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The iron exporter ferroportin and its ligand, the hormone hgidin, control uxes of stored

and recycled iron for use in a variety of essential biochemdt processes. In ammatory
disorders and malignancies are often associated with highdpcidin levels, leading to
ferroportin down-regulation, iron sequestration in tisset macrophages and subsequent
anemia. The objective of this research was to develop reages to characterize the
expression of ferroportin, the interaction between ferroprtin and hepcidin, as well as to
identify novel ferroportin antagonists capable of maintaing iron export in the presence
of hepcidin. Development of investigative tools that enabtl cell-based screening assays
is described in detail, including specic and sensitive monclonal antibodies that
detect endogenously-expressed human and mouse ferropontiand uorescently-labeled
chemically-synthesized human hepcidin. Large and small mecule antagonists inhibiting
hepcidin-mediated ferroportin internalization were idaned, and unique insights into the
requirements for interaction between these two key iron homostasis molecules are
provided.

nternalization, antibody engineering, anti-ferroportin
portin antagonist

Keywords: ferroportin, hepcidin, iron metabolism, receptor i
monoclonal antibody, uorescently-labeled hepcidin, ferro

INTRODUCTION

Ferroportin (FPN, ferroportin 1, also known as IREG1, MTP1, S0&Y), the only recognized
mammalian iron exporter protein, is required for dietary irorptake and mobilization of iron
from tissues. Iron readily cycles between oxidation statgshgsiological pH, and as a result
it has essential roles in electron transfer and oxygen cmpsion, DNA replication and repair,
ribosome maturation and cell cycle progressiathéng, 201)i However, this redox activity also
has the potential to generate reactive oxygen species, arefdheiron movement must be tightly
controlled to prevent toxic side e ecté\(drews, 1999; Zhang, 201#Hepcidin (HEPC, also known
as LEAP1) is synthesized in the liver in response to in amaratnd increased tissue irohl{colas
et al., 200pas an 84-amino acid prepropeptide that is processed to 60-antitbprohepcidin;
cleavage of the signal peptide produces a 25-amino acid peptidé €t al., 2001 Hepcidin is
the only recognized ligand for FPN and regulates FPN agtiwtinducing its internalization and
proteolysis lemeth et al., 2004
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FPN is highly expressed on the basolateral membrane €€ommercial Antibodies
duodenal enterocytes, where it transports dietary iron te th Rabbit anti-Cyclophilin B antibody (Abcam, #ab16045) wasluse
bloodstream, on the plasma membrane of macrophages wheregit 0.5mg/ml as a loading control for immunoblots. Rabbit anti-
mediates release of iron recycled from senescent erytteseynd V5 antibody (Abcam #9116) was used ard/ml as a control
on the sinusoidal surface of hepatocytes, where it transpams  for FPN from engineered cell lines in immunoblots. Tested anti
stored in the liver to the plasmé@@novan et al., 2000; Canonne- FPN antibodies include Alpha Diagnostics (MTP11-A, used at
Hergaux et al., 2006; Ramey et al., 20XChronic elevated 5mg/ml)and LifeSpan Bioscience (LS-B1836S, used aglrhl)
levels of serum hepcidin result in sustained down-regutatio for immunoblotting. Anti-CD68 (Santa Cruz #sc-9139), anti-
of enterocyte and macrophage FPN, leading to reduction itGFAP (Biocare #040) rabbit polyclonal antibodies were used fo
dietary iron absorption and iron sequestration in macrophgge staining of macrophages and astrocytes, respectivelywietlo
where it is inaccessible for hemoglobinization of new reabdl by goat-anti-rabbit Alexa- uo® 594 (Invitrogen/Thermo Fisher
cells. Thus, patients can be iron replete and still be anemi¢A-11012).
FPN may be a suitable target for treating chronic in ammator
anemia if a therapeutic means of preventing hepcidin-mediated
internalization can be identi ed. Agents neutralizing hégia ~ Ferroportin Antibody Generation
have been described and are being evaluated clinicallyevew Mouse anti-human FPN antibodies were generated in C57BL/6
it could be challenging to e ectively neutralize a solublemice (Charles River Laboratories) by immunizing with either
ligand that is present at high concentration in diseasersgéti membranes from human FPN-expressing Chinese Hamster
Human blood and urine hepcidin assays are still evolving an®vary (CHO) cells or with recombinant adenoviral vector
include ELISA, RIA and mass spectrometry. Measurement afarrying human FPN. Mouse anti-human FPN antibody
absolute hepcidin concentrations is highly variable dueaitkl 31A5 was generated by immunizing C57BL/6 mice (Charles
of standardization across assay platforméa¢dougall et al., River Laboratory) with an adenovirus expressing human FPN
2010; Arezes and Nemeth, 201Bor example, the mean serum and boosted with FPN DNA as described in the published
hepcidin levels measured in di erent assays for chronic kidne international patent application WO 2009/094551 Ar(edson
disease (CKD) patients on hemodialysis range from 9 to 242 nMt al., 200R Fully human antibodies were generated in
(Macdougall et al., 20)0Given this uncertainty, targeting FPN XenoMousé&" (Mendez et al., 1997by immunizing mice
may o er a therapeutic advantage. Agents reported to inhibitwith membranes from HEK293-6E cells expressing FPN using
hepcidin-mediated degradation of FPN have been describedTT5 plasmid (cells and plasmid licensed from the National
including anti-FPN antibodieslLeung et al., 20)4and small Research Council of Canada Biotechnology Research Institute)
molecules Fung et al., 2003 however none of these agentsHybridomas were generated using standard techniques and
have met e cacy criteria as single agents in ongoing studlies clones expressing antibodies that bound the extracellulgiore
humans. of FPN were selected by screening hybridoma supernatants

To enable FPN characterization and support assaggainstlive HEK 293T cells expressing inducible human FRN (T
development, we developed reagents that bind to surfac®EXM/Fpn-V5). Anti-mouse FPN antibodies were generated by
expressed FPN, including Rhodamine G-labeled hepcidimmunizing rats with membranes from mouse FPN-expressing
(RhoG-hepc) and monoclonal antibodies against both humari€HO cells. Mouse FPN pTT5 constructs were designed with and
and mouse FPN. Using assays that incorporate these reagemsthout PADRE T cell epitope tags and the protein transiently
antibody and small molecule panels were screened and agewtgpressed in HEK293 cells. Expression cell pools were harvested
that protect against hepcidin-induced FPN internalizatioere and further processed into membrane preparations for use as
identi ed. Herein we describe these novel reagents and iyt antigen. Groups of Brown Norway rats (Charles River) were
were used to extend the understanding of the FPN-hepciditmmunized 3-5 times with 100-200g per immunization of

interaction. mouse FPN-PADRE membranes emulsied in the following
adjuvants: complete Freund's adjuvant (CFA, Sigma), incotaple

MATERIALS AND METHODS Freund's adjuvant (IFA, Sigma), Alum (Thermo Fisher), CpG
(Amgen). Serum titers were analyzed by ow cytometry (BD) on

Cell Lines CHO cells expressing mouse FPN and mock-transfected CHO

T-REXM/FPN-V5 cells were generated as describétbss cells. Spleens from rats that showed the best serum titer regpon
et al., 201p T-REXM/FPN-V5 cells were engineered with a R-were harvested for hybridoma generation by electrofusion.
lactamase (BLA) reporter gene joined to tH&)BR [containing Due to contaminating host cell immune responses arising
one copy of the iron response element (IRE)] of ferritin tofrom immunizing with mouse FPN membrane preparations,
generate the T-REX/FPN-V5/IRE-BLA cell line. The nucleotide bacolovirus mouse FPN-V5 constructs were expressed in TNi
sequence of the ferritin IRE is provided in the internationalinsect cells. Mouse FPN-expressing TNi cells in conjunction
patent application WO 2009/094551 AAr{edson et al., 2009  with goat anti-rat 1gG, Fc speci c-647 secondary antibodies
IRE-BLA sequences were cloned into pENTR1A and stablidackson ImmunoResearch) were used to screen hybridoma
transfected into T-REX/FPN-V5 cells. 293 T-REX/FPN-V5, supernatants, immune rat serum, and puried IgGs on the
T47D, and UT-7/Epo cell lines were cultured as describeodsc FMAT platform (Applied Biosystems) as well as by ow
etal., 201p cytometry (BD).
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Epitope Mapping with 10X or 20X objectives and analyzed with the Spot Detector
Peptides of 10 amino acids were synthesized using a MultiPdpoapplication. A minimum of 300 cells per well were analyzed
instrument (Intavis) directly on cellulose membranes @wis) for each condition.

using the peptide spot (PepSpot) array technigbe&nt et al., .

