin
receptor-1 and probably one of the DMT-1
isoforms (Hubert and Hentze, 2002).
Conversely, the binding of IRPs to IREs in
the 5’ UTR of mRNA blocks its translation,
which occurs in transcripts encoding the
ferritin H and L chains. While under
conditions of iron accumulation TfR1
translation is downregulated and ferritin
levels are upregulated, the case for the
regulation of the iron transporters DMT-1
and ferroportin seem to be different. Two of
the isoforms of DMT-1 have an IRE in the
3’ UTR, whereas ferroportin has an IRE in
the 5’ UTR (Hubert and Hentze, 2002;
McKie et al., 2000) Nevertheless regulation
of DMT-1 expression seem to be mostly
IRE independent (Hubert and Hentze, 2002;
McKie et al., 2000). The regulation of
ferroportin expression is unknown but
seems to be cell specific (McKie et al.,
2000; Aguirre et al., 2005).

HEREDITARY HEMOCHROMATOSIS

Alterations in iron homeostasis lead to
frequent pathological disorders in humans.
One of these is hereditary hemochromatosis
(HH), an autosomal recessive condition in
which intestinal iron absorption is greatly
elevated (Brittenham et al., 2000). About
one million individuals in the U.S. are
affected by this disease (Levy et al., 1999),
exceeding the prevalence of cystic fibrosis
and muscular dystrophy combined (Bacon
et al., 1999).
The disease is characterized by overabsorption of dietary iron and an
accelerated recycling of this metal by
macrophages despite adequate iron stores.
The clinical features of the disease arise
as result of decades of progressive
accumulation of iron in parenchymal cells
of the liver, pancreas, and heart. In the
most advanced form, the disease is
manifested as cirrhosis, hepatocellular
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cancer, diabetes mellitus, hypogonadism,
cardiomyopathy, arthritis, and skin
pigmentation. In 1996, Feder and
colleagues identified the HFE gene, the
mutation of which is responsible for over
80% of hereditary hemochromatosis (Feder
et al., 1996). The HFE gene codes for a
novel major histocompatibility complex
MHC class I-like molecule. This protein
binds to β2-microglobulin, an event
necessary for its targeting to the plasma
membrane (Waheed et al., 1997; Feder et
al., 1998; Gross et al., 1998).
Most HH patients are homozygous for a
point mutation in the HFE gene. The
mutation that was initially described for
HFE in association with HH is a single base
change in exon 4 that results in the
substitution of a tyrosine for cysteine at
amino acid 282 (C282Y) of the unprocessed
HFE protein (Feder et al., 1996). This
mutation leads to the disruption of a
disulfide bond needed to form the loop that
interacts with β2-microglobulin. As a
result, the C282Y mutant HFE protein is
retained in the endoplasmic reticulum and
fails to undergo late Golgi processing,
reducing its abundance on the cell surface
(Feder et al., 1997; Waheed et al., 1997). A
second mutation in the HFE gene, in which
an aspartic acid moiety replaces histidine at
position 63 (H63D) of the HFE protein,
also has been reported (Gochee et al.,
2002). The phenotype of duodenal cells in
HH is similar to that of iron deficiency, as
seen by low levels of ferritin mRNA and
increased levels of DMT-1, ferroportin and
transferrin receptor I (Fleming et al., 1997;
Gunshin et al., 1997; McKie et al., 2000;
Zoller et al., 2003), indicating that a key
factor in the regulation of iron absorption is
altered. Histochemical techniques have
localized HFE to a number of different cell
types, including Kupffer cells (Bastin et al.,
1998), the gastrointestinal tract (Parkkila et
al., 1997), placenta (Parkkila et al., 1997),
macrophages and crypt cells of the small
intestine (Griffiths et al., 2003).
The precise mechanisms by which HFE
inhibits iron absorption by the enterocyte
are not yet clear, and some controversy
exists with regard to the role of HFE in the
control of iron absorption in the gut.

