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Human transferrin receptor-2 (TFR-2) is a
protein highly homologous to TFR-1/
CD71 and is endowed with the ability to
bind transferrin (TF) with low affinity. High
levels of TFR-2 mRNA were found in the
liver and in erythroid precursors. Muta-
tions affecting the TFR-2 gene led to
hemochromatosis type 3, a form of inher-
ited iron overload. Several issues on dis-
tribution and function of the receptor
were answered by raising a panel of 9
monoclonal antibodies specific for TFR-2
by immunizing mice with murine fibro-
blasts transfected with the human TFR-2

cDNA. A polyclonal antiserum was also
produced in mice immunized with 3 pep-
tides derived from the TFR-2 sequence,
exploiting an innovative technique. The
specificity of all the reagents produced
was confirmed by reactivity with TFR-2*
target cells and simultaneous negativity
with TFR-1* cells. Western blot analyses
showed a dominant chain of approxi-
mately 90 kDa in TFR-2 transfectants and
HepG2 cell line. Analysis of distribution in
normal tissues and in representative cell
lines revealed that TFR-2 displays a re-

at high levels in hepatocytes and in the
epithelial cells of the small intestine, in-
cluding the duodenal crypts. Exposure of
human TFR-2* cells to TF-bound iron is
followed by a significant up-regulation
and relocalization of membrane TFR-2.
Thetissue distribution pattern, the behav-
ior following exposure to iron-loaded TF,
and the features of the disease resulting
from TFR-2 inactivation support the hy-
pothesis that TFR-2 contributes to body
iron sensing. (Blood. 2002;100:3782-3789)
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stricted expression pattern—it is present

Introduction

Iron participates in a wide variety of key metabolic processes @ transport iron into the cytosol, as inferred from a model of
living organisms, including oxygen and electron transport andhinese hamster ovary cells transfected with TFR-2 and constitu-
DNA synthesis. Transferrin receptor-1 (TFR-1), a homodimeriively lacking TFR-146 However, the function of TFR-2 is not
membrane glycoprotein clustered as CD71, plays a major roleequivalent to that ofFR-1: murine TFR-2 does not replace TFR-1
the uptake of transferrin-bound irdd.Besides dominant TFR-1- functions, and TFR-1—deficient mice do not survive beyond embryonic
mediated endocytosis, cellular iron uptake may be obtainedy 12.5 because of neurologic abnormalites and severe ahemia.
through TFR-1-independent pathwa&jiduman TFR-2 is a newly Moreover, mice with only one functional TFR-1 allele have mild tissue
identified member of the TFR family, serendipitously clonedton depletiort, whereas the inactivation of TFR-2 in humans results in
during an attempt to isolate genes encoding transcription fattoisemochromatosis (HH) type 3, a genetic form of iron overldd.
Based on the predicted amino acid sequence, TFR-2 is a type 2Regulation of TFR-2 expression is clearly distinct from that of
transmembrane protein with 66% similarity to TFR-1 in thdFR-1. The most striking differences are the lack of iron-
extracellular domain. responsive elements in the TFR-2 mRNA and the absence of the
Major differences between TFR-2 and TFR-1 concern mRN#&on-dependent posttranscriptional regulation that characterizes
tissue distribution and regulation of expression. Northern blather key genes of iron metabolishAt variance with TFR-1,
analysis and reverse transcription—polymerase chain reaction (RFR-2 is apparently insensitive to tissue iron status, and it is not
PCR) showed that the message for TFR-2 is predominantipwn-modulated in a murine model of HiH2
detected in the liver and, among a panel of cell lines, in HepG2 This work reports on the production of a panel of monoclonal
(hepatocarcinoma) and K562 (erythroleukenti).addition, high antibodies (mAbs) and a murine polyclonal antiserum specific for
levels of TFR-2 mRNA are found in normal early erythroidTFR-2. These reagents were used to analyze the tissue distribution
precursors and in myeloid leukemic bla3ts. of TFR-2 and to study its behavior following exposure to the
TFR-2 is hypothesized to bind iron-loaded transferrin (TF) anghysiologic ligand.
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Materials and methods

Preparation of a construct enclosing the full-length cDNA of
human TFR-2

TFR-2 cDNA was prepared by RT-PCR starting from the poly-A RNA of
the HepG2 cell line. Touchdown PCR was carried out using Expand
long-template PCR system (Boehringer-Mannheim, Mannheim, Germany).
After reverse transcription (42°C, 60 minutes, terminated by heating for 2
minutes at 94°C), PCR was performed for 8 cycles (denaturation: 1 minute,
94°C; annealing: 1 minute, 64°C, with a lowering increment of 2°C/cycle;
elongation: 5 minutes, 68°C). Thermocycling was continued for up to 38
cycles (denaturation: 1 minute, 94°C; annealing: 1 minute, 56°C; elonga-
tion: 7 minutes, 68°C). All RT-PCR reactions were performed using an
automated thermal cycler (Perkin Elmer, Boston, MA) with primers
selected according to the published sequence.