2009. Antibodies were screened against individual overlappingMmunoblotting

FPN peptides (10 amino acids in length over the entire lengtfells were lysed in 20mM Tris (pH 7.5), 150mM NacCl,
of the FPN sequence) immobilized on membranes in individual MM EDTA, 1mM EGTA, 1% Triton X-100 with protease
Spotsl The rst Spot contained a pept|de with amino acids l_and phosphatase inhibitors (NaF, Roche protease inhibitor, and
10, the second spot contained a peptide with amino acids 2Sigma phosphatase inhibitors | and II). Protein was quareitat
11, followed by 3-12, and so on. This pattern was followedSing a BCA protein assay (Thermo Fisher). For FPN analysis,
over the length of the ferroportin sequence to ensure therenti hon-reduced lysates were heated at@7or 10 min prior to
protein was represented. Membranes were soaked in methanl§pding on a 4-20% Tris-Glycine gel (Novex) and transferred
for 5min, washed twice in Tris-bu ered saline, 0.1% Tween 2¢0 nitrocellulose membranes. FPN was detected with anti-FPN
(TBST) bu er, and blocked with 5% non-fat dried milk (NFDM) antibodies at concentrations listed in Figure Legends. ldom

in TBST. Antibodies were screened atng/ml in 5% NFDM  cyclophilin B (CypB, rabbit polyclonal antibody, Abcam) was
for 1h with shaking at room temperature. After washing fourused as a protein loading control. HRP-labeled, species-speci
times in TBST, membranes were incubated with goat anti-humasecondary antibodies were used for detection (Cell Sigghlin
1gG-HRP (Pierce/Thermo Fisher) secondary antibody at 0G0, _.

ig 5% NF(DM. After washing fo?Jr times ir)ll TBST, :pots WereSIRI\IA knockdown

"y .
detected by enhanced chemiluminescence (ECL, Piercafiher T-REX /FPN'YS cells were reverse transfected with ,20 n_M
SLC40A1 (Invitrogen/Thermo Fisher #4S5S121213), cyclophil

Fisher). B (QIAGEN, custom), or All Stars negative control (QIAGEN
#1027281) siRNAs using RNAIMAX transfection reagent

Immuno uorescence and Cellular Imaging (Invitrogen/Thermo Fisher) according to the manufactuser

Assays protocol. Cells were induced to express FPN with 10ng/ml

Cells were plated in 96-well Poly-D-Lysine coated plates (B oxycycline immedi_ately befo_re transfection. Lysates wexdam
at 50,000 cells/well and induced overnight with 10 ng/ml 8h after transfection. Protein (20 mg) from each sample was

doxycycline (Clontech). Cell surface FPN and RhoG-hepcidiﬁeSted by Western analysis as described.
uptake assays were performed as describBdsg et al., Human Tissues

2019. Briey, induction medium was replaced with assay a| human specimens were collected under Institutional Review

medium (DMEM/10% dialyzed FBS (for T-REXFPN-V5 Board approval with appropriate informed consent. In all cases,

cells) or growth mephum (for all other cgll lines) contqlgn materials obtained were surplus to standard clinical practice
hepC|d|n.. (;ells were |qcub§ted at &7at varying concentratlons Patient identity and PHI/identifying information were redted
of hepcidin for varying times (generally 30-360min). FOrtom tissues and clinical data. Human tissue specimens were

cell surface FPN detection, hepcidin-containing medium WaFbtained from the following institutions: Asterand Biosoge,
replaced with anti-FPN antibodies at concentrations listad Detroit. Ml and Zoion. Hawthorne. NY

gure legends in cold assay medium, incubated for 1h a4

washed twice, and incubated for 1 h with secondary antitmdieFerroportin Immunohistochemistry

(goat anti-mouse-Alexa Fluor 647 or goat anti-human-AleXaFormalin- xed, para n-embedded sections of human
Fluor 647, Invitrogen/Thermo Fisher) and Hoechst 3334Zissye were stained with a mouse monoclonal anti-human
nuclear dye (Invitrogen/Thermo Fisher). After stainingells FPN Ab 31A5. Tissue sections were stained via indirect
were xed with 3.7% formaldehyde solution (Sigma) for 10 minimmuno uorescence or with the ABC-peroxidase technique.
at room temperature and washed with phosphate-bu ered salin@right eld mages were collected with a Nikon Ni-U microscope
(PBS, GIBCO). For total FPN staining, cells were xed Witf¥8. and a DS-Fi2 camera. Fluorescent images were collected with
formaldehyde solution and permeabilized with 0.1% saponiy Nikon Eclipse 50i uorescence microscope illuminated by an

(Calbiochem) and 1% bovine serum albumin (Sigma) in PBEXFO Excite 120 light source and acquired using NIS elements
at room temperature. FPN staining was completed as describg@ o software.

above except that the incubations were performed at room

temperature. For RhoG-hepcidin uptake assays, TIREBPN-  In Situ Hybridization

V5 cells were treated with 250nM RhoG-Hepc for varyingHuman FPN probe: A 389 bp fragment of the human
times (generally 30-360 min.) and xed with 3.7% formaldetnyd FPN gene, corresponding to nucleotides 1632—-2020 (Genbank
Nuclei were stained with Hoechst dye. Cell surface or tota#AF226614.1), was cloned into the pCR4-TOPO plasmid vector
FPN or intracellular hepcidin was quantitated with cellular(Thermo Fisher). The identity of the template was veri ed by
imaging. Uninduced (non-FPN-expressing) cells served as sequencing. An antisen$éP-labeled RNA probe was synthesized
negative control. Images were captured from Array$t¥adTI  byin vitro transcription of the template with T3 RNA polymerase
(Thermo Fisher) equipped with Zeiss microscope optics andfter linearization of the vector with Not | restriction eyme.
Hamamatsu ORCA-ER CCD camera. Images were capturedA 33P-labeled sense probe was also generated from the same
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template using T7 RNA polymerase and Spe | restrictiorFerroportin Internalization Assay

enzyme. All of the tissue used in the study was derived-REXM/FPN-V5 were plated in 384-well Poly-D-Lysine coated
from archived blocks of immersion xed, paran embedded plates (BD) at 15,000 cell/well and induced overnight as
material from which 5nm sections were taken. A standard described for RhoG-hepcidin uptake assay. Cells were treated
ISH protocol (Vilcox, 1993 was performed involving overnight with compound for 1 h prior to adding 250nM hepcidin for
hybridization at 60C in a hybridization solution containing 1h. Cells were xed with 4% methanol-free formaldehyde
1 10° cpm of 33P-labeled riboprobe per slide. To improve (Thermo Fisher) and stained withrg/ml antibody 38G6-Alexa
target detection, all tissue slides were subjected to agatrent 647 and 2ng/ml Hoechst nuclear dye (Thermo Fisher). Plates
by microwave heating to 10C totaling 10min in a citric were scanned on Thermo Fisher ArraySBamCS Reader and
acid bu er solution (Citra—Biogenex) prior to hybridization analyzed with Spot Detector application. A minimum of 300
After overnight hybridization all slides were subjectedRNase cells/well were analyzed.

digestion followed by a series of SSC washes with the highest . o

stringency of 0.1X SSC at 85for 30 min. The slides were coated Rh0G-Hepcidin Reversibility Assay

with Kodak NTB emulsion and exposed for 3 weeks in the dark-REX"/FPN-V5 cells plated in 96-well Packard ViewPlates at
at4 C, developed, and then counterstained with hematoxylin an®0,000 cells/well and induced overnight as described fer th

eosin. BLA screening assay. Cells were incubated with compound for
30min, followed by two washes to remove compound before
Knock-In Mice addition of 250 nM RhoG-hepcidin for 1h. As a control, cells

Human FPN cDNA was targeted at the ATG starting codon ofwere treated identically except that compound was not removed
the mouse FPN locus, and ended at the stop codon, keepirtgafore addition of RhoG-hepcidin. Cells were xed with 4%
all of the 3UTR of the mouse gene intact, and replacing theformaldehyde (Thermo Fisher) and stained with Hoechst nacle
entire mouse FPN locus with human FPN cDNA. The FPN cDNAdye. RhoG-Hepc uptake per cell was measured by cellular
with Neo selection cassette inserted at tffee8d of the FPN  imaging.

ene was anked by homology arms. The oxed Neo cassett . . T
\?vas removed bygre ryecombinagsye in 129Sv (agouti) embryonich'Qumoxa“ne Binding ) )
stem (ES) cells. ES cell clones were karyotyped and micctece Induced and unln_duced cells were treated 3H_-qumoxallne
into C57BL/6 blastocyst embryos. Chimeric (129Sv/C57BL/gt 0-33mM, and incubated at 37 for 30min. Unbound
blastocysts were microinjected into C57BL/6 mice. Malesgtky duinoxaline was removed by centrifugation. Non-reduced
old mature chimera (FO) were crossed with female C57BL/6lari ed lysates were run on a 4-12% Bis-Tris gel. The gel was
mice to obtain germline transmitted F1 heterozygotes. Onlyut into 2 parts; one side was dried on a BioRad gel dryer and

heterozygous mice were obtained. exposed to autoradiography Im for 1 month. The other side was
transferred to nitrocellulose membrane and FPN detectedh wit
Screening Assays antibody 38C8.

