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Abstract

To cope with the accumulation of unfolded or misfolded proteins the endoplasmic reticulum (ER) has evolved
specific signalling pathways collectively called the unfolded protein response (UPR). Elucidation of the mech-
anisms governing ER stress signallinghas linked this response to the regulation of diverse physiologic process-
es as well as to the progression of a number of diseases. Interest in hereditary haemochromatosis (HH) has
focused on the study of proteins implicated in iron homeostasis and on the identification of new alleles related
with the disease. HFE has been amongst the preferred targets of interest, since the discovery that its C282Y
mutation was associated with HH. However, the discrepancies between the disease penetrance and the fre-
quency of this mutation have raised the possibility that its contribution to disease progression might go beyond
the mere involvement in regulation of cellular iron uptake. Recent findings revealed that activation of the UPR
is a feature of HH and that this stress response may be involved in the genesis of immunological anomalies
associated with the disease. This review addresses the connection of the UPR with HH, including its role in
MHC-I antigen presentation pathway and possible implications for new clinical approaches to HH.

Keywords: chemical chaperones e hereditary haemochromatosis (HH) ® HFE e
major histocompatibility complex class-1 (MHC-I) e unfolded protein response (UPR)

HFE

HFE is a member of a rather large family of proteins
sharing common structural features, which are
encoded by a group of genes located on the MHC
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region in chromosome 6. The protein is a 343 residue
type | transmembrane glycoprotein homologous to
class | major histocompatibility complex (MHC-I)
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molecules (such as HLA-A2, with which it shares
37% sequence identity) [1]. The extracellular portion
of HFE consists of a1 and «2 domains and an
immunoglobulin-like 3 domain. As for the classical
MHC-I proteins, HFE folding occurs in the endoplas-
mic reticulum (ER), where its 3 domain interacts
with the class | light chain p2-microglobulin (32m)
[1]. The heterodimer is then capable of leaving the
ER through the standard secretory pathway (Fig. 1).
However, one significant structural difference exists
between HFE and MHC-I: the putative peptide-bind-
ing groove of HFE is too narrow to accommodate a
short peptide. The surface area of the groove formed
by the a1 and a2 domains is approximately 415 AZ
compared to approximately 760 A® in MHC-I mole-
cules. Given this structural limitation and despite its
homology with MHC-I, HFE does not present anti-
gens to T lymphocytes [1].

HFE is predominantly found in the duodenum,
liver, pancreas, placenta, kidney, macrophages and
ovary, while in colon, leukocytes, brain and lung it is
present in lower concentrations [2].

The C282Y mutation

In the HFE C282Y mutation a single-base transition
leads to the substitution of a tyrosine for a cysteine at
position 282. This provokes the disruption of the
a3 domain intrachain disulfide bond, which is a
mandatory pre-requisite for f2m association, intra-
cellular transport and expression of HFE at the cell
surface. As a result, the C282Y mutant protein does
not fold correctly and fails to bypass the endoplasmic
reticulum (ER) quality control mechanisms being
trapped in this compartment and subjected to prema-
ture proteasomal degradation [3, 4] (Fig. 1). Recently
it was observed that this mutant protein forms intra-
cellular aggregates in vitro [5]. The formation of pro-
tein aggregates caused by destabilization of the
a-helical structure with simultaneous formation of a
B-sheet is a common feature of almost all diseases
of protein conformation [6]. These aggregates tend to
resist degradation and accumulate in inclusion bod-
ies [7] and, although their identity and contribution to
disease progression are largely unknown, collected
evidence suggests that they may be toxic [8].
Another common HFE mutation, the H63D muta-
tion, whose pathogenic significance is still uncertain,
involves the substitution of a histidine by an aspar-
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tate at position 63. This mutation occurs in the a1
domain of the protein and does not perturb p2m
association or intracellular localization of the HFE
protein [2, 9].