An diquot (1 pL) of the reaction product was ligated to a pcDNA3.1
expression vector by the TA-Cloning system, and transformation was
carried out on Escherichia coli TOP10 cells (all from Invitrogen, Carlsbad,
CA). Positive transformants were analyzed for the presence and correct
orientation of TFR-2 cDNA by PCR and by digestion with the Ncol
restriction enzyme (New England Biolabs, Beverly, MA) and partia
sequencing. Results confirmed that TFR-2 was identical to the reported one
(GenBank accession number, XM 005011). Selected transformants, indi-
cated as TFR-2/pcDNA3.1, were grown in LB medium and purified by the
Quantum Prep plasmid midiprep kit (Bio-Rad, Hercules, CA).

Transfection and selection

Twenty micrograms TFR-2/pcDNA3.1 was linearized by treatment with 20
1U/mg Scal restriction enzyme (New England Biolabs) and was used to
stably transfect NIH-3T3 cells by electroporation (250 V/0.4 cm and
960 wF). After 2-week incubation in a medium containing 1 mg/mL G418
(Sigma-Aldrich, Milan, Italy), neomycin-resistant colonies were isolated,
and the presence of the TFR-2 cDNA was checked by RT-PCR. As a final
confirmation of the identity of the cDNA, a restriction enzyme map and
internal-fragment PCR amplification were obtained. A fragment correspond-
ing to exons 3 to 4 of TFR-2 was amplified using the primer forward
5'-GGGCCTTCCTACTGGG-3', reverse 5'-CCACACGTGGTCCAGGT-
TCTGGGGGGA-3'.# Positive colonieswereisolated and recloned by serial
dilution to ensure clonality. NIH-3T3 cells were similarly transfected with
an empty pcDNA3.1 vector and were selected using G418.13

Cells and specimens

HepG2 and K562 cell lines were selected in view of their high levels of
TFR-2 RNA expression. Murine L-fibroblasts transfected with the human
TFR-1 (L-CD71") were obtained as described.** Solid tumor and hemato-
logic cell lines used in the study arelisted in Teble 1.

The study included specimens derived from human organs obtained
from the Pathology Department of the University of Turin. Biopsy
samples of normal tissues were obtained following ablative surgery for
various malignancies from patients who did not undergo chemotherapy
or radiotherapy.

Peptides and reagents

Three peptides (SQDPPKPSLSSQ, amino acids 305-316; RARGVD-
PVGR, amino acids 260-269; NSSGTPGATSSTGF, amino acids 754-767)
were selected from the published TFR-2 sequence, synthesized, and
purchased from Primm (Milan, Italy). Peptides were selected as encoding
the most representative regions of the human TFR-2 molecule—that is,
those marking sequences not shared with TFR-1 and different from the
murine sequences.

Iron-poor (APO) and iron-saturated (HOLO) TF were purchased from
Sigma. Anti-CD71 mAbs used included CB26 and MyBe, locally produced
and purified,** and H68.4, purchased from Zymed (San Francisco, CA).
Anti-HLA class 1 mAb NL 02 was used as control.
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Table 1. Expression of TFR-2 in a variety of cells
MFI
Name Origin G/14C2 G/1C11 Control

HepG2 Hepatoma 73 69 4
CFPAC-1 Pancreatic carcinoma 13 15 5
SW480 Colon carcinoma 4 18 4
KATO Ill Stomach carcinoma 48 20 3
T47D Breast carcinoma 11 15 3
DU145 Prostate carcinoma 67 81 7
LAN-1 Neuroblastoma 58 65 5
U251 Glioma 26 10 2
K562 CML 346 69 5
NB-4 AML 7 6 6
HL-60 AML 3 5 2
U937 AML 3 3 3
Jurkat T-ALL 6 4 4
YT NK-ALL 5 2 3
NKL NK-ALL 5 6 4
Raji B lymphoma 14 18 8
SKMM-1 Myeloma 39 15 3
RPMI 8226 Myeloma 17 9 7
FF Amnion 3 2 2
HUVEC Endothelium 4

FF indicates fetal fibroblast; HUVEC, human umbilical cord endothelial cell; CML,
chronic myeloid leukemia; AML, acute myeloid leukemia; and ALL, acute lymphoblas-
tic leukemia.