b-Lactamase Assay (BLA) Screening Assay
T-REXM/FPN-V5/IRE-BLA cells were plated in 384-well Poly-
D-Lysine coated plates (BD) at 25,000 cells per well in ass
medium (growth medium without selection antibiotic€
2.5mg/ml ferric citrate) and treated overnight with 10 ng/ml
doxycycline to induce FPN expression. Cells were treated with

compounds for 1h prior to adding 36 nM hepcidin followed Synthetic Human Hepcidin and Rhodamine

by overnight incubation. Beta-lactamase activity was atete - 1
with uorescent CCF2 substrate for R-lactamase (GeneBLAze Green Labeled HepC|d|n (RhOG_HEpC)

Thermo Fisher)b-lactamase substrate was added for 4 h. PIateSynthe_Sis
were exposed to 409 nm and emissions read at 447 and 520 nm Synthesls o . _
an EnVision plate reader (PerkinElmer). Blue/green FRETaign Synthetic human hepcidin mutant was synthesized on a CSBio

Glycosylation Analysis

T-REXM/FPN-V5 cells were treated 0.25-Img/ml
?e(nicamycin (Sigma-Aldrich) for 18h, followed by treatment
with 500 nM hepcidin for 5 h for blots or 3 h for a RhoG-hepcidin
ptake assay.

ratio was calculated. CS336x (CSBio Menlo Park, CA) using -Fmoc/Bu side
chain protection withN,N'-diisopropylcarbodiimide (DIC)/ 1-
RhoG-Hepcidin Uptake Assay hydroxybenzotriazole (HOBT) chemistry in dimethylformareid

T-REXM/FPN-V5 cells were plated in 384-well Poly-D-Lysine(DMF) with from deprotection employing 20% (v/v) piperdine
coated plates (BD) at 15,000 cells/well and induced ovetmgh in DMF. H-Thr('Bu)-ChemMatrix resin ChemMatrix Quebec,
described for the BLA screening assay. Cells were treatéd wiCanada) was used at 0.12 mmol equivalent scale. The
compound for 1 h prior to adding 250 nM RhoG-hepcidin for 1 h. following Fmoc protected amino acids were used, TBu),
Plates were washed and xed with 4% formaldehyde (Thermdlis(Boc), Phe, Pro, lle, Cys(Trt), Gly, Arg(Pbf), Lys(ivpde
Fisher) and nuclei stained with rig/ml Hoechst nuclear dye Lys(Boc), Met, with the exception of Boc-ASB() at the N-
(Thermo Fisher). Plates were scanned on Thermo Fishd@erminus. 5 equivalents of activated amino acid were coupled
ArrayScam® HCS Reader and analyzed with Spot Detectoto deprotected amine for 2h followed by 2 15min
application. A minimum of 300 cells/well were analyzed. Fmoc deprotection with 20% piperdine. An aminohexanoic
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(Ahx) spacer was attached to theamine of lysine with 5 piperdine in DMF. Alanine mutant peptides were tested for
equivalents Fmoc-Ahx-OH, (2-(6-Chloro-1H-benzotriagel-  activity in both BLA and ferroportin internalization assays
yl)-1,1,3,3-tetramethylaminium hexa uorophosphate) (HG)

and DIEA (1:1:1.2) in DMF. Fmoc was removed with 20min  Small Molecule Reagents

treatments of 20% piperdine. Rhodamine Green carboxylic acigulfonyl quinoxaline 1 is 2-[(4-chlorophenyl)sulfonyl]quirex
succinimidyl ester hydrochloride (RhoG, Invitrogen Euge®R)  line and is commercially available from Key Organics Ltd.,
was solubilized in DMF with DIEA, 1.5 mmol and 2.0 mmol Cornwall, UK (CAS #: 338394-53-9; www.keyorganics.net).
equivalents, respectively and coupled overnight. The resis w Tritiated quinoxaline 2 was obtained from Moravek Inc.,
washed with DMF, DCM, and nally ethyl ether. Brea, CA.

Side Chain Deprotection/Cleavage Mass Spectrometry

Side chain deprotection and resin cleavage was accomplishBgPtide and small molecules (1M each) were incubated
with a tri uoracetic acid (TFA) solution containing 2.5% vea, ~tC9ether in 20mM acetate bu er, pH 7 for 1h (iodoacetamide)

2.5% triisopropylsilane (TIS), and 2.5% 3,6-dioxa-1,8idith Of 12h (compound 1) prior to analysis by mass spectrometry on
(DODT) in for 90 min with stirring. The peptide solution was 0.2 & Bruker 7 T Apex IV Fourier transform ion cyclqtron resonance
um Itered into a 50 mL conical Falcon tube and concentrated(FTICR) mass spectrometer. Samples were introduced to the

in vacuo The peptide was precipitated with cold ethyl ether and"@SS Spectrometer by electrospray ionization.

centrifuged. The etherate was decanted and the peptide wash P :
twice with ethyl ether and dried in vacuo. Yidid 180 mg (45%) _?_fggﬁggg[empltatlon and GlyCOSIdase

Folding Lysates from doxycycline-induced T-RE¥FPN-V5 cells

RhoG-Hepcidin was dissolved in a bu er of 0.18 mM oxidized (370 mg of protein) were immunoprecipitated with anti-V5
glutathione (GSSG)/reduced glutathione (GSH) in 30% (v/vintibody (Abcam) and protein G Dynabeads (Thermo Fisher).
acetonitrile (ACN)/water to a concentration nal peptide Immunoprecipitates were treated with PNGase F (New England
concentration of 0.03mM. The pH was adjusted to 8.5 withBioLabs) according to New England BioLabs protocol with the
the addition of 1.0M Tris(hydroxylmethyl) aminomethane following modi cations: (1) denaturation at 5€ for 30 min
hydrochloride (Tris-HCI) pH 8.5 and stirred overnight18h. and (2) PNGase F treatment for 3h at & Samples were
The folding was monitored by LCMS. When folding waselectrophoresed on a 4-20% Tris-Glycine gel, transferred to
determined to be complete the solution was quenched by th@itrocellulose and probed with Abs 38C8 (@0/ml) and 38G6
addition of TFA to pH 2.7. (L mg/ml).

Puri cation Calculations, Graphs, and Statistics

The quenched folded peptide solution was ltered through aGraphPad Prisrfi 6.07 was used for graph generation and
Corning 0.45mm lter system and the acetonitrile evaporated analysis. Four-parameter variable slope non-linear regressi

in vacuo The solution was loaded onto a Synergi MAX-RPWas used for dose response curve tting. Statistical sigmioea
: was determined using an unpairetitest and two-tailed

4u 10A 250 30mm column by loading pump. An elution P.values.

gradient of 10-40% bu er B (0.1% TFA in ACN) in 45min at 40
mL 1. The fractions were analyzed by liquid chromatographyBjohazards
mass spectrometry (LCMS), fractions containir@5% pure )| piglogical and chemical materials and procedures were

hepcidin were pooled and lyophilized. Calculated mass: aagg-performed in strict compliance with Amgen Environmental
Da, observed mass: 3,299.35 Da. Yiz80.2 mg (17%). Health and Safety rules.