HFE and
hereditary haemochromatosis

Hereditary haemochromatosis (HH) is the most com-
mon inherited disease in Caucasians. In these
patients, intestinal iron absorption and iron export
from macrophages are abnormally elevated resulting
in progressive tissue iron overload which leads to
irreversible organ damage if not treated timely [10].
The pancreas, heart, skin, joints and particularly the
liver are the main deposition sites where the iron sur-
plus leads to organ failure through the production of
oxidant species. Cirrhosis, hepatocellular carcinoma,
cardiomyopathy, diabetes and arthritis are some of
the pathologies associated with chronic iron overload
[11]. Nevertheless, if started before the onset of irre-
versible organ damage, therapeutic phlebotomy —
the mainstay of the treatment of HH — offers these
patients a life expectancy similar to that of a normal
population.

The HFE C282Y mutation and HH

In as much as the MHC-I-like proteins are typically
involved in immunological processes, such as MHC-
| antigen presentation to CD8" T lymphocytes, it
would seem unlikely that one of its family members is
involved in the iron metabolism. However, a number
of findings have related the immune system to iron
overload. Nevertheless, the first clues about the iden-
tity of the gene implicated in HH were provided some
time before the discovery of HFE. In 1994 it was
found that the B2m knockout mice develop iron over-
load with a tissue distribution indistinguishable from
that observed in HH [12]. This raised the possibility
that the gene product defective in HH might have a
structure similar to MHC-I molecules and an analo-
gous requirement for 32m association for proper fold-
ing and function. In fact, the mapping and cloning of
the human HFE revealed its sequence homology to
MHC-1 molecules, in particular to HLA-A2 [2].
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Fig. 1 Impact of the C282Y mutation on the HFE/B2m association. In the endoplasmic reticulum (ER) lumen, HFE wt
proteins assemble with f2m and exit the ER through the standard secretory pathway. The C282Y mutation abrogates
the formation of the a3 domain impeding the association of HFE with 2m. The resulting protein is retained in the ER

and subjected to degradation.

Furthermore, the predicted HFE structure revealed
that B2m association was a pre-requisite for the cor-
rect protein maturation [1] and its involvement on iron
metabolism was consistent with the iron overload
found in the B2m knockout mouse [3, 13].

The finding that over 83% of the cases of HH are
associated with the C282Y mutation has established
HFE as a key partaker in the regulation of iron home-
ostasis and in the progression of HH [2]. In agree-
ment with a role in iron homeostasis and with the
pathogenesis of the disease, high levels of HFE
mMRNA were found in tissues involved in iron mobi-
lization and storage, like the duodenum, placenta,
macrophages and the liver [14]. Adding to the evi-
dence of an implication in iron metabolism, shortly
after its discovery HFE was found to associate with
the transferrin receptor 1 (TfR1) [15] and to decrease
its affinity for iron-bound transferrin by 5 to 10-fold
[16]. The C282Y mutation disrupts this association,
thus preventing HFE’s inhibitory role on iron uptake
[16]. Besides this impairment of iron uptake, HH is

© 2008 The Authors

also characterized by defects of the iron export
machinery and poor iron storage in reticuloendothe-
lial cells. HFE blocks cellular iron export from
macrophages a function lost in HH because of the
C282Y mutation [17].

HFE’s role in the regulation of cellular iron stores
and, more significantly, the impact of the C282Y
mutation on this task definitely implicated this partic-
ular mutation on the physiopathology of HH.

Immunological abnormalities of HH
patients

New aspects of HFE’s biology are emerging suggest-
ing that its function might go beyond the exclusive
participation in iron homeostasis toward a putative
function in other processes. Studies of immunological
aspects of HH patients have opened the door to an
unsuspected role of HFE in the immune system.
Analysis of the T lymphocyte numbers showed that in
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comparison to a healthy control population, HH
patients exhibit higher CD4*/CD8" ratios [18]. This
was found to result from abnormally lower CD8" cells
and not higher CD4* numbers [19]. Moreover, a cor-
relation was established between this parameter and
the clinical expression of HH: a lower CD8" T lympho-
cyte population is associated with a more severe form
of the disease [20]. In addition to the T lymphocyte
population’s discrepancies, functional studies
revealed that, in comparison to healthy controls,
CD8" T lymphocytes from HH patients exhibit a
diminished cytotoxic activity [21] and decreased CD8-
p56lck activity [22]. This abnormality was not correct-
ed by the phlebotomy treatments suggesting that it
may be linked to aspects associated with HH other
than the iron-mediated toxicity. One candidate might
be HFE itself, particularly the impact of the C282Y
mutation on a putative iron-independent function.

