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Abstract

Background & Aims: Ferroportin disease (FD) and hemochromatosis type 4 (HH4)
are associated with variants in the ferroportin-encoding gene SLC40A1. Both phe-
notypes are characterized by iron overload despite being caused by distinct variants
that either mediate reduced cellular iron export in FD or resistance against hepcidin-
induced inactivation of ferroportin in HH4. The aim of this study was to assess if
reduced iron export also confers hepcidin resistance and causes iron overload in FD
associated with the R178Q variant.

Methods: The ferroportin disease variants R178Q andA77D and the HH4-variant
C326Y were overexpressed in HEK-293T cells and subcellular localization was char-
acterized by confocal microscopy and flow cytometry. Iron export and cytosolic ferri-
tin were measured as markers of iron transport and radioligand binding studies were
performed. The hepcidin-ferroportin axis was assessed by ferritin/hepcidin correla-
tion in patients with different iron storage diseases.

Results: In the absence of hepcidin, the R178Q and A77D variants exported less iron
when compared to normal and C326Y ferroportin. In the presence of hepcidin, the
R178Q and C326Y, but not the A77D-variant, exported more iron than cells express-
ing normal ferroportin. Regression analysis of serum hepcidin and ferritin in patients
with iron overload are compatible with hepcidin deficiency in HFE hemochromatosis
and hepcidin resistance in R178Q FD.

Conclusions: These results support a novel concept that in certain FD variants re-
duced iron export and hepcidin resistance could be interlinked. Evasion of mutant
ferroportin from hepcidin-mediated regulation could result in uncontrolled iron ab-

sorption and iron overload despite reduced transport function.
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1 | INTRODUCTION

Mutations in SLC40A1 have been identified in patients with he-
patic iron overload and are considered the second most common
genetic cause of hemochromatosis after the disease-associated
polymorphism C282Y in HFE.X® SLC40A1 mutations can cause two
different clinical phenotypes differentiated by transferrin satura-
tion and patterns of iron storage.* Mutations leading to reduced
iron export function cause ferroportin disease (FD), which pre-
sents with low to normal transferrin saturation and splenic and
Kupffer cell iron overload,® whereas mutations conferring resist-
ance of ferroportin to hepcidin cause haemochromatosis type 4
(HH4).%7 In the latter, patients present with high transferrin satu-
ration and predominant iron accumulation in the hepatocytes.®
Although iron overload is a hallmark of both entities it is yet un-
clear how reduced iron export function in FD leads to systemic
iron overload.

Ferroportin is expressed at the basolateral membrane of entero-
cytes, in macrophages and hepatocytes and its function is crucial
for dietary iron uptake and recycling of iron from aged red blood
cells.”*? Iron recovered from hemoglobin is taken back to the bone
marrow via the blood stream after ferroportin-mediated export of
the metal from macrophages.'?> The concentration of potentially
toxic iron in plasma is under homeostatic control by the iron-hor-
mone hepcidin.'®' This peptide is produced and secreted from he-
patocytes when plasma- or hepatic-iron concentrations increase.’
Hepcidin then reduces plasma iron and intestinal iron uptake from
enterocytes by binding to ferroportin.’®'” Thereby hepcidin can in-
hibit iron export by direct occlusion of the transporter,'® ferropor-
tin internalization from the plasma membrane, ubiquitination and
degradation.*

Hepcidin resistance and hepcidin deficiency have similar func-
tional consequences on iron homeostasis, which are: (a increased
transferrin saturation, (b) low spleen iron and (c) hepatic iron over-
load.? These are the hallmarks of all hemochromatosis types, in-
cluding HH4, which can be caused by the C326Y, A69T and R507H
variants in SLC40A1.

In contrast, a reduced iron export function as previously re-
ported for A77D and R178Q could explain increased iron storage
in macrophages and low transferrin saturation, but does not explain
total body iron overload.?° The R178Q mutation has been first iden-
tified in in France and Greece where affected patients had FD2:23
and further characterized in a cohort of 22 patients from six unre-
lated pedigrees in France, Belgium and Iragq.?* In vitro experiments
also showed a reduced iron export capacity and high serum hepci-
din concentration.?* The clinical presentation of patients with iron
overload despite reduced cellular iron export capacity of the mutant
transporter and high hepcidin concentrations represents a gap in the
understanding of disease biology, because total iron overload is in-
compatible with reduced iron transport activity, which is essential
for intestinal iron absorption. This notion is highlighted by the fact
that transgenic animals expressing mutant ferroportin with reduced

iron transport activity are iron deficient.!%!