Alanine Scanning Animal Care

Synthetic human hepcidin alanine mutants were synthesizeMlice and rats were housed in groups at an Association
on a Tetras asynchronous automated synthesizer (Creosalfm Assessment and Accreditation of Laboratory Animal Care
Louisville, KY) usingN -Fmoc/Bu side chain protection with (AAALAC), International accredited facility. Animals wecared
(1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylizio- for in accordance with theGuide for the Care and Use of
morpholino-carbenium hexa uorophosphate (COMU)/ Laboratory Animals 8th Edition. All research protocols were
N,N-Diisopropylethylamine (DIEA) (1:1.2) chemistry in reviewed and approved by the Amgen Institutional Animal Care
dimethylformamide (DMF) with Fmoc deprotection employing and Use Committee. Mice and rats (Charles River Laboratories)
20% (v/v) piperdine in DMF. H-ThiBu)-ChemMatrix resin female, 6-8 weeks of age, were housed in individual vertilate
ChemMatrix Quebec, Canada) was used at 0.10 mmol equivalecaging (IVC) system on an irradiated corncob bedding (Envig
scale. The following Fmoc protected amino acids were usedgklad 7097). Lighting in animal holding rooms was maintaine
Thr(*Bu), His(Boc), Phe, Pro, lle, Cys(Trt), Gly, Arg(Pbf),on 12:12h light:dark cycle, and the ambient temperature and
Lys(ivDde), Lys(Boc), Met, and ASB{). 5 equivalents of humidity range was at 68-79F and 30-70%, respectively.
activated amino acid were coupled to the deprotected amine foknimals had ad libitum access to irradiated pelleted féed
45 min followed by 2 15min Fmoc deprotection with 20% (Envigo Teklad Global Rodent Diet- soy protein free extruded
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2020X) and reverse-osmosis (RO) chlorinated (0.3-0.5 ppnihe anti-mouse FPN antibodies discussed herein are 1C7 and
water via an automatic watering system. Cages were changé&B11 Table 1).
biweekly inside an engineered cage changing station. For Characterization of the binding epitope recognized by the
XenoMousé": Research and all technical procedures performe&PN antibodies revealed that three of the six anti-human and
on animals under this study were approved by the Animalanti-mouse antibodies (31A5, 38G6, 1C7) recognized sexsen
Care Committee (ACC) for Amgen British Columbia. Animalsin the fth extracellular (EC) loop Figure1). Sequence
were housed in a Canadian Council on Animal Care (CCAChalignment shows that the amino acid sequence in the fth
accredited facility and were cared for according to staddar extracellular loop between transmembrane helices 9 and 10
established by the CCAC and comply with institutional polgcie di ers between human, mice and rats, whereas the regions on
and guidelines. Animal experiments were executed in strictither side of this loop, containing residues important fandling
compliance with institutional guidelines and regulations. hepcidin (including C326) are 100% conserved (Supplementary
Figure 2). The sequence diversity in loop ve may explain why
the antibodies were primarily directed to this region.
RESULTS Both the anti-mouse and -human FPN antibodies were
capable of detecting FPN in multiple formats including

Highly Speci ¢ Anti-ferroportin Antibodies

Were Identi ed
Several previous studies have relied on expression of tagget /
FPN (e.g., GFP, MYC, FLAG) in engineered cells as the only //

means of detecting FPN, precluding the possibility of detecti //
< 21

endogenously-expressed protein. Tags such as MYC and FLAC -
encoded on the N- or C-termini of FPN also prevented detection %7//7
in live cells, since both termini are intracelluldri( et al., 2005; ~
Rice et al., 2009; Wallace et al., 2010; Taniguchi et al.,).2015
Anti-FPN antibodies are available from commercial souress
some of these antibodies have been used in published stud
to detect human FPNKinnix et al., 2010; Bonilla et al., 2012
We evaluated a number of these antibodies but we were unable
to demonstrate that they detected human FPN (Supplementary
Figure 1A), although one of these antibodies did detect reous
FPN (Supplementary Figure 1B). We generated anti-human
FPN antibodies by immunizing mice (XenoMou¥efor fully
human antibodies and C57BL/6 mice for mouse antibodies) wit
membranes from human FPN-expressing CHO cells. Hybridom
clones expressing antibodies that bound the extracellulgiore
of FPN were selected by screening hybridoma supernatants
against live human FPN-expressing 293T (T-REKPN-V5)
cells. The anti-human FPN antibodies discussed herein are
31A5’ 45D8' 38C8' and 38GGI’abIe l) Anti-mouse FPN FIGURE 1 | Ferroportin topology and binding sites. Predicted FPN (N ke red
antibodies were generated by immunizing rats with membgane and ¢ Iobe blue) topology Taniguchi et al., 2019 includes 12 transmembrane
from mouse FPN-expressing CHO cells. Clones expressingiomains with both N- and C-termini located inside the cell. lpcidin surface
antibodies that bound the extracellular region of mouse FPN model (green, derived from PDB 3HOT) is shown binding betweethe N and C
were selected by screening hybridoma supernatants agaiest | !obes. The majority of the anti-FPN monoclonal antibodiesecognize epitopes
. . R R K in the fth extracellular loop.

insect cells infected with a baculovirus-encoding mous&l.FP

Y
Anti-FPN mAb

RhoG-Hepcidin \r

s -
‘e

*
o Fifth extracellular loop

=

FPN

j*2)

TABLE 1 | Attributes of selected anti-FPN antibodies and tested apjtations.

Antibody Species Epitope Recognizes unglycosylated FPN Te  sted application(s)
1C7 Rat anti-mouse IPETVF Not tested 1B, IF, IHC

1E11 Rat anti-mouse Not mapped Not tested 1B, IF

31A5 Mouse anti-human PETSP Yes IB, IF, FC, IHC
45D8 Mouse anti-human Does not bind a linear epitope Not testd IF, FC

38G6 Human anti-human IYMSNGSNS Yes IB, IF, FC

38C8 Human anti-human Does not bind a linear epitope No IB, IF, FC

IHC, immunohistochemistry; IB, immunoblot; IF, immuno uorescece (live and xed/permeabilized cells); FC, ow cytometry.
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immunoblotting, immuno uorescence, immunohistochemigt control, which also detected a band of65 kDa. Based on
and ow cytometry. Table 1 provides a description of the these results we concluded that the 65 kDa band was FPN.
antibodies tested and the applications for which they areablét ~ Cyclophilin B (22 kDa) was used as a control for loading and to
Most of the antibodies were interchangeable with respect twerify knockdown Figure 2A). In addition to detecting FPN by
applications, with few exceptions as notedletble 1 Analogous Western analysis, it was also possible to detect surfacessqute
data sets were generated for most of the antibodies distussePN by immuno uorescence. As shown for anti-human FPN
in this manuscript, and choice of using one antibody overantibody 45D8, cell-surface FPN was detected on induces, cell
another was often based on availability at the time of stiidy. but not on uninduced cells or on induced cells treated with
characterize the antibodies, we frequently used engide¢te  hepcidin Figure 2B).

tagged FPN-transfected T-RE%293 cells (T-RE®/FPN-V5), ] ] ) )

where FPN expression was inducible by doxycycline (hereaftéxnti-ferroportin Antibodies Detected
“doxycycline-induced” is referred to as “induced”). Antity ~Endogenously-Expressed Ferroportin

speci city was demonstrated by characterization of antypod We identied cell lines that endogenously express human
binding to (1) uninduced and induced cells, (2) siRNA-trate FPN, including the ductal breast epithelial cell line T47D
induced cells and (3) hepcidin-treated cells. Western aislysand the erythropoietin-dependent erythroleukemia cell
results for two anti-human FPN antibodies (38C8 and 31A5)line UT-7/Epo. Surface FPN was detectable using the anti-
along with control anti-V5 antibody are shown iRigure 2A.  human FPN antibodies described above and this expression
FPN comprises 571 amino acids and contains 3 N-linke¢ould be increased by treatment with ferric citrate (not
glycosylation sequences. On a non-reducing SDS-PAGE gehown) and decreased in response to treatment with hepcidin
FPN migrates at 65 kDa. Antibodies 38C8 and 31A5 detect a(Figure 3A). Using these antibodies, it was possible to develop
band of 65 kDa in lysates from induced cells and in lysatex quantitative cellular imaging assay that measured hepcidin
from induced cells treated with non-silencing siRNA control induced FPN internalization. Data from this assay indicate
Neither antibody is reactive with lysates from uninducedisce that T47D cells responded to hepcidin comparably to the
or cells treated with FPN siRNA. Since FPN has a V5 tag iengineered T-REX/FPN-V5 cell line, with EGg values for FPN
these cells, an anti-V5 antibody (Abcam) was used as a pgsitinternalization of 13nM and 11 nM, respectively, after 6h of

A 38C8 31A5 Anti-V5

kDa R 12345 12345

98

ca | W W L T - ”(—FPN

50 o R

36

0 MER——— —— -—— - — <—cyclophilin
B uninduced induced induced + hepcidin

Hoechst nuclear dye
Ferroportin (45D8)

FIGURE 2 | Anti-FPN monoclonal antibodies are speci c for FPN(A) T-REX'M/FPN-V5 cells were treated with 80 nM siRNA reagents for 48 h.dne 1, uninduced
cells; lane 2, induced cells; lane 3, induced cells plus FPNIRNA; lane 4, induced cells plus non-silencing control siRA lane 5, induced cells plus cyclophilin siRNA.
Blots were probed with either 10 ng/mL 38C8, 2mg/ml 31A5 or 1 mg/ml anti-V5 antibodies and 0.5mg/ml anti-CypB antibodies. (B) T-REX'M/FPN-V5 cells were
induced overnight and treated with ImM hepcidin for 2 h; xed cells were stained with Hoechst nucleadye (blue) and FPN was detected with Ab 45D8 (red). Scale
bar D 20 mm.
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A Live T47D cells Live UT-7/Epo cells
- hepcidin + hepcidin - hepcidin + hepcidin
Hoechst nuclear dye Hoechst nuclear dye
Ferroportin (38C8) Ferroportin (38C8)
C .
120- 0 15 30 60180 360 min