The virus connection:
hints for an extended role of HFE

Two independent studies have provided mechanistic
evidence for a direct effect of human cytomegalovirus
(HCMV) and human immunodeficiency virus (HIV-1)
on HFE expression. Upon HCMV infection, US2 pro-
tein targets HFE for proteasomal degradation interfer-
ing with its expression on the cell surface [23].
Similarly, Nef (an HIV-1 protein important for the pro-
gression to AIDS) reroutes HFE to a perinuclear com-
partment causing a 90% reduction of cell surface
expression [24]. This way, viruses gain access to an
increased intracellular iron pool, which might favour
their replication [24, 25]. Moreover, a putative role in
immunological processes would certainly contribute
to place HFE under virus threat. In fact, the capacity
of viruses to escape recognition by the immune sys-
tem has led to the identification of several proteins
targeted by an intricate virus-derived machinery.
MHC-I is amongst the preferred targets and its deci-
sive role in denouncing invasion of pathogens to the
immune system definitely supports it.

The MHC-I antigen presentation
pathway

Following infection, some pathogens assault the host
cells establishing themselves in the sheltered intra-
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cellular milieu. This presents the immune system with
the continuous challenge of trying to spot and
destroy the invading species. However, centuries of a
co-evolutionary history have produced an increasing-
ly fine-tuned host immune response, equipped and
eager to fight the infection. In this hide-and-seek rela-
tionship, the pathogens seek to gain control of one
particular piece of the host’s defensive arsenal: the
MHC-I antigen presentation pathway. Viruses repre-
sent probably the most prominent example of this
effort to overcome the host’s cellular defences.

From fish to humans, all nucleated cells constitu-
tively process and present short peptides derived
from endogenously synthesized proteins. These pep-
tides snug in the binding groove of MHC-I molecules
that, after moving to the cell surface, enable CD8* T
lymphocytes to recognize intracellular pathogens,
such as viruses.

Designing a peptide loaded MHC-I protein

Although conceptually simple, the aim being to dis-
play a fingerprint of the intracellular content at the
cell surface by means of small protein fragments,
antigen presentation is a rather sophisticated
process involving a number of crucial events: MHC-I
folding and maturation, peptide generation and shut-
tle into the ER, assembly of the peptide loading com-
plex (PLC), trafficking of peptide loaded MHC-I to the
cell surface and ultimately its recognition by CD8" T
lymphocytes (Fig. 2).

MHC-I antigen presentation is initiated in the ER
where folding of MHC-I molecules takes place. This is
a complex process, which involves the participation of
a variety of auxiliary factors, like heavy-chain binding
protein (BiP — also termed GRP78), the lectin chaper-
ones calnexin and calreticulin, and the oxidoreductase
ERp57 [26]. Following translocation into the ER via the
Sec61 protein complex, MHC-I heavy chains (HC)
bind to the chaperones BiP and calnexin and associ-
ate non-covalently with the soluble B2m [27, 28]. Upon
B2m association, calnexin is replaced by calreticulin
and the heterodimer is recruited to a multi-subunit
structure, collectively termed the PLC, containing, at
least, tapasin, calreticulin, ERp57 and the transporter
associated with antigen presentation (TAP) [29].

The newly generated peptide-receptive MHC-I mol-
ecules are recruited into the PLC where they are sta-
bilized until peptide loading takes place. A heterodimer
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Fig. 2 The MHC-I antigen pro-
cessing and presentation pathway.
In the ER lumen, newly synthe-
sized MHC-| heavy chains (HC)
assemble with 82m. The interac-
tion with the peptide loading com-
plex (calreticulin, Erp57, tapasin
and TAP) promotes peptide load-
ing onto MHC-I molecules. The
peptides are derived from endoge-
nous antigens (including viral-
derived proteins, represented in
red), which are degraded by the
proteasome into short peptides
and transported into the ER lumen
by TAP. The peptide loaded MHC-I
complexes proceed to the cell sur-
face via the standard secretory
pathway, for presentation to CD8"
T lymphocytes. CNX, calnexin;
Crt, calreticulin; TPN, tapasin;
DRIiPs, defective ribosomal prod-
ucts; TCR, T-cell receptor.