Key Points

Ferroportin disease is an iron storage disorder caused by
inactivating mutations in the iron exporter ferroportin. As
iron absorption form the diet, is dependent on normal fer-
roportin function, it is unclear why such mutations cause
iron overload. This study shows that normal ferroportin is
more responsive to the natural ferroportin inhibitor hepci-
din than mutant ferroportin, which can result in paradoxi-

cally increased iron absorption in ferroportin disease.

The present study addresses this translational gap in a clinical
and molecular study on pathogenic SLC40A1 variants.

2 | METHODS
2.1 | Expression vector

The full-length ORF clone pENTR221 (Invitrogen, Lofer, Austria)
containing normal human ferroportin (IOH26826) was recombined
with the expression vector pcDNA6.2/N-EmGFP-DEST (Invitrogen)
using the Gateway LR Clonase Kit Il (Invitrogen) as indicated by the
manufacturer. Before recombining the IOH26826 vector with the
expression vector pcDNA6.2/N-EmGFP-DEST, the following ferro-
portin mutations were introduced through site-directed mutagen-
esis (SDM) into the ferroportin sequence: R178Q and A77D were
used as ‘loss of function’ variants, whereas C326Y as a hepcidin-
resistant control.®2%%> To create a human influenza hemagglutinin
(HA) tagged ferroportin, the respective sequence was again inserted
through SDM into the expression vector pcDNA6.2/N-EmGFP-
DEST with a stop codon before the green fluorescent protein (GFP)
sequence. SDM was exerted using the Q5 Site-Directed Mutagenesis
Kit (New England Biolabs, Ipswich, MA, USA). The sequence of nor-
mal and mutant ferroportin constructs were confirmed by Sanger
sequencing.

2.2 | Cell culture

HEK (human embryonic kidney) 293T cells (American Type Culture
Collection no. 11268; LGC Standards GmbH, Wesel, Germany) were
cultivated in Dulbecco's modified Eagle's medium (Invitrogen) sup-
plemented with 10% fetal calf serum (FCS, Invitrogen), penicillin
(100 U/mL) and streptomycin (100 pg/mL) and incubated at 37°C
in 5% CO,. Ferroportin fused to GFP and/or HA-tagged ferroportin
were transiently overexpressed by transfection of HEK-293T cells
using Effectene (Qiagen, Hilden, Germany), following the manufac-
turer's instructions. For mock-treated control, cells were transfected
with the expression vector pcDNA6.2/N-EmGFP-DEST without

ferroportin.
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2.3 | Confocal microscopy

For confocal microscopy cells were seeded in 0.1% coated 8-well
chambered coverglasses (Nalge Nunc International, Rochester,
NY) and transfected as described above. Sixteen hours after trans-
fection, images were acquired on a microlens-enhanced Nipkow
disk-based confocal system UltraView RS (Perkin Elmer, Wellesley,
MA) mounted on an Olympus IX-70 inverse microscope (Olympus,
Nagano, Japan). For image acquisition and processing, the UltraView
RS software (Perkin Elmer, Vienna, Austria) was used in combination

with a 60 x oil immersion objective.

2.4 | 5°Fe export assay

For these experiments, 1.6 x 10° HEK-293T cells were seeded
in 12-well plates and transiently transfected with normal or mu-
tant ferroportin expression vectors. Sixteen hours after transfec-
tion, Effectene-DNA-complexes were removed and 1 mL fresh
medium supplemented with 2.5 x 10* counts per minute (cpm)
5Fe-holotransferrin (Perkin Elmer, Vienna, Austria). After a 16h-
incubation, cells were washed twice with PBS to remove unbound
transferrin and 1 mL fresh medium was added. Six hours later, cul-
ture medium was removed and the pellet was collected after two
wash cycles with 1mM NaOH to determine iron export and iron in-
ternalization by gamma counting (Wizard 2 gamma counter, Perkin
Elmer, Vienna, Austria) respectively. Iron export is expressed as a
ratio of counts of the supernatant divided by the sum of the counts
in the cell pellet and in the supernatant. The results of independ-
ent experiments are shown where iron export was calibrated against
wild-type-transfected HEK-293T cells and the maximum iron export
in cells overexpressing normal ferroportin was set as 100%.