- 38C8, T-REx™/Fpn-V5 |
-= 38C8, T47D kDa
-e- IgG control, T-REx™/Fpn-V5 98

-8- 1gG control, T47D
N 1T T

100+

(=]
o
L

Cell Surface Fpn
(Pixel Area/Cell)
»
s

40-
75 50
01 o-m-s-B-B-B-B-8= 36
41 10 9 -8 -7 -6 -5 -4 22 e <— cyclophilin

Log [Hepcidin] (M)

FIGURE 3 | Anti-human ferroportin antibodies are suitable for deteatg endogenously-expressed FPN(A) T47D cells (left panel) and UT-7/Epo cells (right panel) were
treated overnight with ferric citrate to increase FPN expssion, then treated with 1mM hepcidin for 6 h; FPN was detected on live cells with Ab 38C8&¢d D FPN; blue

D nuclei); scale barD 20 mm. (B) T-REX"M/FPN-V5 and T47D cells were treated with hepcidin for 6 h; suace FPN internalization was assessed on live cells by cebul
imaging using Ab 38C8 N D 4, mean sd). (C) UT-7/Epo cells were treated with hepcidin for the times shownFPN was detected by Western analysis with Ab 38C8.
Cyclophilin was used as a loading control.

treatment Figure 3B). Hepcidin-mediated FPN degradation in ~ We also detected FPN in tissues for which expression has not

UT-7/Epo cells was corroborated by Western analysis where theeen previously described. Antibody 31A5 detected expression

FPN signal had nearly disappeared after &lg(re 30. in neuronal astrocytesFH{gure 5A), and robust expression of
Endogenous human FPN expression was also detectati®N was detected in the cortical, but not medullary cells

by immunohistochemistry (IHC), demonstrated using antilyo of the adrenal glandRigure 5B). FPN expression in adrenal

31A5. This antibody recognizes a sequence in human FPN thabrtex was con rmed by ISHKigure 50, and was localized to

is not conserved in mouse FPN. To demonstrate speci citthe membrane Figure 5D), suggesting its function as an iron

for human FPN, antibody 31A5 was tested on human spleerexporter is preserved in this tissue. Expression in adrenatigéan

mouse spleen and mouse spleen in which human FPN had beeorroborated by RNA data from the Genotype Tissue Expression

knocked in. As shown irFigure 4A, antibody 31A5 produced (GTEX) Project database for RNA sequencing data where adrena

a robust signal in human spleen and in the mouse spleegland is the tissue with the highest mean FPN mRNA content of

expressing human FPN; however, it did not produce a signall tissues characterize#igure 5B. It is unclear why FPN is so

in mouse spleen. Speci city was further con rmed in human highly expressed in the adrenal cortex.

breast tissue where FPN detection by IHC was corroborated by

in situ hybridization (ISH,Figure 4B). FPN expression has been .y

reported in the duodenum, reticuloendothelial macrophages a Fluorescently-Labeled Hepcidin Analog

placenta of mice4bboud and Haile, 2000; Donovan et al., 2005 Induced Ferroportin Internalization with

We investigated FPN expression in a panel of human tissues. Rotency Similar to Wild Type

the duodenum, FPN expression was con rmed on the basolaterglhe anti-FPN antibodies provided a means of monitoring

surface of enterocytesigure 4C Donovan et al., 2000FPN  changes in FPN expression. To develop a trackable form of

expression was detected in Kup er cells of the liveiglire 4D)  hepcidin, we initially labeled the N-terminus with Rhodargin

and in interstitial mononuclear cells from esophagus, stoma green (RhoG) using linkers of dierent lengths; however,

intestine, kidney, prostate, cervix, and skin (not show®Nwas  all N-labeled forms of hepcidin were inactive (not shown),

also detected in syncytiotrophoblasts of the placeRtgure 45.  corroborating previously-published work identifying the
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A Human FPN
knock-in mouse spleen
(heterozygote)

Human spleen Mouse spleen

FPN (31A5)

Normal breast tissue
(interlobular duct)

FPN (31A5) FPN (riboprobe)

Hoechst nuclear dye

Duodenal enterocyte
c B

Liver macrophages

lateral S

—
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Placental syncytiotrophoblasts
. g % T s
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FIGURE 4 | Anti-human ferroportin antibody detects FPN in tissue witlspeci city and sensitivity. (A) Human FPN was detected using direct immuno uorescence in
formalin- xed human and mouse spleen tissues using Ab 31A5-A C; scale barD 50 mm. (B) Human FPN was detected in formalin- xed normal human breastissue
using Ab 31A5 (left panel, redD FPN; blueD DAPI). FPN mRNA was detected in serial tissue sections by ismic (33P) in situ hybridization (right panel) using an
antisense riboprobe directed against a portion of human FPNscale bar D 50 mm. (C) Duodenum at high magni cation showing basolateral FPN exprgsion (green);
scale barD 5nmm. (D) FPN staining in liver macrophages in hepatic sinusoids (br, left panel) and FPN (green) colocalizing with macrophagnarker CD68 (red) in
Kupffer cells (right panel); scale bab 50 mm. (E) Placental tissue stained with Ab 31A5 (brown, left panel) asotype control (right panel); arrows point to basal
immunoreactivity in syncytiotrophoblasts; scale bab 50 mm.

N-terminus as necessary for binding to FPNegmeth et al.,, the N-terminus. Hepcidin is a tightly-folded peptide contaigi
2006. We then initiated a campaign to synthesize hepcidinfour disul de bonds that are conserved across species from
analogs that were amenable to labeling at positions othan thash to mammals Ghike et al., 2004; Jordan et al., 200/e
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FIGURE 5 | Ferroportin is detected in the CNS and adrenal cortex(A) FPN detected in the CNS with astrocytes showing robust staimg (green, top panel) that
colocalizes with the astrocyte marker glial brillary acidiprotein (GFAP, red, bottom panel); scale bab 50 nm. (B) Robust FPN staining observed with Ab 31A5 in
adrenal cortex (brown), but not medulla; scale bab 50 mm. (C) FPN expression in adrenal cortex was con rmed byin situ hybridization (top panel, H&E stain; bottom
panel, ISH with FPN probe; scale baD 200 mm). (D) Adrenal cortex showing FPN localization to cell surface (ABLAS5, left panel; isotype control, right panel); scale
bar D 50 mm. (E) FPN mRNA expression levels in multiple tissues were detern@d by RNA sequencing and expressed as fragments per kilobasof exon per million
fragments mapped (FPKM). Mean expression levels (red linegalues shown above plot) and number of tissues sequenced Jrare shown. Data used for analysis were|
obtained from the Genotype Tissue Expression (GTEX) Projean 02/28/2017.
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used alanine scanning to identify a derivatization point forwe did not anticipate that antibodies binding to the fth EC
the label by individually replacing all non-cysteine aminoloop would directly antagonize hepcidin binding; howevér, i
acids with alanine and testing them for bioactivity in anass was theoretically possible that the antibodies might sizbiPN
that monitors surface FPN expression (FPN internalizatiorthrough a di erent mechanism. To determine if the monoclonal
assay) and an iron response reporter assay. Briey, the iroantibodies were capable of preserving FPN on the cell surface
response assay detects intracellular iron accumulatioautin  in the presence of hepcidin, we evaluated their activity using
the expression of a reporter controlled by an iron responséwo di erent methods: iron response reporter (BLA) and RhoG-
element (IRE) (i et al., 200t T-REX“/FPN-V5 cells were hepcidin uptake assays. Iron reporter cells were incubated with
engineered with &-lactamase (BLA) reporter gene downstreamtitrated anti-FPN antibodies 38C8 or 38G6, or control antiles
of the ferritin IRE, and BLA activity was detected by rationet (1gG or anti-hepcidin;Sasu et al., 20)for 1 h prior to addition
uorescence resonance energy transfer (FRET) upon additioaf hepcidin at EC; (36 nM) for 18 h. Although the anti-FPN
of substrate. We found most substitutions resulted in restlic antibodies showed activity that was signi cantly di erertian
activity when compared to wild type (WT), with hydrophobic control, they were not as e ective as the anti-hepcidin positive
and aromatic residues in the N-terminal portion of the molézu control antibody at maintaining surface FPN expression. In
having the most pronounced e ect (18, F4, 16, P5, F9, and H3)this assay, the maximum activities of tested antibodiesewer
Substitutions at H15, K18, and T2 resulted in increasedvigti 700nM for antibody 38G6, 2mM for antibody 38C8 and
while substitutions at residues R16, S17, and T25 were rgughl 25 nM for the anti-hepcidin antibodyRigure 8A). The RhoG-
equipotent to WT hepcidin Table 2. Given the current model hepcidin uptake assay is a more proximal assay than the iron
of the hepcidin/FPN interaction, where residues 16 and 17 areesponse assay, but the optimal RhoG-hepcidin concentration
predicted to be pointing away from the complebaqiguchi etal., required for detection (250 nM) is higher than the &Qvalue
2015, itis not surprising that these residues could be labelati an(36 nM) used in the iron response reporter assay. Cells were
still maintain the ability to bind FPN. We mapped the outcome pre-incubated with antibodies for 1 h before addition of 230 n
of the alanine mutagenesis activity data on the crystalctimie = RhoG-hepcidin. RhoG-hepcidin uptake was then measured 1.5h
(Figure 6, Jordan et al., 200%nd selected S17 for derivatization later. Once again, partial protection was observed as Abs 38C8
as this residue is distal from the N-terminus which is repdrte and 38G6 reduced internalization by roughly 50F4glre 8B).
to be necessary for FPN binding, and replacement of serinEhe protective e ect was observed to be reduced with higher
with RhoG labeled lysine (neutral charge) would not charige t concentrations of hepcidin, although the concentrationsduse
overall charge of the molecule. We tested linkers of di erenin both assays may exceed those observed in some diseased
molecular weights and selected one of the lowest moleculatates Ganz et al., 2008; Zaritsky et al., 2009; Macdougall et al.,
weight linkers, comprising a single amino hexanoic acid (Ahx2010.
molecule as analogs with longer linkers were inactive (data
shown). The nal analog that we refer to as RhoG-hepcidin is . . .
[Lys17(*-Rhodamine green amino hexanoyhjhepcidin. WeRN0G-Hepcidin and Monoclonal Antibodies
found that the labeled analog was similar in potency to WTEnabled Small Molecule Screening Assays
unlabeled hepcidin when measuring FPN internalization byin an e ort to identify small molecule inhibitors of hepcidin-
cellular imaging Figure 7A), EGo 30nM in this assay. As induced FPN internalization, we ran a small molecule screen
expected, RhoG-hepcidin uptake was apparent in induced, buising the cell-based iron response reporter assay described
not uninduced cellsKigure 7B) indicating that interaction with above. A library of 300,000 small molecules was screened
FPN was required for hepcidin internalization. Using RhoG-in a single-point assay and hits were titrated to determine
hepcidin, it was possible to concurrently monitor hepcidintheir potency. Molecules that prevented intracellular iron
uptake and FPN internalization. Quanti cation of these sid; accumulation were further tested in the RhoG-hepcidin uptake
demonstrated they were well correlated with respect to kiset and FPN internalization assays. The uptake assay indicated
(Figures 7C,D and potency Figure 7B. that the small molecules had di erent modes of action; some
compounds inhibited FPN internalization by blocking hepaidi