of two membrane-spanning molecules, termed TAP1
and TAP2 translocates the peptides from the cytosol
to the ER lumen, where loading onto MHC-I mole-
cules takes place [30, 31]. This process favours the
production of stable MHC-I/peptide complexes [32].
The action of tapasin, another component of the PLC,
is thought to play a decisive role in the formation of
low off-rate MHC-I/peptide complexes. Two lines of
evidence provide a rationalization for this: the first is
that tapasin edits the peptide repertoire in order to
assure optimal MHC-I peptide loading [33]; the sec-
ond explanation suggests that tapasin facilitates the
binding of a more diverse set of peptides by stabiliz-
ing the MHC-I peptide-receptive conformation, but
does not function as a peptide editor to discriminate
between low and high-affinity peptides [34]. The defi-
nition of the precise mechanisms by which tapasin
partakes on the assembly of low off-rate MHC-I/
peptide complexes is still a matter of debate.
Nevertheless, its crucial involvement in this process is
supported by the observation that the lack of tapasin
leads to a reduced stability of the MHC-I complexes
at the cell surface [27-31]. The hypothesis that
tapasin may not act alone in peptide loading optimiza-
tion was recently supported by the finding that protein
disulfide isomerase (PDI), another component of the
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PLC, stabilizes a peptide-receptive conformation of
MHC-I by regulating the oxidation state of the disul-
fide bond in the peptide binding groove [35].

MHC-I molecules that fail to acquire high-affinity
peptides exit the ER from a site distinct from that
used by high-affinity MHC-I/peptide complexes, and
are subjected either to degradation or short term
expression at the cell surface followed by endocyto-
sis and degradation [36]. MHC-I molecules, once
loaded with high-affinity peptides, dissociate from the
PLC, leave the ER at specific exit sites, transit
through the Golgi apparatus, and emerge at the cell
surface [37]. Here, they are available for scrutiny by
circulating CD8" T lymphocytes that obtain access to
a detailed snapshot of the intracellular environment.
Eventually, if a strange (non-self) peptide is spotted,
a cytotoxic immune response against the infected
cell is initiated.

The source of the MHC-I peptides

Protein turnover is a common feature of all organ-
isms. Sooner or later, all proteins are degraded as a
way of controlling their properties and their relative
levels. This constant supply of protein fragments
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might satisfy the entire antigen presentation pathway
needs and, since all proteins will eventually face pro-
teasomal degradation, it allows for a vast and truthful
portfolio of the intracellular content to be displayed by
MHC-I molecules. However, protein turnover is a
rather slow process. The half-life of some proteins can
exceed 1 week and, in average, 1-2 days are need-
ed for a protein to start the recycling process [38].
Since viruses can generate their progeny in few hours
after infection, a distinct mechanism must operate in
the host cells to assure detection of pathogens with
alacrity. In fact, a shortcut between translation and
peptide generation guarantees the efficiency and
promptness of antigen presentation: defective riboso-
mal products (DRIiPs) are the major source of anti-
genic peptides for MHC-I presentation [39].

DRIiPs consist of viral and cellular proteins that fail
to acquire a native conformation due to errors in tran-
scription, translation, folding, intracellular trafficking
or assembly. The findings that blocking protein syn-
thesis with cycloheximide reduces peptide transloca-
tion by TAP and MHC-I export from the ER to the
same extent as proteasome inhibition have opened
the door to the theory that the major substrates for
peptide generation are derived from newly synthe-
sized proteins [40, 41]. Moreover, it was shown that
inhibition of protein synthesis impairs MHC-I pro-
cessing specifically by depleting the pool of rapidly
degraded proteins (t1/2 of ~10 min), such as DRIPs,
and that MHC-I peptides are preferentially generated
from these short-lived proteins [42].

Unlike protein turnover, degradation of DRIiPs
offers a prompt collection of peptides for MHC-I load-
ing. This close link between translation and antigen
presentation allows a proficient immune response in
situations where time is crucial like those following
acute virus infections, in which efforts must rush to
diminish viral replication and transmission.