Antibody production

A panel of specific murine mAbs was produced using NIH-3T3/TFR-2/4B1
asanimmunizer. Briefly, 2 X 10° transfectants were resuspended in 200 pL
phosphate-buffered saline and wereinjected into the spleens of anesthetized
female Balb/c mice (22-25 g) through a direct opening of the peritoneum
under surgical conditions.’® The same set of mice underwent chronic
boosting using 2 X 10° cells injected intravenously at approximately
20-day intervals for 3 months. Four days after the last injection, the spleen
was removed for fusion with the P3.X63-Ag8.653 cell line using PEG
1500-1700 (Sigma).*’

Spent media of the primary cultures were screened on NIH-3T3/TFR-2/
4B1 cellsand simultaneously on control wild-type NIH-3T3 cellsby means
of indirect immunofluorescence (I1F) and visual observation to select the
binding mAbs. Positive cloneswere further tested to confirm the reactivities
with HepG2 and K562 cell lines, reported as expressing TFR-2 mRNA.4

Primary cultures fulfilling the binding requisites of the selection grid
were cloned 3 times by limiting dilution and subsequently were grown as
tumor ascites in pristane-primed mice. The mAbs were purified using a
high-performance liquid chromatography technique after purification on
protein A.18

A polyclonal antiserum was obtained in Balb/c mice immunized with a
mixture of 3 different peptides (see above). The mice were injected
intrasplenically with approximately 20 ng of each peptide and received
successive intraperitoneal boosts with equal amounts of peptides and
appropriate amounts of Freund incomplete adjuvant. Once the titer of
circulating antibodies reached detectable levelsin an enzyme immunoassay
system, the volume of the biologic fluids of the mice was artificially
expanded by inducing the growth of an intraperitoneal tumor ascites,
secondary to the injection of pristane-primed mice with P3.X63-Ag8.653
cells, amurine nonproducing and nonsecreting myeloma.

Western blot analysis of the target structure

NIH-3T3/TFR-2/4B1, mock-transfected NIH-3T3, HepG2, K562, HL-60,
and L-CD71* cells were lysed in 1% NP-40 lysis buffer (20 mM HEPES
[N-2-hydroxyethylpiperazine-N’ -2-ethanesulfonic acid], pH 7.6, 150 mM
NaCl, 50 mM NaF, 1 mM NagVO,4, 1 mM EGTA [ethyleneglycoltetraacetic
acid], 50 wM phenilarsine oxide, 10 wM iodoacetamide and antipain,
chymostatin, leupeptin, and pepstatin) for 20 minutes on ice. After the
removal of nuclei by centrifugation, an aliquot of the lysates was run in 6%
sodium dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
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under reducing conditions and was transblotted onto nitrocellulose mem-
branes (Amersham, Little Chalfont, Buckinghamshire, United Kingdom),
as described.’® Immunoblotting was performed using as probe either the
mAbs or the polyclonal antiserum, later highlighted by means of rabbit
immunoglobulin conjugated to horseradish peroxidase (Sigma). The reac-
tion was revealed using a CDP-STAR chemiluminescence reagent (NEN-
Life Science Products, Boston, MA), and the membranes were subjected to
autoradiography.

Indirect immunofluorescence

Surface expression of TFR-2 was determined by |IF and flow cytometric
analysis (FACSort; Becton Dickinson, Milan, Italy). Target cells (2 X 10°)
were incubated with 1 pg indicated mAb; the secondary reagent was a
fluorescein isothiocyanate (FITC)—conjugated F(ab'), fragment of a goat
anti-mouse immunoglobulin antibody (Caltag, Burlingame, CA). Intensity
of fluorescence was recorded on a logarithmic scale by scoring at least
10000 cells/sample; background fluorescence intensity was obtained by
incubating the cellswith the goat anti-mouse immunoglobulin reagent alone.