. . . . binding and others inhibited FPN internalization without
Antibodies Were Partla”y Protective directly blocking hepcidin Eigure 9A). Compounds from the

Against Hepcidin-Mediated Ferroportin latter phenotypic group were found to be non-speci ¢, as they

Internalization were (1) active in a general endocytosis counterscreenoand/
As described above, epitope mapping of the anti-FPN2) analogs of the compounds were found to be inactive.
monoclonal antibodies revealed that antibodies eitheogamized One compound that inhibited RhoG-hepcidin uptake was a
linear sequences in the fth EC loop of FPN, or they appearedulfonyl quinoxaline (Compound, IC50 D 141 nM,Figure 9B).

to bind a conformational epitopeTable 1). The structure of Activated heteroaromatic molecules like 2-sulfonyl quiatines
FPN, based on the structure of the bacterial FPN homologzan interact with nucleophilesSundaram et al., 20);7hence
BbFPN {faniguchi et al., 2005 is proposed to comprise two we evaluated the reactivity of compouridin the presence
transmembrane lobes and hepcidin is proposed to bind withirof biologically-relevant nucleophiles. Incubation of compdun
the central cavity formed by these lobé&sgure 1). Because the 1 and related 2-sulfonyl quinoxalines in our collection with
fth loop is not predicted to be involved in hepcidin binding, glutathione showed formation of a glutathione adduct (data
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TABLE 2 | Hepcidin analogs with alanine mutations tested in two diffent assays.

Hepcidin analog Iron response Iron response assay FPN internalization assay FPN internalization assay Mean
assay ECgg (nM) mutant/WT EC g ECsq (nM) mutant/WT EC 5o mutant/WT EC 5q

WT 63 - 51 - -

H15A 12 0.2 10 0.2 0.2
K18A 13 0.2 12 0.2 0.2
T2A 29 0.5 29 0.6 0.5
T25A 53 0.8 39 0.8 0.8
R16A 57 0.9 56 1.1 1.0
S17A 66 1.0 50 1.0 1.0
M21A 112 1.8 162 3.2 25
G12A 107 1.7 212 4.2 29
D1A 144 2.3 185 3.6 3.0
K24A 266 4.2 267 5.2 4.7

G20A 288 4.6 309 6.1 5.3
H3A 298 4.7 308 6.0 5.4

F9A 392 6.2 250 4.9 5.6
P5A 180 2.9 474 9.3 6.1

16A 634 10.1 247 4.8 75
F4A > 3,600 - > 3,600 - -

18A > 3,600 - > 3,600 - -

Mean values for both assays (ND 3 replicates).

T25

Conserved Reduced

Cysteines Potency

FIGURE 6 | Alanine substitution of non-cysteine hepcidin residues &hti ed positions important for hepcidin activity and posiions suitable for label derivatization.
Hepcidin structure (PDB 2KEF) is overlaid with alanine mutapotency data. G20 is not visible from the surface.
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FIGURE 7 | Fluorescently-labeled hepcidin analog induces ferropdrt internalization with potency similar to wild type(A) T-REX"M/FPN-V5 cells were induced and
treated with a dose range of RhoG-hepc or unlabeled hepcidifior 3 h. Live cells were stained on ice with Ab 38C8 and FPN intealization was measured with cellular|
imaging (N D 4, mean sd). (B) Representative images detecting RhoG-hepcidin uptake fanninduced and induced T-REXM/FPN-V5 cells treated for 1 h with

300 nM RhoG-hepc; scale barD 20 mm. (C) Uninduced or induced HEK-FPN-V5 cells were treated with Rh®-hepc for 0-300 min with 250 nM RhoG-hepc; FPN
internalization (live cells, Ab 38G6) and RhoG-hepcidin tgke were measured with cellular imagingN D 4, mean sd). (D) Representative images of induced
HEK-FPN-V5 cells showing FPN internalization and RhoG-hepiptake at 0 and 300 min after RhoG-hepc treatment; scale bab 20 nm. (E) Dose response curves
for loss of cell surface FPN detected with Ab 38C8 and RhoG-hecidin uptake after 3 h treatment with RhoG-hepcidinj D 4, mean  sd).

not shown). FPN contains a cysteine (C326) in the fourthsuch as iodoacetamide prevents hepcidin binding, presumably
loop that is reported to contain a free sulfur, i.e., not ink&dl  through reaction with the free sulfur in C326. However, heliti

in a disulde bond (Liu et al.,, 200r Previous reports by also contains eight cysteines and while all of these cysteines
Nemeth et al. fernandes et al., 20pdicate that treatment are reported to be involved in disul de bondsiqrdan et al.,

of FPN with non-membrane permeable thiol-modifying reagent 2009, it is theoretically possible that the compounds could
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FIGURE 8 | Anti-ferroportin antibodies were partially protective aajinst hepcidin-mediated ferroportin internalization(A) T-REX'MFPN-V5/BLA cells were induced and
treated with a dose range of antibody for 1 h prior to additiorof 36 nM hepcidin for 18 h. Iron response percent of control wasalculated from FRET ratiof D 3,
mean sd). (B) T-REX'M/FPN-V5 cells were treated with 1.5mM1 antibody for 1 h, followed by 250 nM RhoG-hepcidin for 1.5 hRhoG-hepcidin uptake was measured
by quantitative cellular imagingN D 4-8, mean sd). Signi cance values: P < 0.05, **P < 0.01, ***P < 0.001, *** < 0.0001, compared to IgG untreated control
(unpairedt-test and two-tailed P-values).

react with hepcidin if the disulde bonds were labile. To 2-labeled band migrated at the same molecular weight as FPN,
determine whether the hepcidin-blocking e ect of compound detected by Western analysidure 9D).