Hijacking MHC-I: viruses take control

The fact that the main source of peptides for MHC-I
scrutiny are DRIiPs enables the immune surveillance
mechanisms to detect pathogens that employ the
host cell for protein synthesis [40, 43]. After infection,
viruses reprogram the host's machinery to synthe-
size viral proteins, which are produced at very high
levels. As a result, the complexity of the MHC-I pep-
tide repertoire is biased toward peptides of viral ori-
gin [43]. To deal with this apparent limitation, several
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viruses have evolved sophisticated strategies to pre-
vent the generation or MHC-I presentation of anti-
genic peptides, causing the immune system subver-
sion, assuring a lifelong persistence and repeated
reactivation within the host. Basically all MHC-I anti-
gen presentation pathway events are targeted and
MHC-I itself is a preferential target for a number of
different viruses attempting to evade immune recog-
nition [44, 45].

HFE C282Y influences the MHC-I
antigen presentation pathway

Even though previous findings strongly suggested an
extended role related to the immune system, evi-
dence for a direct impact of HFE on a classical
immunological process was described only recently.
A thorough analysis of the MHC-I antigen presenta-
tion pathway revealed the existence of significant dif-
ferences between HFE C282Y mutant cells obtained
from HH patients and HFE wt cells. Several corrupt-
ed intracellular events lead to the generation of high
off-rate  MHC-I/peptide complexes that dissociate
prematurely during their journey towards the cell sur-
face. The outcome is a diminished surface expres-
sion of MHC-I molecules in HFE C282Y mutant cells
[46]. Although not yet tested, the key role exerted by
MHC-I molecules in a number of processes suggests
that this defect may have a considerable physiologi-
cal significance. In view of that, a correlation between
this observation and the recognized immunological
defects linked to HH may be discussed.
Signallingby MHC-I/peptide complexes deter-
mines the nature of the CD8"* T lymphocytes immune
response. It is reasonable to propose that impaired
expression of these complexes in the context of HH
may constitute the molecular basis for the diminished
CD8"* T lymphocytes’ cytotoxic activity observed in
HH patients [21]. Likewise, this would lead to
decreased CD8-p56ick activity, which is also
acknowledged as a feature of HH [22]. The impor-
tance and physiological significance of the interac-
tion between the TCR in CD8* T lymphocytes and
MHC-I molecules extends beyond the mere immune
surveillance mechanism, playing a decisive role in
processes such as the maintenance of the CD8" T
lymphocytes pool, the shaping of the TCR repertoire
or the natural killer (NK) cells activity [47-51].
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Interestingly, a decreased pool of CD8" T lympho-
cytes and altered TCR repertoire are common fea-
tures associated with HH [18, 19, 52]. It is tempting
to suggest that these defects arise from the incapac-
ity of HFE C282Y mutant cells to correctly process
and display MHC-I at the cell surface.

MHC-I plays an inhibitory role in the shaping of the
NK cells’ response. An insufficient signallingby MHC-
I-specific inhibitory receptors present on NK cells
triggers their activation and cytotoxicity against cells
that are either MHC-I negative or deficient [51]. The
decreased cell surface expression of MHC-I mole-
cules in HFE mutant cells makes them suitable can-
didates for targeting by NK cells. There is evidence
that down-regulation of MHC-I on resting lympho-
cytes was sufficient to make them susceptible to NK
cell killing [53]. HFE itself does not inhibit or activate
the activity of NK cells [54], but by affecting MHC-I
expression, HFE C282Y mutant cells may become
particularly suitable targets of NK cytotoxicity.

In another study performed with transgenic mice,
it was observed a direct cytolytic recognition of
human HFE by mouse T cell receptors (TCR), which
occurs independently of HFE-bound peptides [55].
This new function of HFE is in agreement with the
previous finding that TCR-delta knockout mice devel-
op hepatic iron overload suggesting that cellular iron
status might be transmitted to lymphocytes through
HFE engagement with the TCR [56].