Normal HFE protein has been shown to
inhibit both apical iron uptake and
basolateral iron transfer in polarized
intestinal cells (Arredondo et al., 2001;
Davies and Enns, 2004). Inhibition of
apical iron uptake was noted despite an
increment in DMT-1 protein in HFEtransfected Caco-2 cells (Arredondo et al.,
2001), whereas HFE transfection induced
decreased levels of hephaestin mRNA
(Davies and Enns, 2004). These results
raise the possibility that HFE may be
coordinately inhibiting the activity of both
the iron import and iron export machinery
in intestinal cells. Other mechanisms, such
as the normal development of crypt cells
into high DMT-1 enterocytes, also have
been proposed (Bacon et al., 1999).
Independently of the mechanism of action
of the HFE protein, the experimental data
suggest that the loss of HFE function
results in increased activity of some of the
proteins involved in intestinal iron uptake,
which results in an increased incorporation
of dietary iron.
The cloning of the HFE gene paved the
way for the identification of non HFErelated forms of HH and the recognition of
mutations in a number of other genes
implicated in iron metabolism. Examples of
these non HFE-related forms of
hemochromatosis
are
juvenile
hemochromatosis (or HH type II), which is
an autosomal recessive disease due to
mutations in the hepcidin gene or in the gene
for hemojuvelin, a recently identified protein
implicated in iron regulation (Roetto et al.,
2003; Papanikolaou et al., 2004). Juvenile
hemochromatosis is a more severe form of
iron-loading disorder than HFE-related
hemochromatosis, being characterized by an
early onset, usually before the age of 30.
Hereditary hemochromatosis type III is a
rare form of HH caused by a mutation in the
gene that codes for transferrin receptor II
(Camaschella et al., 2000). The clinical
phenotype is similar to HFE-related
hemochromatosis, with iron deposition in the
liver. Finally, hemochromatosis type IV is an
autosomal dominant form of iron overload
associated with mutations in the gene that
codes for the iron exporter ferroportin
(Montosi et al., 2001; Njajou et al., 2001).
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The basic features shared by all of these iron
overload disorders indicate that they are
genetic variants of the same syndrome.

TREATMENT OF HEREDITARY HEMOCHROMATOSIS

Hereditary hemochromasosis (HH) is
usually diagnosed after the development of
symptoms in the fourth to sixth decades of
life, when patients have significant iron
overload. If not treated, HH invariably
progresses and is ultimately fatal. The only
accepted treatment for this disease stems
from medieval times and is the performing
of periodic bleeding (phlebotomy). At
present, initially one or two units of blood
(500-1000 ml) each containing 200-250 mg
of iron are removed weekly until serum
ferritin levels are reduced below 50 ng/ml
and transferrin saturation drops to a value
below 30% (requiring 2 to 3 years). Less
aggressive bleeding, but life-long
maintenance therapy, is then mandatory to
keep the transferrin saturation value below
50% and the serum ferritin levels below 100
ng/ml (Niedderau et al., 1985; Wojcik et al.,
2002). However, the rate of iron reloading is
highly variable (Adams et al., 1991). The
transferrin saturation remains elevated in
many treated patients and does not normalize
unless the patients become iron deficient,
greatly affecting the quality of life.

GENE THERAPY APPROACHES FOR THE
TREATMENT OF HEREDITARY HEMOCHROMATOSIS

Under conditions of iron overload, bile
iron excretion accounts for only a minor
fraction of total iron (Oates et al., 2000),
and thus, it cannot reduce body iron levels.
Therefore, the primary focus of whole body
iron homeostasis is the control of intestinal
iron absorption. Because of the accessibility
of intestinal stem cells to gene therapy
vectors, HH constitutes an optimal target
for gene therapy.
There are several strategies to inhibit the
expression of a target gene, one of which is
the administration of pre-formed antisense
oligonucleotides, or short interfering RNA
oligonucleotides (siRNA). However, these
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small molecules are easily hydrolyzed by
the nucleases present in the cell, which
reduces the half-life of their therapeutic
effects. This problem could be overcome by
generating an antisense RNA or a hairpin
siRNA coded by a gene under the control of
a promoter suitable for the long-term
generation of the therapeutic molecules by
the individual itself.
We present below four different gene
therapeutic approaches in the treatment of
hemochromatosis. The location of each
action is shown in figure 2.
1. Inhibition of DMT-1 gene expression in
intestinal cells. A general treatment
approach
There is compelling evidence indicating
that DMT-1 is the main apical iron
transporter. The microcytic anemia mutant
mice, which carry a deleterious missense
mutation in DMT-1, have a severe iron
deficiency (Su et al., 1998), indicating a
main role for DMT1 in intestinal iron
absorption. Similarly, while HFE knockout
mice have a severe iron overload phenotype,
double HFE/DMT1 knockout mice do not
overload with iron (Levy et al., 2000). Thus,
DMT-1 is likely to play a major role in
intestinal iron uptake by HH patients. A
possible therapeutic approach for the
treatment of all hereditary hemochromatosis
forms (independent of its etiology) is to
reduce the expression of the apical DMT-1
transporter gene by the use of an antisense
gene or a siRNA gene in the enterocyte, thus
inhibiting iron uptake by the gut.
Two attempts have been reported to
inhibit DMT-1 gene expression in intestinal
epithelial Caco-2 cells, an appropriate
model of polarized intestinal cell for the
study of iron absorption (Meunier et al.,
1995). In one of these studies, Bannon et al.
(2003) established two clonal knockdown
DMT-1 cell lines accomplished with a
ribozyme against DMT-1 mRNA. These
cells exhibited much lower levels of DMT1 mRNA and also displayed lower levels of
apical iron uptake. In the other study, we
generated an AAV viral vector carrying a
short antisense gene against an internal
region of DMT-1 mRNA and showed that
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Figure 2: Proposed target for gene therapy approaches in hemochromatosis (targets are marked
by X): A) Reduction of the apical DMT-1 transporter levels in enterocytes. B) Reduction of the
basolateral ferroportin transporter levels in enterocytes. C) Overexpression of the wtHFE protein in
enterocytes. D) Overexpression of the iron uptake inhibitory protein hepcidin generated by
hepatocytes.