2.5 | 25|-Hepcidin-25 binding assay

Hepcidin, with an M21Y substitution (Bachem, Bubendorf,
Switzerland), was iodinated using the IODOGEN method.
Approximately 10 MBq of *2°|-Na (10 uL of a 10 uM NaOH solution
pH 10; Perkin Elmer, Vienna, Austria) were added to 50 uL hepcidin
(2 pg/pLin H20 with 0.1% TFA) and 100 pL 0.25 M phosphate buff-
ered saline pH 7.4 in a low protein binding Eppendorf cap coated
with 150 pug IODOGEN (Sigma-Aldrich, Vienna, Austria). The solu-
tion was allowed to react for 25 minutes at room temperature, and
the reaction was terminated by transfer of the solution to another
Eppendorf cap. Labelling success was analysed via HPLC (Dionex
Ultimate 3000 UHPLC system with manual injection port, Thermo
Fischer Scientific, Vienna, Austria) using an acetonitrile (ACN)/
water/0.1% TFA gradient (20% to 40% ACN in 20 minutes) and a
Jupiter C-18 polymeric reversed-phase column (5 um, 300 A, 150 x
4,6 mm; Phenomenex, Aschaffenburg, Germany) with a flow rate of
1,5 mL/min. Radiodetection was carried out with a Gabi Star radio-

metric detector (Raytest, Straubenhardt, Germany). Purification of
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the peptide was performed with the same HPLC system. Therefore,
120 pL of the reaction mixture was passed through the HPLC and
peaks were manually collected. The peak with the highest activity
(1.35 MBq) correlates with the radiolabelled hepcidin. Radiochemical
purity was >95%.

HEK-293T cells were seeded and transfected as described
above. Sixteen hours after transfection, Effectene-DNA-complexes
were removed and cells were incubated with 1 mL fresh antibiot-
ic-free medium with approximately 2.0 x 10* cpm ?°I-hepcidin
and different concentrations of non-labelled hepcidin (1, 10, 100
or 1000 nM). Two hours later, the medium was removed and the
wells were washed twice with antibiotic-free medium. The col-
lected media were gamma counted for the non-bound radioligand.
Next, cells were incubated twice for 5 minutes with an ice-cold gly-
cine buffer (pH 2.8) in order to remove any non-specifically mem-
brane-bound ligand. Finally, cells were lysed and collected after two
wash cycles with 1IN NaOH to determine internalized radiolabelled
hepcidin. Measurements were performed on a Wizard 2 gamma
counter (Perkin Elmer, Vienna, Austria). The results of independent
experiments are shown, where maximal 2° uptake was observed in

cells overexpressing normal ferroportin and set at 100%.

2.6 | Flow cytometry and intracellular ferritin
quantification

The cells were seeded and transfected as described above.
Untransfected cells were included as a control. After 16 hours, the
Effectene-DNA-complexes were removed and 1 mL fresh serum-
and antibiotic-free medium supplemented with 2 mg/mL holotrans-
ferrin (BBI Solutions, Crumlin, UK) to prevent cell death due to
iron depletion. At this time point, cells were also incubated either
with or without hepcidin, in different concentrations (10, 100 and
1000 nM), for 4 or 6h depending on the experiments and then har-
vested by incubation with Cell Dissociation Solution (Sigma, Vienna,
Austria) at room temperature for 10 minutes. For direct cell sort-
ing, the cells were washed three times with a flow cytometry solu-
tion (PBS + 0,2M EDTA + 0.5% FCS). For immunostaining, cells were
additionally incubated with the PE/Dazzle 594 anti-HA 11 epitope
tag antibody (BioLegend, San Diego, CA, USA) in a concentration of
5L1L/1O6 cells for 30 minutes at 4°C in dark conditions, as indicated
by the manufacturer. In this case, cells were again washed three
times with the previously described solution.

Cell sorting was then carried out on a CytoFLEX S flow cy-
tometer (Beckman Coulter, Brea, CA, USA). GFP fluorescence was
measured using the 488 nm laser and the 525/40 filter, whereas
PE/Dazzle fluorescence was measured with the 561 nm laser and
the 585/42 filter. Raw data were analysed using the CytExpert 2.2
analysis software (Beckman Coulter, Brea, CA, USA). The number of
fluorescent cells was counted and hepcidin effect was expressed as
a relative reduction upon incubation with the hormone. The means
and standard deviations from independent experiments (100.000

counts each) are shown.
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FIGURE 1 Hepcidin-dose dependent >?Fe export. (A) °?Fe export within 6 hours is expressed as a fractional of total >’Fe uptake and
relative to the maximal iron exported from cells overexpressing normal ferroportin. Mean and standard deviation are represented. The
mock-treated control cells were transfected with a backbone plasmid with GFP but without ferroportin as described in the methods.