1 was reversible, we tested compouhénd iodoacetamide in The thiol reactivity of compound. was demonstrated using

a modi ed version of the RhoG-hepcidin uptake assay. In thiswo linear peptides; one composed of the FPN sequence
instance we treated cells with compourdor iodoacetamide including C326 which is required for hepcidin binding
for 1h and then washed the cells to remove any unboundFigure 10A); the other was composed of the same sequence with
compound; RhoG-hepcidin was then added and uptake assesséte exception that C326 was replaced with the non-thiol amino
In this format, the positive control iodoacetamide blockdud&-  acid tyrosine Figure 10B. Adduct formation was assessed
hepcidin binding with an 1Gg of 86mM, while compoundl was with mass spectrometry, using iodoacetamide as a control.
active at a signi cantly lower concentration with ¢gvalue of Reactivity of compoundl with the peptide was demonstrated
0.1mM. Similar potencies were observed in experiments in whiclby observation of adducts corresponding to the incorporation
compound was continuously presenFEigure 9C left panel). of the quinoxaline core via substitution of the sulfonyl miyie
These data indicate that the compounds bound irreversibly tand was only observed when cysteine was predegu(e 10).
target, in contrast to a control non-reactive, reversiblgeing  We inferred that compound. potentially reacted with C326 in
compound, which was inactive after washo&igure 9C right  cell-expressed FPN.

panel). We conrmed the compounds bound irreversibly to  To evaluate the selectivity of compoutdor folded FPN vs.
FPN using a tritium-labeled analog of compoutidcompound thiol reactivity, we compared the rate of reaction of compound
2, Figure 9B. Compound 2 was incubated with uninduced 1 with cell-expressed FPN vs. the rate of reaction with the
and induced T-RER'Fpn-V5 cells and was only detectable in C326-containing linear peptide. A faster rate of reactionhwit
lysates from induced cells. Association of tritiated compd2  cellular FPN vs. the linear peptide would suggest that compound
with FPN was established by demonstrating that the compound has some anity for folded FPN and binding facilitates
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FIGURE 9 | Small molecules that inhibit ferroportin internalizatiowere identi ed. (A) T-REX"M/FPN-V5 cells were induced overnight and treated with small mlecules
for 1 h prior to addition of RhoG-hepc for 2 h. Cells were xed/pemeabilized and stained with Ab 38G6; blueD nuclei, greenD RhoG-hepcidin, redD FPN. Scale bar
D 20 mm. Compounds were identi ed that inhibited hepcidin bindingto FPN (middle panels) and inhibited FPN internalizationgit panels).(B) Structures of
Compound 1 and tritiated Compound 2. (C) T-REX'M/FPN-V5 cells were incubated with compoundl or iodoacetamide (left panel) or a reversibly-binding congqund
(right panel) for 1 h, followed by washing 2X with PBS and incubation with RhoG-hepcidin for 1 hRhoG-Hepc uptake was measured by cellular imaging\ D 3,
mean sd, left panel;N D 1 representative assay, right panel). ns? > 0.05, comparing washout (unpairedt-test and two-tailed P-values).(D) Lysates from
T-REX'M/FPN-V5 cells treated with tritiated compound2 were analyzed by non-reducing SDS-PAGE fofH detection (left panel) or FPN detection by Western
analysis with Ab 31A5 (right panel). Uninduced cells (lands 4) and induced cells (lanes 2, 3, 5) were incubated with 336M 3H-Compound 2 (lanes 1, 2, 4, 5) or
dimethyl sulfoxide, compound diluent (DMSO, lane 3) for 30 m.
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FIGURE 10 | Compound 1 reactivity with linear peptide requires cysteine thiol. Rgtides were incubated with small molecules (100nM each) in 20 mM acetate buffer,
pH 7 for 1 h (iodoacetamide) or 12 h (Compoundl) prior to analysis by mass spectrometry(A) Peptide comprising WT hepcidin binding domain (HBD) containg an
unpaired cysteine.(B) Mutant HBD with cysteine replaced by tyrosine.

reaction with the thiol moiety of C326. Reactivity with cell- inhibited 100% of hepcidin uptake after just 1 h. In comparison,
based, folded FPN was assessed by the hepcidin uptake askEa®mM compound 1 reacted with only 50% of the peptide in
(Figure 90); reactivity with the linear peptide was assessed b$2 h. This suggests that compouthdhas some a nity for folded
mass spectrometryF{gure 10A). In cells, 100nM compoundl  FPN protein. lodoacetamide, which has no a nity for folded
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FPN and was selected as a control because of its thiol risgctiv DISCUSSION
reacted completely with the cysteine-containing peptide inith
1h (100mM iodoacetamide) whereas this same concentratioVe sought to identify a FPN antagonist capable of maintaining
only inhibited 50% of hepcidin uptake within the same time FPN iron export in the presence of elevated hepcidin
frame. concentrations, as occurs in chronic in ammatory condit&
We started by generating reagents needed for proximal, high
) delity cell-based assays. We developed mouse anti-human FPN
Reagents Extended Understanding of monoclonal antibodies and screened them against human FPN-
Ferroportin-Hepcidin Interaction transfected cells where expression was inducible. This gedva
It was previously reported that mammalian hepcidin did notconvenient means for assessing antibody speci city. Wetsle
bind to FPN at low temperaturesDg Domenico et al., 2008 antibodies that bound to live induced, but not uninduced
To verify this work, RhoG-hepcidin was incubated with eitherT-REX"/Fpn-V5 cells. We used these antibodies (e.g., 45D8,
uninduced or induced cells at . Contrary to the previous 31A5) to follow the loss of cell-surface FPN upon treatment with
report, RhoG-hepcidin bound to FPN at this low temperature.hepcidin in quantitative image-based assays, and to eltecida
To assess the reversibility of hepcidin binding to FPN, wdéPN expression in a panel of human tissues. Expression was
incubated FPN-expressing cells with RhoG-hepcidin & @©o  observed in expected (enterocytes, macrophages, placemta) an
prevent internalization; we then added excess unlabeleddiepc unexpected (astrocytes, adrenal cortex) tissues. Conttiyye
to determine if the labeled hepcidin could be displaced. Weave generated fully human anti-human FPN antibodies (e.g.,
found that excess unlabeled hepcidin e ectively competed pre38G6, 38C8) that could potentially be used as human therapeutic
bound RhoG-hepcidin from the surface of FPN-expressing cell@ntibodies. We also developed a uorescently-labeled hepcidi
under conditions where FPN/hepcidin could not be internaliz  analog (RhoG-hepcidin) by systematically replacing all the
i.e., at 0C. We con rmed that FPN was not internalized using non-cysteine amino acids and testing analogs for functiona
antibody 45D8 Figure 114). These results demonstrated that comparable to unlabeled wild type (WT) hepcidin. Using RhoG-
RhoG-hepcidin bound FPN at € and that the binding was hepcidin and mouse anti-human FPN antibodies, we developed
reversible. complementary assays that allowed us to investigate therimndi
FPN has three potential N-linked glycosylation sites (N1749f hepcidin to FPN, and to identify molecules that would inhibi
N434 and N567). One of these sites (N434) is in the fth ECthe interaction between FPN and hepcidin. Ferroportin-heptid
loop, the same loop to which our monoclonal antibodies bind.antagonists would be expected to mobilize iron by preserving
Tissue-speci ¢ di erences in hepcidin activity in mice have FPN activity in the presence of hepcidin. In the absence of
been reported, and it was suggested that FPN glycosylation bepcidin, these antagonists would not be expected to a ect FPN
other post-translational modi cations may be responsible fo activity.
these di erences Canonne-Hergaux et al., 2006; Drakesmith ~ Although the monoclonal antibodies were highly specic
et al., 201% To determine if glycosylation of human FPN is for FPN, they did not directly antagonize hepcidin binding, a
required for hepcidin-mediated internalization and degasidn, they bound to an extracellular loop of FPN distal from the
we treated induced T-REX/Fpn-V5 cells with tunicamycin, proposed hepcidin binding siteTéniguchi et al., 2095 The
which blocks addition of N-linked glycosylation_¢hle and protective e ect aorded by these antibodies was reduced at
Tanner, 197§ cells were subsequently treated with hepcidinhigher hepcidin concentrations, leading us to surmise thayth
which resulted in degradation of both glycosylated and nonsterically hindered FPN-hepcidin binding with relativelgw
glycosylated FPN, as shown by Western blBtggre 118. e ciency. However, an anti-FPN antibody developed by Eli
Similarly, we saw no dierence in RhoG-hepcidin uptakelLilly and Company has been described as binding to the same
with and without tunicamycin treatment Figure 11Q. region ( fth extracellular loop) as our antibodies €ung et al.,
We also discovered that one of our human monoclonal019, and is currently in a Phase 1 clinical trial. LY2928057,
antibodies, antibody 38C8, did not recognize enzymaticalla humanized IgG4 monoclonal antibody that was reported to
deglycosylated FPN (Peptide-N-Glycosidase F (PNGasénd to FPN with high anity, blocks hepcidin binding to
F)-treated). Western analysis revealed that antibody 38GBPN and inhibits hepcidin activityin vivo, as measured by
recognized both glycosylated and deglycosylated FPN, biitcreased serum iron levels in cynomolgus monkeysu(ig
PNGase F-treated FPN was not detectable with antibody 38C8}{ al., 2013 A recent report indicated the antibody was well
even at the very high concentration of 89/ml (Supplementary tolerated in patients with CKD with positive changes in iron
Figure 3A). When cells were treated with tunicamycin folldwe pharmacodynamics markers; however administration as desing
by hepcidin, we con rmed by immunoblot that (1) antibody agent did not result in hemoglobin values that met the pre-
38G6, but not antibody 38C8, detected non-glycosylated FPMe ned success criterionB@rrington et al., 20061t is possible
and (2) hepcidin-mediated FPN internalization did not regaii  that combination with recombinant erythropoietin would lead
N-linked glycosylation of FPN (Supplementary Figure 3B)io larger increases in hemoglobin values as it is possible tha
Detection of non-glycosylated FPN was also observed wition mobilization alone is not su cient to enable productive
antibody 38G6, but not antibody 38C8, following tunicamycinerythropoiesis. To our knowledge, there has only been one
treatment in immuno uorescence experiments (Supplementarpther anti-human FPN monoclonal antibody described in the
Figure 3C). literature; this antibody was used as a tool for cell-based
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FIGURE 11 | FPN binds RhoG-hepcidin reversibly and does not require NAked glycosylation for hepcidin binding or internalizatn. (A) T-REX'M/FPN-V5 cells were
allowed to equilibrate on ice for 15 min prior to addition of RoG-hepcidin for 2 h on ice; 10X unlabeled hepcidin was addedor 2 additional hours on ice. FPN was
detected with Ab 45D8; scale barD 20 nm. (B) Non-glycosylated FPN binds hepcidin and internalizes. THX"™/FPN-V5 cells were treated 0.3 mg/ml tunicamycin
(Tm) for 18 h, followed by treatment with 500 nM hepcidin (Hep for 5 h. Blot was probed with anti-V5 Ab for FPN detection ad anti-cyclophilin as loading control(C)
Induced HEK-FPN-V5 cells were treated 0.25 mg/ml tunicamycin (Tm) for 18 h, followed by RhoG-hepcidin foB h; uptake was quantitated by cellular imagingN D
4, mean sd).