this treatment blocked DMT-1 gene
expression and markedly inhibited apical
iron uptake by these cells (Ezquer et al.,
2004; 2005).
The divalent metal transporter DMT-1
recently has been shown to also transport
copper ions (Arredondo et al., 2003) thus
inhibition of DMT-1 gene expression may
be of value in reducing liver injury in
Wilson’s disease, a condition in which
copper export from cells is diminished.
2. Inhibition of ferroportin gene expression
in enterocytes
Another target for the
hemochromatosis is the
expression of the gene for
iron exporter ferroportin in

treatment of
inhibition of
the basolateral
intestinal cells.

The ferroportin gene is overexpressed in the
enterocytes of hemochromatosis patients,
and its inhibition should lead to a reduction
of the export of iron from the intestinal
lumen to the blood. In this case, absorbed
iron would accumulate inside the
enterocyte. Additionally, the accumulation
of iron should lead to a reduction in the
expression of the apical DMT-1 transporter
gene by the IRE/IRP mechanism, producing
a dual inhibitory effect. Further, any
accumulated iron would be lost into the
intestinal lumen by the normal slough of
enterocytes.
Recently Galli et al. (2004) evaluated
the effect of the posttranscriptional
ferroportin gene silencing in human
macrophages by using small interfering
RNAs (siRNA). In macrophages,
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ferroportin is involved in the release of iron
to the circulation for its reutilization. In this
report, the siRNA treatment generated a
reduction of 65-95% of the ferroportin
mRNA leading to a marked iron loading of
the cells.
We have reproduced this inhibitory
effect in intestinal epithelial Caco-2 cells
using an adeno-associated viral vector
coding an antisense gene against an internal
region of the ferroportin mRNA. In these
experiments, we observed a marked
decrease in iron efflux from the Caco-2
cells and an increase in the intracellular
iron pool, indicating that the ferroportin
inhibition could have therapeutic potential
(Ezquer et al., unpublished).
3. Expression of the wild-type HFE gene in
enterocytes
HFE is highly abundant in the crypts of the
small intestine (Parkkila et al., 1997). The
HFE knockout mice exhibit profound
abnormalities in iron homeostasis, with
high transferrin saturation and marked
accumulation of iron in the liver, symptoms
strikingly similar to those observed in
patients with homozygous HH (Zhou et al.,
1998). This observation clearly suggests
that an exogenous, wild-type HFE protein
in intestinal cells should decrease the
symptoms of this disease.
Arredondo et al. (2001) overexpressed
the wild-type HFE protein in intestinal
epithelial Caco-2 cells and found a marked
reduction of apical iron uptake with the
consequent decrease in intracellular iron
content, despite an increase in DMT-1
mass. These results suggested that HFE is a
negative modulator of DMT-1 activity,
although the mechanism is not known. In
the nonpolarized HeLa cell line, HFE
overexpression reduces by 33% the amount
of iron taken up by endocytosis of
transferrin (Roy et al., 1999), also
indicating a role of HFE in iron regulation
through the transferrin-mediated pathway of
iron uptake. The transferrin-mediated
uptake of iron is the normal mechanism of
iron uptake by non-intestinal cells.
In advanced cases of HH in which liver
damage is evident, this approach also could
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be used to transduce the liver, thus
protecting it from further iron accumulation
damage.
Gene delivery into enterocytes
The potential target for the three
treatments of HH indicated above is the
duodenal stem cell. One effective way of
transducing a therapeutic gene in intestinal
cells from the luminal side is by oral
administration of an AAV viral vector.
The AAV is a human parvovirus carrying a
small, single-stranded DNA genome. This
vector is currently considered to be one of
the most promising viral vector systems
for gene therapy because of a unique
combination of properties, including the
lack of association with any human