The overexpression of normal ferroportin caused a 8-10 fold increase °?Fe export compared to untransfected or mock-transfected cells.
Without incubation with hepcidin, cells overexpressing R178Q and A77D ferroportin exported significantly less iron than normal and C326Y
ferroportin expressing cells. Upon incubation with hepcidin, a dose-dependent decrease on iron export could be observed only in cells
expressing normal ferroportin. However, iron export remained similar to baseline in cells expressing R178Q, A77D and C326Y ferroportin,
showing therefore resistance to hepcidin (n = 6). (B) Hepcidin-dose-dependent intracellular ferritin concentration after 6h incubation.
Intracelullar ferritin concentration (ng/mL) is expressed in relation to total protein concentration (mg/mL). Mean and standard deviation

are represented. All cells were incubated with 2 mg/mL holotransferrin as described previously. As expected, untransfected cells with
holotransferrin showed the highest values and no notable difference under increasing hepcidin concentrations. Cells overexpressing normal
ferroportin showed a dose-dependent increase of intracellular ferritin as an indirect sign of reduced iron export upon hepcidin-dependent
ferroportin deactivation. No such increase could be observed in cells overexpressing the R178Q, A77D and C326Y ferroportin variants

(n = 9). Raw p-values from group comparisons by Student's t-test are displayed

Intracellular ferritin quantification was carried out using the
Human Ferritin ELISA Kit (Abnova, Taipei, Taiwan).

2.7 | Structural modelling

To study the potential location of the R178Q within the proposed
structure of human ferroportin, the primary sequence of the human
ferroportin protein (Q9NP59.1) was aligned with the sequence of the
homologue iron transporter of the bacterium Bdellovibrio bacterio-
vorus (BbFPN, PDB: 5AYO) using the multiple sequence alignment
tool MUSCLE (Figure $3).2° This alignment showed that R178 in the
human sequence corresponds to R159 in BbFPN. The published
BbFPN structure was visualized in CCP4 Molecular Graphics.?’

2.8 | Patient cohort for hepcidin/ferritin
correlation data

A cohort of unselected patients referred to the outpatient liver clinic
at the University Hospital of Innsbruck from 1 September 2007 to
30 November 2017 for the evaluation of hyperferritinemia was in-
vestigated by MRI (magnetic resonance imaging) susceptometry
using iron-sensitive sequences (R2*). High serum ferritin was de-
fined as 2200 pg/l for women and 2300 pg/I for men. Of the 410
patients who met these inclusion criteria, 32 patients were homozy-
gous for p.Cys282Tyr in HFE and had sera available for hepcidin de-
termination using the DRG Hepcidin 25 ELISA kit according to the
manufacturer's instructions (DRG Instruments GmbH, Marburg,
Germany). Of all patients with a normal HFE genotype (p.Cys282
and p.His63) an increased hepatic iron concentration on R2* MRI
(defined as R2* = 70 sec™* ?8%%) and serum for hepcidin determina-
tion was available in 40 patients. Hepcidin was also determined in
archival serum specimens of the index patient heterozygous for
R178Q (ENST00000261024: c¢.533G>A/ ENSP00000261024.2
p.Arg178GlIn) in SLC40A1. Correlation analysis between serum fer-
ritin and serum hepcidin was independently carried out in both
patient cohorts and the serum samples from the index case after
log10 transformation of serum ferritin concentration. Regression

lines and 95%-confidence intervals were calculated independently

for all three groups using the software GraphPad Prism (GraphPad
Software, Inc Version 8.0.1, La Jolla, CA, USA).

The study was approved by the local ethics research committee
of the Medical University of Innsbruck (internal registration number
UN5093).