The findings that mouse TCR directly recognize
human HFE independently of HFE-bound peptides
[55] and that HFE C282Y impacts on the MHC-I
expression [46] provided evidence for the involve-
ment of HFE on classical immunological mecha-
nisms. In fact, with the exception of HFE and zinc-p2-
glycoprotein [57-59], all the non-classical MHC-I
molecules have previously been shown to be direct-
ly involved in immunological processes [60].

Collateral damages or selective
interference? The UPR effect
on MHC-I expression

The importance of an efficient folding machinery and
ER quality control mechanisms is supported by the
existence of an exclusive signal transduction pathway
that reacts to the accumulation of unfolded or misfold-
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ed proteins in the ER: the unfolded protein response
(UPR). Under certain circumstances, for instance due
to increased folding demands (e.g. B cell differentia-
tion into Ab secreting plasma cells), genetic muta-
tions, infection by viruses, glucose starvation or
hypoxia, the ER folding machinery and/or ER-associ-
ated degradation (ERAD) components are flooded by
faulty proteins [61, 62]. To cope with this burst of
‘unwanted’ ER clients, the UPR is activated enhanc-
ing the levels of proteins that participate in folding, ER
quality control and ERAD and reducing the rate of
protein synthesis. Eventually, if the folding errors in
the ER can no longer be overcome, the UPR may
induce pro-apoptotic programs [63] (Fig. 3).

By preventing HFE association with g2m, the
C282Y mutation causes the ER retention of HFE
[4, 9]. Hypothetically, accumulation of this faulty pro-
tein in the ER proceeds until such point when its lev-
els rise above threshold leading to the activation of
the UPR. In fact, using a cell line model system
genetically manipulated to express either HFE wt or
HFE C282Y, higher levels of specific UPR markers
were observed in those cells expressing the mutant
protein [64]. Significantly, ex vivo PBMCs from HFE
C282Y homozygous HH patients recapitulated this
result establishing the UPR activation as a putative
modifier of HH, taking into account its decisive role
on the progression of several other diseases.

Considering the numerous intracellular events
modified by the UPR signallingpathway, it was tempt-
ing to consider that the UPR might mediate the
HFE/MHC-I cross-talk. Actually, induction of the UPR,
either pharmacologically or by the transfection of HFE
C282Y, results in a significant down-regulation of the
MHC-I cell surface expression. Moreover, inhibition of
the ER stress response in cells expressing the HFE
C282Y mutant protein leads to the restoration of the
MHC-I levels [64]. A strong link between the UPR and
the MHC-I antigen presentation pathway defects was
established. However, this association was found to
prevail beyond the mere significance for the HH asso-
ciated MHC-| defects. Regardless of the ER stress
stimuli tested, it was noted that activation of the UPR
consistently provokes a significant collapse of the
MHC-I processing apparatus resulting in its cell sur-
face expression decline [64].

The broad impact of the UPR on distinct cellular
mechanisms, combined with the complexity of the
antigen presentation pathway, does not make the
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Fig. 3 The unfolded protein response in mammalian cells. Binding of BiP to unfolded proteins in the ER leads to the
activation of PERK, ATF6 and IRE1. PERK activation results in elF2a-mediated repression of general translation, but
by allowing ATF4 translation, it also leads to transcriptional up-regulation of some genes, like CHOP. NRF2 phospho-
rylation by PERK and its translocation to the nucleus promotes the transcription of genes with antioxidant response
elements (AREs) in their promoters. Activated ATF6 translocates into the Golgi where, by the action of S1P and S2P
proteases, the N-terminal cytoplasmic domain of ATF6 (nATF6) is cleaved. The transcriptionally active nATF6 translo-
cates to the nucleus increasing the transcription of genes with cyclic AMP responsive elements (CREs) or ER stress
response elements (ERSEs). Activation of IRE1 leads to the alternative splicing of the mRNA for the XBP-1 transcrip-
tion factor. IRE1 also binds TRAF2, activating the pro-apoptotic JNK mitogen activated kinase pathway.