Tissue distribution

Distribution of TFR-2, as recognized by the different mAbs, was examined
on tissues using formalin-fixed, paraffin-embedded tissues of surgical
specimens. Endogenous peroxidase and endogenous biotin were inhibited
as described elsewhere.?0 Heat-induced antigen retrieval was performed by
pretreatment in a microwave oven (3 times for 3 minutes at 750 W) of the
sectionsincubated in 1 mM EDTA (ethylenediaminetetraacetic acid) buffer
(pH 8.0) or in 10 mM citrate buffer (pH 6.0).2* After incubation with the
specific mADb, the reaction was revealed using the universal LSAB 2
streptavidin kit (DAKO, Glostrup, Denmark).

Analysis of TF-TFR-2 interactions

Adherent cell lines HepG2 and U251 were grown on glass coverslips and
treated at 37°C with APO-TF and HOLO-TF, used at concentrations
varying from 10 to 50 p.g/mL. The experiment was stopped at 30-minute
intervals, with a maximum lapse of 8 hours. Cells were then fixed and
permeabilized (ice-cold methanol [5 minutes at —20°C], followed by
ice-cold acetone [5 seconds at —20°C]) and were incubated (1 hour at
37°C) with the mAb under analysis. After extensive washing, an FITC-
conjugated F(ab'), fragment of a goat anti—-mouse immunoglobulin anti-
body was added (30 minutes at 37°C). Coverdlips were mounted on slides
using a water-soluble mountant and were analyzed with a C-VIEW-12-
BUND camera fitted to an Olympus 1 X 70 microscope (Olympus, Milan,
Italy), with the images collected using the ANALY SIS software (OLY M-
PUS, Milan, Italy). K562 cells were stained in suspension for TFR-2 and
TFR-1 expressions after identica treatments and were evaluated by
cytofluorography using FACSort equipment, as described above.

Results

Generation of murine fibroblasts stably expressing the human
TFR-2 transcript

Murine NIH-3T3 fibroblastoid cells, electroporated in the presence
of a pcDNA3.1 vector enclosing the full-length human TFR-2
construct and selected for growing in G418-conditioned medium,
were used as immunizers and as target cells for the successive
experiments. Cells surviving G418 were further selected on the
basis of the RT-PCR results for TFR-2 presence. Clone 4B1
fulfilled all the requisites and was subcloned by limiting dilution,
constantly kept under metabolic selection, and referred to as
NIH-3T3/TFR-2/4B1. Transfection with the empty plasmid re-
sulted in the production of G418-resistant clones not expressing
TFR-2 and hereinafter referred to as mock-transfected NIH-3T3.
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Production of monoclonal and polyclonal antibodies

NIH-3T3/TFR-2/4B1 cells were used to immunize Bab/c mice
directly into the spleen. IIF analysis of spent media of the primary
cultures using NIH-3T3/TFR-2/4B1 and, simultaneously, control
mock-transfected NIH-3T3 cells as targets allowed the selection of
a panel of 9 mAbs potentialy specific for TFR-2 (Figure 1). The
reactivity pattern was confirmed by using human cell lines
previoudly reported as containing high amounts of mRNA for
TFR-2, namely HepG2 and K562. All mAbs clearly reacted with
HepG2 cells, with similar staining profiles in terms of percentage
of reactive cells and fluorescence intensity (Figure 2). Reactivity
with K562 split the selected panel in mAb binding to more than
60% of the cells—G/5F8 (immunoglobulin M [IgM]), G/14C2
(lgG2b), GIBE7 (IgG2b), G/14E8 (IgG2b), and G/7F5 (IgGl)
mAbs, referred to as group A—and a group binding to less than
30% of the cells—G/5B5, G/5C5, G/5B3, and G/1C11 mAbs,
referred to as group B—and all of IgM isotype. This panel of mAbs
was then used for detailed structural and functional analysis of the
TFR-2 receptor.

A murine polyclona antiserum was simultaneously raised in
Balb/c mice to avoid the limits of comparison among antibodies
raised in different animals against the same target. Mice were
immunized with a mixture of 3 peptides, selected as encoding
representative regions of the TFR-2 molecule. The original method
adopted for expanding in vivo the mass of the body fluids of the
donor mice was fruitful, and 2 animals yielded a volume of
polyclonal ascites approximately similar to that obtained from the
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Figure 1. Reactivity of the mAbs and polyclonal antiserum against NIH-3T3/TFR-
2/4B1 and control mock-transfected NIH-3T3 cells. Primary fusion cultures were
screened for binding to murine fibroblasts transfected with the human TFR-2 gene
(NIH-3T3/TFR-2/4B1, white histograms), using mock-transfected NIH-3T3 cells (gray
profiles) as negative control. The selection grid allowed the identification of 9 specific
mADbs. A polyclonal antiserum, obtained by immunizing Balb/c mice with a mixture of 3
peptides derived from the TFR-2 sequence, displayed the same reactivity. CB26, a
TFR-1-specific mAb, did not cross-react with NIH-3T3/TFR-2/4B1 cells. X-axis,
fluorescence intensity/cells; y-axis, number of cells registered/channel.
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Figure 2. Reactivity of the mAbs and polyclonal antiserum against K562 and HepG2
cell lines. The 9 mAbs and the polyclonal antiserum were reacted in IIF with K562
(thin line) and HepG2 (thick line) cells. Gray profiles show the staining obtained by
using an irrelevant antibody. The anti-TFR-1 CB26 mAb was used as a comparison.
X-axis, fluorescence intensity/cells; y-axis, number of cells registered/channel.