3 | RESULTS

To investigate the mechanism how recessive ‘loss of function’ mu-
tations cause the phenotypic spectrum of hepatic iron overload
associated with SLC40A1 variants, functional studies in cells over-
expressing different ferroportin variants were conducted. As shown
in Figure 1A, cells expressing normal ferroportin export 8-10-fold
more *?Fe than untransfected or mock-transfected cells. In contrast,
in cells expressing A77D or R178Q mutant ferroportin iron export
is reduced when compared with normal ferroportin. By comparison,
the iron transport capacity of the C326Y mutant ferroportin is simi-
lar to normal ferroportin. These results confirm that the A77D and
R178Q but not the C326Y variant show reduced iron export capac-
ity to a different extent.

Next, the effect of hepcidin on different ferroportin variants was
tested. A dose-dependent decrease of iron export was found only
in cells overexpressing normal ferroportin. In contrast, iron export
was less inhibited by hepcidin in cells overexpressing either of the
ferroportin variants tested. Only at high hepcidin concentrations the
ferroportin variant R178Q exports more iron than cells expressing
normal ferroportin (Figure 1A).

The effect of ferroportin overexpression on cellular iron sta-
tus was further investigated by measuring intracellular ferritin. As
shown in Figure 1B and Figure S1, overexpression of ferroportin was
associated with a decrease in intracellular ferritin. Again, intracel-
lular ferritin concentration increased in response to hepcidin in a
dose-dependent manner only in cells overexpressing normal ferro-
portin. Intracellular ferritin as surrogate of iron retention remained
unchanged in response to hepcidin when cells overexpressed either
of the ferroportin variants tested (Figure 1B). Although intracellu-
lar ferritin measurements showed an overall high variation and so
differences did not reach statistical significance, comparing these

results with iron release studies (Figure 1A) a reciprocal relationship
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was found, which confirms a dose-dependent hepcidin response of
normal ferroportin, which is absent in mutant ferroportin.

To analyse if hepcidin resistance was a result of reduced bind-
ing of the peptide hormone to ferroportin, competitive radioli-
gand-binding studies were employed. As shown in Figure 2, hepcidin
bound to normal ferroportin with an apparent affinity of 88.4 nM.
The apparent binding affinity was reduced to 444.2 nM when cells
expressed R178Q mutant ferroportin. In contrast hepcidin-binding
to cells expressing ferroportin harbouring the A77D or the C326Y
mutations could not be specifically blocked with increasing doses of
unlabelled hepcidin (Figure 2).

To test if this difference in hepcidin-binding was due to altered
subcellular localization of ferroportin, cells were studied through
confocal microscopy. As shown in Figure S2, the ferroportin-GFP fu-
sion protein localized to the plasma membrane in cells overexpress-
ing either the normal ferroportin or any of the three variants.

As confocal microscopy showed that only a fraction of over-
expressed ferroportin localized to the plasma membrane, surface
ferroportin and total ferroportin were independently quantified
by flow cytometry of cells co-transfected with vectors encoding
two differently tagged ferroportins. To quantify total ferroportin, a
GFP-fusion protein was used, whereas for cell surface quantifica-
tion a HA-tag was used for immunostaining. As shown in Figures 3A,
1-3% of transfected cells expressed ferroportin at the cell surface,
although 23%-26% of transfected cells were GFP-positive. This
model allows differential analysis of ferroportin internalization and

degradation. As shown in Figure 3B, internalization and degradation
are regulated in lock step in response to hepcidin when cells over-
express normal ferroportin. In contrast, R178Q and A77D overex-
pressing cells exhibited differential hepcidin response with respect
to internalization and degradation of ferroportin. In both variants,
degradation of ferroportin-GFP is apparently higher than internal-
ization of HA-tagged ferroportin. These findings are in line with the
results shown in Figure 1, where all mutant ferroportins tested show
some degree of hepcidin resistance.

Taken together, in vitro studies show that all pathogenic fer-
roportin variants tested in this study cause hepcidin resistance, as
potential cause of iron overload. The impairment of iron export func-
tion in the absence of hepcidin is variable, where the R178Q muta-
tion causes a milder impairment of iron export than A77D. In accord
with the molecular phenotype of R178Q causing reduced iron ex-
port function, patients with this mutation were invariably reported
with normal transferrin saturation, but marked hyperferritinemia.?*

To further refine description of the FD phenotype caused by the
R178Q mutation, clinical, biochemical and radiological findings from
a female patient heterozygous for R178Q in SLC40A1 were assessed.
At the age of 63 years, the patient presented with hyperferritinemia
(1149 ug/L, reference range 30-200 pg/L) and normal transferrin
saturation. Sixteen units of blood (450 mL each) were removed over
a period of 12 months (Figure 4A), corresponding to ~ 4 g of mo-
bilizable iron. Five years later, ferritin serum levels had returned to
647 ug/L and, at this point in time, non-invasive iron quantification
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50 4
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A7T7D n.d.
C326Y n.d.