disease, which gives AAV one of the
highest biosafety ratings among all gene
transfer viral vectors (Carter and
Samulski, 2000). This virus has the ability
to induce long-term gene expression
because its recombinant genome
establishes stable episomal forms and also
may be integrated into the host genome
(Monahan and Samulski, 2000). The AAV
virus also is resistant to physiological
temperatures and to extreme pH conditions
(Berns et al., 1979), making it a suitable
vector for oral administration.
Studies by During et al. (1998) showed
that the oral administration of an AAV
carrying a therapeutic gene maintained a
stable expression of the transgene in the rat
intestine for at least six months. Since the
turnover of the enterocyte is 3-5 days, such
a protracted expression indicates that stem
cells within the crypts also were transduced
by the AAV. Recent studies have
demonstrated that transfection of a reporter
gene into intestinal cells also can be
accomplished by oral administration of
plasmids encapsulated in chitosan, a
polymer of D-glucosamine carrying
positive charges, which protects and
facilitates the incorporation of the DNA to
the intestinal cells (Chen et al., 2004). It
also is possible to transduce enterocytes
from the basolateral side, and adenoviral
vectors would be the preferred vectors if
this route were chosen.
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4. Overexpression of the iron regulatory
peptide hepcidin in the liver
The recently identified peptide hepcidin
is a key regulator of iron metabolism. It is
synthesized predominantly in the liver and
secreted as a peptide of 20-25 amino acids
(Krause et al., 2000; Park et al., 2001;
Pigeon et al., 2001). Hepcidin mRNA is
clearly induced by dietary or parenteral iron
overload (Ganz, 2003). Hepcidin-deficient
mice accumulate iron in parenchymal cells
due to increased intestinal absorption and
impaired
retention
of
iron
by
reticuloendothelial macrophages (Nicolas et
al., 2001). The mechanism by which
hepcidin regulates iron absorption is not well
known. In rats, hepcidin inhibits luminal
iron uptake (Laftah et al., 2004) and induces
ferroportin 1 down-regulation (Yeh et al.,
2004), while in HeLa cells, hepcidin induces
the internalization and degradation of
ferroportin 1 (Nemeth et al., 2004). Thus,
hepcidin seems to be a negative modulator
of iron release both from reticuloendothelial
macrophages and from the enterocytes that
mediate intestinal absorption of iron.
Complete hepcidin deficiency resulting
in juvenile hemochromatosis appears to be
uncommon (Roetto et al., 2003). However,
low hepcidin mRNA levels in HFE
knockout mice (Ahmad et al., 2002) and in
patients with HFE-related hemochromatosis
(Ahmad et al., 2002; Bridle et al., 2003)
suggest that partial hepcidin deficiency may
contribute to iron overload in the most
common form of HH, indicating that it
should be possible to treat HH by
overexpressing the iron regulatory hormone
hepcidin in the liver (or in other cells) of
HH patients. This hypothesis is supported
strongly by the work of Weinstein et al.
(2002). These authors analyzed resected
tumors from two patients with large hepatic
adenomas and severe iron-refractory
microcytic anemia. In this clinical
syndrome, resection of the tumors fully
reversed the hematological abnormalities.
In this work, it was demonstrated that the
tumors autonomously overexpressed
hepcidin mRNA, and the authors
hypothesize that higher levels of hepcidin
were the cause of the observed anemia.

In another study, Nicolas et al. (2003)
crossed mice that overexpressed hepcidin
with mice that were hfe-/- deficient; the mouse
model of hereditary hemochromatosis. They
observed that the overexpression of the
hepcidin transgene totally prevented iron
overload in the liver of the transgenic hfe-/deficient mice, despite the absence of the
HFE protein. In this way, it can be argued that
hepcidin gene therapy could benefits
individuals with HH by preventing iron
overload and its complications. In this case,
both third-generation adenoviral vectors, as
well as adeno-associated vectors, could be the
carriers of the hepcidin gene.