assay, rather than as a potential antagonigtaflace et al., cell-expressed, folded FPN vs. a peptide containing a freg thio

2017. we inferred that the compound had some a nity for folded
Our reagents and the associated assays also enabled a smBIN. Recently, another thiol-reactive compound, the vitamin

molecule screen that identi ed antagonists of hepcidin-ia¢eld  B1-derivative fursultiamine, was identi ed in a cell-basedall

FPN internalization. The assays allowed us to distinguisimolecule screen conducted using cells expressing FPN-GFP; the

between di erent modes of action, i.e., molecules that actecholecule was shown to inhibit hepcidin binding to FRiNvitro,

by inhibiting hepcidin binding and those that did not inhibit but had a short half-lifén vivo (Fung et al., 2013

hepcidin binding, but otherwise inhibited FPN internaliia. We previously used these reagents and assays to probe

Of those compounds that inhibited hepcidin binding, the the mechanism of hepcidin-mediated FPN internalization. In

sulfonyl quinoxaline compound was demonstrated to be thiol- companion publications, we, in collaboration with Qiao et al.

reactive and capable of irreversibly binding to cell-exprdss reported that FPN internalization involved ubiquitinatioan

FPN. Based on the rate of reaction of compouddwith  FPN lysine residues rather than phosphorylation on tyrosine
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residuesQiao et al., 2012; Ross et al., 20EPN internalization if FPN glycosylation was required for hepcidin-mediated

and degradation were formerly understood to require JAKZnternalization. We found glycosylation was not necessary f

activation, phosphorylation of two adjacent FPN tyrosinesl an hepcidin binding or FPN degradation, as (1) tunicamycinatied

STAT3-mediated transcriptionde Domenico et al., 200.7This  cells internalized RhoG-hepcidin comparably to untreatelisce

mechanism would have allowed therapeutic intervention byand (2) non-glycosylated FPN was completely degraded after

JAK2 modulation, but could not be veri ed. Validated JAK2 treatment with hepcidin. Interestingly, we discovered toaé of

inhibitors were shown to be ine ective at modulating FPN our antibodies, Ab 38C8, did not recognize FPN after treatime

internalization, and Y302/Y303 were not required for FPNof cells with tunicamycin or when the protein was enzymatical

internalization, while K240/K258 were requireRqss et al., deglycosylated. There is one extracellular N-linked glyledisy

2012. site (N434), which is in the same EC loop to which most of
Here we continue to explore the characteristics of theour antibodies bind. Ab 38C8 is an antibody for which we were

FPN-hepcidin interaction. A previous report indicated thatunable to resolve a linear epitope, and these results sudgsst t

mammalian hepcidin did not bind to FPN at low temperaturesthe antibody recognizes a region containing glycosylate®aN4

(De Domenico et al., 2008 This observation was based on In summary, we developed speci ¢ reagents for interrogating

hepcidin binding to a 19 amino acid peptide of FPN spanningthe FPN-hepcidin interaction. Our monoclonal antibodiesar

amino acids 324-343, termed the hepcidin-binding domairsensitive, speci ¢ for FPN and useful for di erent applications,

(HBD). The temperature dependency of this interaction wasncluding immunoblotting, immuno uorescence, ow cytomet

reported to be associated with structural changes in the Nand immunohistochemistry. These antibodies, along witlo&h

terminal region of hepcidin. Our data showing that RhoG-hepcidin, provided tools to visually follow hepcidin-medidte

hepcidin bound to cell surface FPN at@ disagrees with this internalization and to identify novel molecules that inftib

previous report. In addition, detailed structural studieosled interaction with FPN. In these investigations involving ltiple

that hepcidin's conformation was maintained within the20 to  modalities including antibodies, peptides and small molesul

C53 Crange (ordan et al., 2009 we discovered useful tools that advanced the understanding
In addition to showing that hepcidin bound FPN at O, the FPN-hepcidin interaction.

we also found that the interaction is reversible as the RhoG-

hepcidin could be displaced by excess unlabeled hepcidin. TS UTHOR CONTRIBUTIONS

is surprising given the current model where hepcidin occupies

the central cavity of FPN FHgure1) and previous reports SR and TA conceived and designed experiments, analyzed and

suggesting that ferroportin-hepcidin interaction may inve] at  interpreted data and drafted the manuscript. LM, JL, KB, JA,

least transiently, a disul de exchangEefnandes et al., 2009; and AW designed and synthesized molecules, interpreted data

Preza et al., 20)1A model of FPN structure has been proposedand critically revised the manuscript. JR interpreted data and

based on the structure of a bacterial FPN homolog, BbFPHNritically revised the manuscript. All authors approved thealn

(Taniguchi et al., 200)5BbFPN contains 12 TM domains forming version of the manuscript and agree to be accountable for all

an N and C lobe which can either assume an “inward facing” oaspects of the work.

“outward-facing” conformation. By transitioning througthese

two di erent conformations, the authors propose a mechanismFUNDING

by which iron could be transported across the cell membrane.

The hepcidin binding site can be estimated based on the logati The authors received no speci ¢ funding for this work. Amgen

of residues shown previously to be important for the hepcidin-Inc., provided support in the form of salaries for all authors,

FPN interaction. In this model, hepcidin binds in the central but did not have any additional role in the study design, data

cavity between the N and C lobe in the “outward-facing”collection and analysis, decision to publish, or preparatiorhef t

conformation. Assuming this model is correct, it is unclearmanuscript.

how excess unlabeled hepcidin would displace RhoG-hepcidin

from this cavity. Given the temperature of our experiments ACKNOWLEDGMENTS

it is possible that the FPN structure was not fully competent

for hepcidin binding and as a result we observed binding tdVe thank Lynn Tran, Norma Rogers and Jacob Corcoran for

an intermediate conformation between the “outward facimg” conducting experiments; Jim Pretorius for ISH analysis; Paul

“inward-facing” conformations. In this scenario, RhoGguidin ~ Schnier for mass spectrometry analysis; Kenneth Ganley and

was loosely bound with insu cient FPN residue contact in the Kim Merriam for IHC analysis; Chadwick King and lan Foltz

central cavity to form a stable interaction. for antibody generation; Barbra Sasu and Keegan Cooke for
Di erences in FPN glycosylation and cellular localization collaboration across iron metabolism programs.

were reported in mouse duodenal vs. bone marrow-derived

macrophages, suggesting that glycosylation may be importa@UPPLEMENTARY MATERIAL

for FPN localization and function in di erent tissue€@nonne-

Hergaux et al.,, 2006 We treated FPN-expressing cellsThe Supplementary Material for this article can be found

with tunicamycin to inhibit N-linked glycosylation, and online at: https://www.frontiersin.org/articles/10.38har.

subsequently treated these cells with hepcidin to determin2017.00838/full#supplementary-material
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