sera of more than 20 mice. Polyclonal serum (8 mL) was rendered
specific by absorption (vol/vol) with mock-transfected NIH-3T3
cells. The resultant polyclonal antiserum was tested in |1F against
NIH-3T3/TFR-2/4B1 transfectants and representative cell lines.
Results indicated that the reactivity of the polyclona antiserum
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overlapped with that observed using the mAbs in the different
target cells examined (Figures 1-2).

Specificity of the mAbs and the polyclonal antiserum produced

Specificity of the mAbs and antiserum selected was confirmed by
reacting with mouse fibrobl asts transfected with the human TFR-1.
The absence of binding ruled out any cross-reactivity with human
TFR-1. Similar experiments were performed on the HL-60 cell line
(constitutively TFR-17), and the same reactivity pattern was
obtained (Figure 3A).

Western blot analysis of the target structure

Western blot analysis was used to identify the structure recognized
by the mAbs and the polyclonal antiserum and to confirm the
specificity of the reaction. G/14E8 mAb, recognized as a major
band of —90 kDain HepG2, K562, and NIH-3T3/TFR-2/4B1 cells
(Figure 3B). The same band was absent in mock-transfected
NIH-3T3 cells. No reactivity was detectable with lysates from
HL-60 cells (TFR-2- and TFR-1") or from murine L-fibroblasts
transfected with human TFR-1 (L-CD71%). A minor band of —105
kDa was observed in K562 cells (arrow). Similar results were
obtained using mAbs G/14C2 and G/1C11 (not shown). Polyclonal
antiserum confirmed the reactivity pattern (not shown).

These results were in full agreement with the RT-PCR results,
which showed that the TFR-2 transcript is present only in HepG2,
K562, and NIH-3T3/TFR-2/4B1 cells (Figure 3C).

Distribution of the human TFR-2 molecule in continuous cell
lines and normal cells

The TFR-2 moleculeiswidely expressed by cell lines derived from
solid tumors of different origins, including stomach, colon, liver,
pancreas, breast, prostate, and brain, athough with different
epitope densities. Only selected B and myeloid cell lines expressed
TFR-2 in the hematologic compartment. No IIF reactivity was
found in T or natural killer (NK) line models. Table 1 summarizes
the results obtained, expressed as mean fluorescence intensity
(MFI) of mAbs representative of the A and B groups, respectively.
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Figure 3. Analysis of the specificity of the selected mAbs and their molecular targets. (A) IIF analysis performed on L-CD71* fibroblasts reveals that the mAbs do not
cross-react with TFR-1. Selected mAbs are representative for groups A (G/14E8) and B (G/1C11). The polyclonal antiserum features the same reactivity pattern. The same
cells are clearly stained by the anti—-TFR-1 mAb CB26. Gray profiles show the staining obtained by using an irrelevant antibody. X-axis, fluorescence intensity/cells; y-axis,
number of cells registered/channel. (B) Transfectants and cell lines were lysed, run in 6% SDS-PAGE under reducing conditions, and transferred to a nitrocellulose membrane.
G/14E8 mAb reacted with a dominant band of approximately 90 kDa in HepG2, in NIH-3T3/TFR-2/4B1, and in K562. A minor band of —105 kDa was observed in K562 cells
(arrow). Lysates from NIH-3T3 mock-transfected cells and from HL-60 and L-CD71" fibroblasts did not show any detectable bands. The reaction was revealed using a
CDP-STAR chemiluminescence reagent, and the membranes were subjected to autoradiography. (C) RT-PCR analysis of a TFR-2 fragment confirmed the presence of the
relevant message in HepG2, in NIH-3T3/TFR-2/4B1, and in K562 cells. Mock-transfected NIH-3T3 cells, HL-60 cells, and L-CD71" fibroblasts did not show any message for