ADVANCES IN THE GENERATION OF ADENOVIRAL
VECTORS FOR GENE THERAPY

In addition to adeno-associated vectors,
adenoviral vectors are presently among the
most prominent candidates for practical and
safe applications in gene therapy. Reviews
addressing the synthesis and delivery of
adeno-associated vectors have been
published recently (Buning et al., 2004;
Gonin et al., 2004; Mandel et al., 2004) and
therefore will not be covered here. Firstand second-generation (with several genetic
improvements) adenoviral vectors have
been used but they still present problems in
terms of their clinical application.
Recently developed, third-generation
helper-dependant (or “gutless”) adenovirus
vectors, which have been completely
stripped of the sequences coding for the viral
proteins, have almost totally reduced
immunogenicity and hence appear ideal for
the successful application of gene therapy
technology. We have recently carried out
work on the rational design, production and
purification of adenoviral vectors
(Manosalva et al., 2002; Andrews et al.,
2003; Zúñiga et al., 2004). To produce
adenovirus, complementary cells are needed.
HEK 293 cells are adapted for this task
because they contain the E1 essential
replicative region of the adenoviral genome
(Nadeau et al., 2000b; Nadeau et al., 2001).
Currently, three limitations must be
overcome before gene therapy technology is
established,
these
are:
safety,
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immunogenicity, and gene packaging
capacity. One of these problems,
immunogenicity, is being solved by the
third-generation adenovirus mentioned
above, which does not contain the replicative
sequence of the virus. It is of note that some
serotypes of adenoviruses, such as
adenovirus 41, are typically enteroviruses
and are found in 17% of cases of infant
diarrhea, thus indicating that such serotypes
can resist the stringent conditions of the
gastrointestinal tract (Croyle et al, 1998).
Once the problems mentioned above are
solved, there will be a great demand for
clinical-grade, viral vector stocks. To
produce commercial quantities of
adenoviral vectors, high-density cell
cultures are required. Also, the adenovirus
produced must be purified from residual
cell debris and serum proteins before a
clinical grade viral stock is obtained. To
optimize the adenoviral vector production
process, culture conditions must be
controlled, so the minimum possible
elements go into the culture media. To
obtain maximum cell and virus yield from
the minimum possible conditions, Flux
Balance Analysis and Phenotypic Phase
Plane analysis are powerful tools. We have
used these tools to optimize vector
production (Zúñiga et al., 2004). These
were applied to the HEK 293 central
metabolism in a stechiometric model
consisting of 38 equations and two
principal growth conditions: biomass
growth and viral replication. The model
equations include the TCA cycle,
Glycolysis, Amino Acid Metabolism,
Biomass Growth and Viral Replication.
This is the first time that an equation for
virus production has been included in such
a model. Previous models (Nadeau et al.,
2000a; Nadeau et al., 2000b; Nadeau et al.,
2001) include complete equations for the
central
metabolism,
taking
into
consideration waste products, such as urea
and membrane elements, but not a virus
production equation. In our model, some
products, like membrane elements and
waste, were not considered because they
added to the condition number; instead,
they were replaced with one biomass
production equation, which the former
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models did not include. The model is of
great help for efficient vector production as
it shows that TCA cycle fluxes are
generally twice as high in virus production
as in cell metabolism. Glycolytic fluxes are
20% higher during normal cell metabolism
than in virus-producing cells. An
investigation was carried out to show
flexibility of biomass and virus production
if culture conditions, such as substrate
concentrations, change. Virus metabolism
was more sensitive to changes in culture
conditions. A purification stage is required
once the culture conditions are optimized.
This would complete the necessary steps to
obtain large quantities of clinical-grade
adenoviral vectors. The engineering
challenges presented by the purification and
efficient production of adenovirus vectors
on a relatively large scale have been tackled
(Andrews et al., 2003). These studies
include carrying out the production of the
vectors in suspension cultures by adapting
the HEK 293 cells, scalable methods of cell
lysis and membrane separation. For
purification of the adenoviral vectors, we
have investigated successfully and
established the conditions for the use of
chromatography and of aqueous two-phase
(polymer/salt) systems (Andrews et al.,
2003). Improved viral vector generation
will be of great value in a number of
applications, including hemochromatosis.

CONCLUSIONS

Hereditary hemochromatosis is the most
prevalent genetic disease in Caucasian
populations, the only accepted treatment
being a weekly phlebotomy therapy with
removal of 450-500 ml of blood, affecting
quality of life and leading to neutropenia
and to recurrent infections. In this work, we
postulate four specific targets that could be
altered by gene therapy technology to
greatly reduce the accumulation of iron in
hemochromatosis patients. These targets
should be first evaluated in the mouse
model of hereditary hemochromatosis to
lead, in the near future, to a gene therapy
approach that could replace the medieval
technique of phlebotomy.
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