~i Untransfected d

ntransfecte: n.d.
4*_
3
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FIGURE 2 Relative 1?°| uptake. 1?°I-Hepcidin uptake within 2 hours of incubation with 1, 10, 100 or 1000 nM non-labelled hepcidin

is expressed in relation to the maximal 12°| uptake observed in cells overexpressing normal ferroportin. Mean and standard deviation are
represented and non-labelled hepcidin concentrations are shown in a logarithmized axis. Untransfected cells and cells overexpressing the
A77D and C326Y ferroportin mutants showed only minimal background (non-specific) uptake of radioactivity, whereas cells transfected
with normal and R178Q ferroportin fitted to a competitor-response curve. The apparent affinity (IC 50) of hepcidin to normal ferroportin
was 88.4 nM and much reduced (444.2 nM) in cells expressing the R178Q variant (n = 6)



VIVEIROS ET AL.

FIGURE 3 Flow cytometry studies.
Cells were co-transfected with a plasmid
encoding for a ferroportin-GFP fusion
protein and simultaneously with another
vector encoding a HA-tagged ferroportin,
which upon immunostaining allowed cell
surface quantification. (A) Ferroportin
expression levels as a percentage of
gated cells expressing normal and the
different ferroportin mutants. Although
23%-26% of transfected cells expressed
the ferroportin-GFP fusion protein, only
1%-3% did actually express ferroportin
at the cell surface (n = 9). (B) Time-
dependent downregulation of ferroportin
by hepcidin. The relative reduction was
calculated after a 4h incubation with 1uM
hepcidin. Mean and standard deviation
are represented. In cells overexpressing
normal ferroportin, incubation with
hepcidin lead to a 26% reduction of cells
expressing ferroportin-GFP and 23% of
cells expressing HA-tagged ferroportin.
In contrast, in cells overexpressing the
C326Y ferroportin variant, an increase

of 4 and 6% could be measured in cells
expressing the GFP fusion and the
HA-tagged ferroportins respectively.
R178Q and A77D overexpressing cells
showed a differential hepcidin response
to internalization (HA-tagged ferroportin)
and degradation (ferroportin-GFP fusion
protein) with higher degradation than
internalization (n = 9)
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FIGURE 4 (A)Serum ferritin concentration over 10 years since first observation of hyperferritinemia (July 2007) until last contact on
January 2020 in a patient with R178Q variant FD. The time axis is broken, as between October 2008 and June 2012 there is no clinical
record. The black upward pointing triangles represent the serum ferritin values expressed in pg/L; the upper cut-off (200 pg/L) of the
normal range is signalized with a dotted line. The white downward pointing triangles represent the 16 phlebotomies (450 mL each) which
the patient underwent between November 2007 and October 2008. As shown, ferritin values descent from an initial value of 1149 ug/L,
until normal values (52 pg/L) after five venesections. In June 2012, the patient presented again with a high serum ferritin concentration
(649 ug/L). After a new increase, the patient underwent a 12-week therapy with Ombitasvir/Paritaprevir/Ritonavir and Dasabuvir (start with
direct-acting antivirals - DAA - is also marked in the graphic), and had a rapid virological response. Sustained virological response at week
12 after therapy was also achieved. As shown, ferritin levels lowered under and after therapy for chronic HCV infection. (B) Left panel - MRI
T2* scan before DAA treatment showing severe splenic iron accumulation (T2* = 8.0 ms, reference range 20 - 80 ms) with normal liver iron
concentration (20 umol/g, reference range 1.5 - 41.5 umol/g). Right panel - MRI T2* scan after DAA treatment showing less marked iron
accumulation in the spleen (T2* = 10.2 ms) and still normal hepatic iron concentration (14 umol/g)
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by MRI showed a normal hepatic concentration of 20 umol/g (refer-
ence range <36 umol/g3°) but an increased spleen iron concentra-
tion according to a T2* value of 8 ms (reference range 20-80 ms,??
Figure 4B). Although the patient was positive for hepatitis C virus
(HCV) RNA, transaminases were normal and non-invasive fibrosis
markers, Fibroscan and MR-elastography did not show evidence of
hepatic fibrosis. During follow-up, ferritin concentrations remained
significantly elevated (range 540 - 786 ug/L) but transferrin satu-
ration was normal (14%-45%). Hepcidin was first determined at the
age of 72 years and found to be elevated (86 ug/L, reference range
1.5-41.5 pg/L). At that age, the patient was cured from chronic HCV
infection with a 3 month-course of ritonavir-boostered paritaprevir,
ombitasvir and dasabuvir. This was associated with a rapid decline
in serum ferritin and serum hepcidin. (Figure 4A). Accordingly, liver
iron decreased at the end of treatment on MRI, which also showed
virtually no change in spleen iron concentration despite successful
HCV clearance (Figure 4B).