TFR-2. GAPDH is shown as a control of RNA quality.
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Distribution of the human TFR-2 in normal tissues

Tissuedistribution of TFR-2 wasinitially evaluated by assaying the
reactivity of the panel of mAbs with frozen or formalin-fixed
sections from nonpathologic liver, selected as reported to display
high levels of TFR-2 mRNA. Reactivity of the anti-TFR-2 mAbs
was comparatively evaluated with the expression of TFR-1, as
recognized by specific mAbs. TFR-2 and TFR-1 proteins were
localized in seria tissue sections by using an immunoperoxidase
method. Results indicated that 3 of 9 mAbs—G/5F8, G/14C2, and
G/1C11—displayed clear reactivity with the frozen samples, which
was maintained when the tissue was formalin fixed (Figure 4A-C).
These mAbswere used for adetailed analysis of TFR-2 distribution
in normal liver. The results indicate (1) that TFR-2 was present at
high density in hepatocytes, (2) that reactivity was prevaently
cytosolic (Figure 5D-E), and (3) that quantitative or qualitative
differences were not apparent among the specimens analyzed (3
normal livers). TFR-2 was undetectable in epithelial cells of the
bile ducts or in endothelial cells lining the vessels (Figure 4D,
arrows). Reactivity was specific, as inferred from the use of
isotype-matched mAb controls (not shown). TFR-1 protein dis-
played an almost overlapping expression and localization
(Figure 4F-G).

The next target was the gastrointestinal (Gl) tract, focusing on
the duodenal tract. At low magnification, TFR-2 was widely
distributed aong the crypt/villus axis, with some crypts intensely
stained and homogeneous expression in the villi (Figure 5A).
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TFR-2 molecules were evenly distributed within the cytoplasm,
with a more intense signal localized on the basolateral membrane
of crypt cells, whereas it was absent on nuclei (Figure 5B). TFR-2
expression by crypt cells was predominant in the duodenal
specimen: in lower portions of the small intestine, the molecule
was still present on villi, although with lesser intensity, but it was
nearly completely lost in the crypts. Epithelial cells in the
esophagus, stomach, colon, and rectum are constantly TFR-2".
TFR-1 proteins were expressed by the epithelial cells of the crypts
and the villi, with an intensity that decreased while epithelial cells
migrated apically toward the villustip (Figure 5D-E).

TFR-2 expression was seen among a subpopulation of lamina
proprialymphocytes, in which TFR-1isalso present at high density
(Figure 5B,E, arrows). Samples from normal adult pancreas, lungs,
ovaries, uterus, breast, prostate, and adrenals were not stained by
the TFR-2 mAbs.

Functional behavior in response to TF

In vivo functions of TFR-2 remain elusive in spite of an important
sequence similarity with canonical TFR-1. Previous reports have
shown that it may mediate iron uptake, displaying an affinity for TF
reduced approximately 25-fold, hinting that this may not be the
principal or single function of TFR-2.22

Exposure of K562 to HOL O-TF induces TFR-2 up-regul ation at
all the concentrations used. The event starts after 60 to 90 minutes
of incubation and peaks approximately 4 hours later (Figure 6).

Figure 4. Immunohistochemistry analysis of TFR-2
= and TFR-1 molecules in human liver. Three of 9 mAbs
(A, G/5F8; B, G/14C2; C, G/1C11) clearly react with
TFR-2 in normal formalin-fixed and paraffin-embedded
liver tissue sections (original magnification, panels A-C,
X 10). The reactivity is confined to hepatocytes and is
. strongly cytoplasmic (original magnification, panel E,
‘= X 100), whereas endothelial or bile duct cells are not
stained (D, arrows; original magnification, X 40). (D,E)
Images taken by using the G/5F8 mAb. TFR-1 protein
displays an almost overlapping expression and localiza-
tion (original magnifications, panel F, X 10; panel G,
X 40). Representative data from 3 separate specimens
! are shown.
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Figure 5. Inmunohistochemistry analysis of TFR-2
and TFR-1 molecules in small intestine. Immunoperox-
idase staining of the TFR-2 protein shows that the signal
is widely distributed along the crypt/villus axis (A; original
magnification, X 10), with some cells intensely stained in
the crypts (B; original magnification, X 40), whereas the
villus is homogeneously stained (C; original magnifica-
tion, X 40). The reactivity is mostly cytoplasmic, without i