establishment of a mechanistic link between the ER
stress response activation and the MHC-I impair-
ment an easy task. However, in light of some
processes known to participate in both pathways, it is
possible to envisage some plausible reasons for the
MHC-I deficiency. As part of the struggle to relieve
the folding pressure launched upon the ER, activa-
tion of the UPR promotes protein trafficking from and
beyond this compartment through the induction of
cargo receptors [65, 66]. The lectin ERGIC-53, a
cargo receptor for the ER export of proteins and its
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related protein VIP36 are known targets of the UPR
signallingpathway [66]. The premature removal of ER
clients in situations of stress may have a significant
impact on proteins relying on a dedicated quality
control mechanism to achieve a stable conformation.
MHC-I molecules depend on the PLC to promote the
assembly of low off-rate MHC-I/peptide complexes
before their journey through the standard secretory
pathway [32]. This ensures that only complexes with
superior stability are produced and delivered to the
final destination. The extent of this peptide loading
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optimization is determined by the time spent by
MHC-I complexes in the ER [67] and this might be
considerably shortened following UPR activation. It is
therefore tempting to propose that, under stressful
situations, the compulsory release of MHC-I/peptide
complexes from the ER results in the production of
volatile complexes that fail to reach the cell surface
due to premature peptide dissociation. In agreement
with this proposal, it was observed that MHC-I ER
egress occurs faster in HFE C282Y mutant cells than
in the wt counterparts. Furthermore, thermostability
and endocytosis assays revealed a premature
MHC-I/peptide dissociation in HFE mutant cells,
which resulted in an increased rate of endocytosis
from the plasma membrane [46].

As mentioned before, DRiPs constitute the major
source of antigenic peptides for MHC-I presentation
[39]. In a cellular environment where the ER folding
capacity is disrupted, cells are further burdened by
the continuous production of protein. To mitigate this
added stress, one of the strategies employed by the
UPR signallingpathway is the attenuation of protein
translation by phosphorylated elF2a [68]. However,
the solid dependency of the antigen presentation
pathway on fully operational transcription/translation
machinery suggests a negative impact of the UPR on
the MHC-I assembly. By inhibiting protein synthesis,
the ER stress response might cease the most impor-
tant source of MHC-I peptides, thus preventing its
correct processing and cell surface expression.

Although not studied, the involvement of several
molecular chaperones (e.g. BiP, GRP94 and calretic-
ulin) on the UPR progression may also indirectly per-
turb the folding and maturation of MHC-I molecules
in the ER. Moreover a possible interference on more
specific partners of MHC-I, like tapasin or TAP, would
also account for the antigen presentation defects
observed in ER stressed cells.

Stressing out the host to escape
immune surveillance

Together with a sophisticated collection of immune eva-
sion strategies, the interference on cellular homeosta-
sis, namely the direct targeting of the ER function, is a
characteristic of several viruses. Actually, triggering of
the UPR signallingpathway was already described in a
number of viral infected cells [69-73]. Although the rea-

© 2008 The Authors

J. Cell. Mol. Med. Vol 12, No 2, 2008

son for this is incompletely understood, it is attractive to
propose that it may constitute one of the tools that
viruses have developed to escape immune surveil-
lance. The finding that an active UPR impairs MHC-I
expression [64] provides the rationale for this hypothe-
sis. Modulation of the ER stress response would give
viruses an additional tool to disrupt antigen presenta-
tion by preventing the correct trafficking of MHC-I/pep-
tide complexes to the cell surface.

Previous studies have already insinuated an asso-
ciation between viral induction of the UPR and sub-
version of the MHC-I antigen presentation pathway
on infected cells. ER stress-mediated interference on
MHC-I assembly and cell surface expression was pre-
viously suggested to allow hepatitis C virus avoid
detection and elimination by the immune system [74].
Differences in MHC class | expression in the liver
have been reported to relate to virus genotype in
patients with hepatitis C [75]. Similarly, it was
observed that HCMV protein US11 provokes an UPR
that may facilitate the degradation of MHC-I mole-
cules [72]. A more detailed characterization of this link
and, particularly, of the HFE C282Y-associated UPR
contribution for the establishment and progression of
viral infections emerges as an attractive challenge.