When regression analysis between log(ferritin) and hepcidin was
used as a surrogate of hepcidin regulation in response to iron stores,
the R178Q heterozygous patient had an exaggerated response in
comparison to a cohort of HFE-hemochromatosis patients and a co-
hort of patients with proven high liver iron concentration but normal
HFE genotype (Figure 5). This response pattern could per se be inter-
preted as an indicator of hepcidin resistance in FD.

4 | DISCUSSION

In search for the cause of iron overload in patients with FD associ-
ated with ‘loss of function’ variants in SLC40A1, A77D and R178Q
ferroportin variants were overexpressed and functionally charac-
terized. Cellular studies confirmed the reduced iron export func-
tion for both variants. As ferroportin is essential for the transfer

of iron across the basolateral membrane of absorptive duodenal
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enterocytes, its impaired function would not be predicted to result
in systemic iron overload. In contrast, variants in ferroportin that
cause hepcidin resistance are known to cause iron overload simi-
lar to hemochromatosis by constitutively active ferroportin despite
high hepcidin.®” As shown in detailed hepcidin dose-response stud-
ies reported in this manuscript, the ‘loss of function’ ferroportin
variants A77D and R178Q are, however, resistant to inactivation by
hepcidin. A previous study has also shown that D181V mutant fer-
roportin poorly responds to hepcidin,®! but the present report also
shows that, in the presence of high hepcidin concentrations, the ‘loss
of function’ variant R178Q exports not less iron than normal ferro-
portin. This finding provides a potential additional explanation why
patients with FD develop a spectrum of iron overload phenotype. A
major limitation of this study certainly is that only A77D and R178Q
were studied, where R178Q but not A77D exhibited a mixed pheno-
type of hepcidin resistance and loss of function. Functional studies
of other pathogenic SLC40A1 variants will be needed to test if this
mixed functional phenotype is a more general molecular pathway in
the spectrum of FD.

An important alternative hypothesis to explain macrophage iron
overload in FD was recently proposed in a study showing that high
iron ‘turnover’ in macrophages leads to failure of ferroportin traf-
ficking to the cell membrane and could account for iron accumu-
lation in these ceIIs..32Findings presented herein are of particular
interest in the context of enterocyte function, because inappropri-
ate dietary iron absorption is necessary to develop systemic iron
overload.?® Impaired iron export function by ferroportin can cause
iron retention in recycling macrophages, but without compensatory
increase in iron absorption, reduced iron recycling alone would re-
sult in low transferrin saturation, iron restricted erythropoiesis and
anaemia. Although low transferrin saturation is present in some pa-
tients with FD, previous studies have shown that the concentration
of circulating hepcidin is increased.*'3* Considering that the rate

of intestinal iron absorption is controlled by hepcidin, these findings
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HFE-hemochromatosis, r? = 1462

hepatic iron overload, r?=.1279
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FIGURE 5 Regression analysis of
ferritin and hepcidin. When compared

to a control cohort of 32 patients with
HFE-hemochromatosis (homozygosity for
the C282Y polymorphism and wild-type
for the H63D polymorphism) and a cohort
of 40 patients with normal HFE genotype
(wild-type for both HFE polymorphisms
C282Y and H63D) and proven high

iron concentration through MR T2%,

our patient with R178Q-associated FD

60 -

40

Hepcidin (ng/mL)

20 +

* o
.

showed a much steeper correlation
between serum ferritin and hepcidin
concentrations

10

100 1000 10000

log(ferritin)



VIVEIROS ET AL.