nuclear staining (B,C). Some lamina propria leukocytes §
are stained (B,E, arrows). TFR-1 protein is detectable in
the crypts and villi, with diffuse intracellular and basolat-
eral membrane-associated localizations (D, original mag-
nification, X 10; and E, original magnification, X 40).
Representative pictures from 3 different specimens are
shown. TFR-2 protein was stained using G/14C2 mAb.
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Figure 6. Modulation of TFR-2 expression by TF in K562 cells. K562 cells were
exposed to HOLO-TF and tested for surface expression of TFR-2 after 2 and 6 hours,
respectively (white profiles), using 2 different specific mAbs, namely G/14E8 and
G/8ET7. Gray profiles show the expression of TFR-2 in basal culture conditions. TFR-1
expression was used as control, with the same indications. Representative data from
4 independent experiments are shown.

mAbs AND POLYCLONAL ANTISERUM SPECIFIC FOR TFR-2

3787

TFR-1
PR T T
A |

Sl @‘: p
= L)

TFR-2 proteins appear to cluster in selected areas of the membrane,
conferring on the cell surface a spotlike appearance. The expres-
sion of the molecule was unmodified by the addition of APO-TF,
independent of the concentration used. Thisresponseto HOLO-TF
is reciprocal to the one described for TFR-1, which is readily
(30-60 minutes) internalized under the same experimental condi-
tions (Figure 6). Similar experiments were performed using the
HepG2 cell line, grown on coverdlips. Results indicated that the
molecule was localized in selected areas of the membrane (Figure
7, top left panel) and that the expression was increased after 2
hours, especialy in cell-cell contacts (middle |eft panel). Morpho-
logic changes in the cells became evident after 6 hours, resulting in
a stretched silhouette with long cytoplasmic buds. The expression
of TFR-2 by these cells was highly increased and redistributed to
the entire surface of the cell, accumulating in areas of contact and
in the cytoplasmic filaments (bottom panel). No changes in
expression could be highlighted when incubating the HepG2 cells
with APO-TF. The addition of HOLO-TF to U251 brought marked
up-regulation of the TFR-2 protein, similar in kineticsto the effects
observed in HepG2 (Figure 7, right side). Exposureto APO-TF did
not yield detectable effects on the surface expression of TFR-2.
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Figure 7. TF influence on TFR-2 expression in adher-

HepG2 U251 ent cells. HepG2 (hepatocarcinoma) and U251 (glioblas-

toma) were grown on coverslips, exposed to TF for 2 and

HOLO-TF APO-TF HOLO-TF APQO-TF 6 hours, respectively, and evaluated for TFR-2 expres-
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Discussion

The biologic functions and tissue distribution of TFR-2 remain
undefined. Experimental evidence indicates that TFR-2 may medi-
ate iron uptake; however, its affinity for iron-loaded TF is
remarkably lower than that of TFR-1,5%2 suggesting that iron
uptake is not the principal or the only function of TFR-2.
Inactivation of TFR-2 causes aform of HH with features similar to
those of HFE-related HH,&1° hinting at aregulatory role for TFR-2
in iron metabolism. Most available data concern TFR-2 mRNA
expression, whereas studies on the protein were limited by the lack
of specific reagents. To investigate its structure, tissue distribution,
and function(s), we developed 9 murine mAbs and a murine
polyclonal antiserum against TFR-2, exploiting a highly sensitive
immunization protocol and adopting screening strategies derived
from the experience of the CD Workshop on Differentia-
tion Antigens (Harrowgate, United Kingdom, June 16-22, 2000).
Results provide a preliminary structural blueprint of human
TFR-2 based on the identification of discrete domains of the
molecule, an analysis of TFR-2 tissue distribution, and information
about receptor behavior following exposure to the TF ligand. The
finding that only 3 of 9 selected mAbs clearly reacted with the liver
sections indicates the existence of 2 major epitopes of the TFR-2
molecule, as seen from for the murine immune system. These
epitopes are under analysis by walking on the molecule using
peptides spanning the TFR-2 sequence and by testing the signaling
potential of the specific mAbs and the polyclonal antiserum.

sion. Results show the presence of discrete membrane
areas in which TFR-2 is localized, more apparent in basal
and in 2-hour conditions. In vitro incubation is paralleled
by a constant increase in TFR-2 expression, which
appears uniformly deployed on the surface after 6-hour
incubation. The observed effects are dependent on the
presence of HOLO-TF. APO-TF was ineffective in induc-
ing detectable or comparable effects. TFR-2 protein was
stained using G/14C2 mAb. Representative images from
5 independent experiments are shown.