Pharmacological shaping of the
ER stress response

By mimicking cellular molecular chaperones, which
are ubiquitous stress-induced proteins, chemical and
pharmacological chaperones have been found to
improve the ER folding capacity and facilitate the traf-
ficking of mutant proteins by stabilizing their confor-
mation [76]. The therapeutic potential of these small
molecular weight compounds, such as taurour-
sodeoxycholic acid (TUDCA) and sodium 4-phenyl-
butyrate (4PBA), in ameliorating the severity of a
number of protein-misfolding diseases was already
demonstrated. 4PBA was previously shown to
increase the trafficking of a mutant cystic fibrosis
transmembrane regulator [77] and to enhance the
secretion of the mutant (1- antitrypsin Z protein [78].
Endogenous bile acids derivatives, such as TUDCA,
can also modulate ER function protecting from UPR
induction and ER stress-induced apoptosis [79, 80].
Recently, these chemical chaperones were shown to
improve glucose tolerance and insulin action in a
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mouse model of type 2 diabetes [80]. Moreover,
TUDCA is already applied as a hepatoprotective
agent in humans with cholestatic liver diseases [81,
82], while 4PBA has been in clinical use in trials for
treatment of thalassaemia [83].

The finding that an UPR is activated in HH [64] has
motivated the investigation of the effect of these prom-
ising pharmacologically active compounds in the mod-
ulation of the stress response. In fact, both TUDCA
and 4PBA impeded the UPR activation in HFE C282Y
expressing cells [5, 84]. Moreover, chemically enhanc-
ing the ER function using 4PBA also prevented the for-
mation of intracellular protein aggregates by facilitating
the degradation of HFE C282Y [5]. Since the connec-
tion between the UPR and HH is recent, additional
studies are needed to elucidate the contribution of this
ER stress response for the pathophysiology of the dis-
ease. Recently it was shown in liver cells that HFE
C282Y enhances calreticulin mRNA expression possi-
bly as a consequence of the UPR activation [85]. The
increased levels of calreticulin were associated with
reduced oxidative stress. Moreover, in HH patients,
calreticulin correlated positively with the expression of
the UPR marker BiP and negatively with the number
of clinical manifestations [85]. The contribution of the
UPR to HH progression seems to be dictated by a del-
icate balance between protective (e.g. oxidative
stress) and deleterious (e.g. immunological anom-
alies) effects. A similar paradigm exists for the impact
of the UPR on tumour development, in which the pro-
tective or harmful contribution of the ER stress
response has been the subject of intensive study [61].
The clear elucidation of the impact of the UPR on
‘iron genes’, on the iron-induced oxidative stress and
the physiological significance of its associated MHC-I
defects will certainly dictate the clinical value of pre-
venting the stimulation of the UPR using chemical
chaperones. The confirmed applicability of these com-
pounds to avoid the ER stress response and of 4PBA
in particular to prevent the formation of putatively toxic
intracellular aggregates in HFE C282Y mutant cells
stimulates further research aiming at exploring their
therapeutic application in HH.

Future perspectives and
concluding remarks

The discovery of the HFE C282Y-associated UPR
established a link between this mutant protein and
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the MHC-I antigen presentation pathway [64].
Analysis of the impact of the ER stress response on
other cellular processes, namely those involved in
iron homeostasis, emerges as a research priority in
the attempt to find a parallel between the UPR and
the pathophysiology of HH. The transcriptional or
translational regulation of ‘iron genes’ like ferroportin,
ferritin or hepcidin by the UPR signallingpathway
should be further explored.

Haemochromatosis can also result from mutations
in genes other than HFE, like transferrin receptor 2,
ferroportin or hemojuvelin [10]. To date, activation of
the UPR resulting from mutations on any of these
proteins has not been described. Nonetheless, a
putative involvement of the ER stress responses on
non-HFE related HH demands a careful examination.

Several studies have previously aimed at drawing
a correlation between HH and the progression of
other diseases. It is now pertinent to dissect the puta-
tive contribution of both the HFE C282Y-associated
UPR and the intracellular HFE C282Y-aggregates as
a risk factor for the onset of other pathological condi-
tions. The in vivo therapeutic potential of pharmaco-
logical chaperones like TUDCA or 4PBA raises the
possibility that a chemical therapy for HH could
replace or diminish the need for phlebotomies.
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