ﬂ|—W| LEY Liver
INTERNATIONAL

would be expected to aggravate low plasma iron, reduced transfer-
rin saturation and impaired erythropoiesis. However, most patients
with FD present with normal haemoglobin, normal mean corpus-
cular volume and total body iron overload.? Recent data from iron
supplementation studies in humans would be in a line with different
effects of hepcidin on macrophage iron retention versus enterocyte
iron absorption, as those studies demonstrate that inflammation
induced hepcidin expression resulted in macrophage iron retention
but had only little effects on duodenal iron absorption.*®

The common cause of primary iron overload is uncontrolled in-
testinal iron absorption, where iron repletion fails to inhibit further
duodenal iron uptake. In hemochromatosis this is thought to result
from impaired iron sensing and hepcidin production. In HH4, hep-
cidin resistance has the same net effect as hepcidin deficiency. The
physiological relation between iron status and hepcidin can be il-
lustrated with a linear regression between log(ferritin) and hepcidin
concentrations. The shallow slope of the regression line in a cohort
of HFE-hemochromatosis patients indicates relative hepcidin defi-
ciency, whereas the steeper than normal slope in our patient with
R178-associated FD suggests an exaggerated hepcidin response
compatible with hepcidin resistance. This cross-sectional approach
is only a proxy for investigating hepcidin response in individual pa-
tients, which would be best assessed by oral iron tolerance testing
and has been previously reported.36 Limited insight into the dy-
namics of iron-dependent hepcidin response in R178Q FD can be
gained from the longitudinal study reported here, which suggests
that R178Q FD could reflect the changes in iron metabolism seen in
dysmetabolic iron overload syndrome.*’

One question would be why apparent hepcidin resistance has
not been identified in previous studies as a potential cause of iron
overload FD. A potential explanation for this is that most studies
have used overexpression of ferroportin fused to fluorescent tags.
With this method, total cellular ferroportin rather than cell surface
ferroportin is measured. The results presented in this study could be
interpreted as an indicator of only a small proportion of ferroportin
reaching the plasma membrane. As binding of hepcidin to ferropor-
tin induces its internalization and degradation, these processes were
considered to be regulated in lock step. However, our results further
indicate that this notion may not apply to the ‘loss of function’ vari-
ants tested in this study, R178Q and A77D. Hepcidin paradoxically
induces more degradation of total ferroportin than internalization
from the plasma membrane for both of these variants. A potential
explanation for this finding would be that R178Q, which was previ-
ously reported to affect a gating residue,?* results in a failure to bind
iron in the inward open conformation. This notion is supported by
the structural model presented in Figure 4. Iron binding induces the
conformational change of ferroportin to the outward open structure,
which opens the ferroportin binding site.38%7 Homology modelling
indeed showed that the Arginine residue corresponding to human
R178 is highly conserved among species (Figure S3) and faces the
cavity in the ‘inward-open’ confirmation of ferroportin (Figure S4).

The R178Q variant is therefore expected to have a lower appar-

ent hepcidin affinity, as shown in this manuscript. Reduced affinity

and consequent partial hepcidin resistance can be overcome by
high hepcidin concentrations frequently used in vitro. This pro-
vides a potential explanation why partial hepcidin resistance could
have been missed in previous studies. This could also account for
supra-physiological activation of downstream-signalling and con-
secutive degradation of intracellular ferroportin independent of
its internalization from the plasma membrane. Consulting patients
with iron storage disease includes assessment of liver fibrosis risk.
Patients with HFE-hemochromatosis are known to be at higher risk
for fibrosis and development of cirrhosis, which is the basis for the
recommendation to biopsy patients with ferritin >1000 pg/L, ele-
vated transaminases and hepatomegaly. In contrast, little is known
about the risk of fibrosis progression in FD and HH4. The finding
that a patient with a pathogenic SLC40A1 variant and chronic HCV
infection presented without any evidence of fibrosis at the age of
63 years, supports the notion that FD patients may have a low risk
of progressive fibrosis.

In conclusion, comprehensive analysis of ferroportin function
and its response to hepcidin at different concentrations suggest that
in patients heterozygous for the R178Q variant subtle effects on
hepcidin-ferroportin interaction could contribute to the spectrum of
iron overload phenotypes in FD as a consequence of partial hepcidin
resistance. Concurrent impairment in the iron export function of the
R178Q variant ferroportin results in mild iron overload of question-
able clinical relevance and low risk of progressive fibrosis.
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