Western blot analyses confirm that the mAbs are specific for
TFR-2, reacting with adominant band of —90 kDain HepG2 along
with a minor band of —105 kDa in K562 cell lines. Other minor
components are stained by the different mAbs and confirmed by the
antiserum. The presence of tissue-specific isoforms or of cell-
specific glycosylation is amatter for further investigation.

The analysis of TFR-2 distribution in different tissues indicates
that the protein is prevalently expressed by cells that play a
prominent role in the regulation of iron homeostasis. Indeed, high
levels of expression were found in hepatocytes, a major iron-
storage site, and in the enterocytes of the crypts and villi, localized
in the portions of the GI tract involved in iron absorption. The
distribution of TFR-2 was strikingly different from that of TFR-1in
normal tissues not taking part in the regulation of iron metabolism
and in continuous cell lines (data not shown), but it was similar in
liver and small intestine, suggesting a role of TFR-2 in the
regulation of iron homeostasis. According to a current hypothesis,
the sensing of body iron needs is carried out by the crypt cells and
likely involves the uptake of iron from circulating TF225 In
agreement with thisview, impaired iron uptake from plasmaTF has
been reported in a murine model of HFE-related HH.?6 TFR-1
represents a component of the body iron sensor by directly
interacting with HFE in the epithelial cells of the crypts.?” It is till
unproved whether TFR-2, expressed by the basolateral membrane
of duodenal crypt cells as TFR-1, interacts with HFE to play arole
iniron sensing.?® Direct binding between HFE and TFR-2 has been
ruled out by using soluble forms of these proteins,?? although in
Vivo interactions or colocalization have not been conclusively
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established. As a receptor able to bind TF on the basolateral
membrane of the crypt cells, TFR-2 might represent a second
sensor of body iron or might participate in amore complex sensing
mechanism, as recently hypothesized.?® The effect of inactivation
of TFR-2 by mutationsin HH type 3 isin keeping with the loss of a
component of the sensing machinery.

The expression of TFR-2 in gut differs from that of DMTL
nramp2, the luminal iron transporter, which localizes prevalently in
the enterocytes of the villi and is strongly induced in conditions of
iron deficiency in the villus brush border.2%3° The distribution of
TFR-2 parallels that of TFR-1, also in liver tissue, while it differs
from that of HFE. TFR-2 is expressed exclusively by hepatocytes,
whereas it is undetectable in bile duct cells and in the cells lining
the sinusoids, all reported as HFE .31

The finding that TFR-2 appears to be predominantly cytoplas-
mic in liver sections is surprising, at least in view of its reported
similarity with TFR-1. It is possible that this is simply because of
technical limits in observing the molecule in histologic sections.
Alternatively, it might reflect the physiologic conditions of theliver
tissues examined. This does not preclude that TFR-2 may gain
access to the hepatocyte membrane in other metabolic or abnormal
conditions on external or internal signals.

We investigated the physiologic role of TFR-2 by analyzing the
effects elicited by exposing cellsin suspension and in adherence to
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HOLO-TF. HOLO-TF clearly up-regulates TFR-2, inducing cluster-
ing of the molecule in different membrane areas, while down-
regulating TFR-1. No effects were observed in response to
APO-TF. Exposure of the cells to inorganic iron or to iron
deprivation induced by desferrioxamine did not quantitatively
change TFR-2 expression levels nor its localization (data not
shown), in line with the reported iron independence of TFR-2.11
These results, confirmed in cell lines of different origin, suggest
that TFR-2 access and clustering to the membrane may provide
some sort of flag related to the TFR-1 endocytic pathway. This
behavior is compatible with the hypothesized function of TFR-2 as
an iron sensor and suggests that the regulatory function of the
moleculeislinked to that of TFR1.

In conclusion, we consider the label TFR-2 to be a possible
misnomer; transferrin-binding activity may be only one aspect of
the functions of the molecule. Multitask molecules are proving not
to be the exception but the rule. To cite one related instance, the
TFR-1 molecule transports TF and also operates as a receptor for
IgA in the kidney.3? Supporting evidence for the pleiotropic view of
the molecule may come from the description of theroleof TFR-2in
iron metabolism and in the cross-talk among cells regulating iron
uptake. Of key relevance will be the use of the reagents devel oped
for the present work to study disease models and the signals
mediated by TFR-2 engagement.
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