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Transferrin, the major plasma iron-binding molecule, interacts with cell-surface receptors

to deliver iron, modulates hepcidin expression, and regulates erythropoiesis. Transferrin

® Iron occupancy of the
N compared with C
lobe of transferrin
confers functionally
distinct properties.

binds and releases iron via either or both of 2 homologous lobes (N and C). To test the
hypothesis that the specificity of iron occupancy in the N vs C lobe influences transferrin
function, we generated mice with mutations to abrogate iron binding in either lobe (TfN*' or
Tf<*!). Mice homozygous for either mutation had hepatocellular iron loading and decreased
liver hepcidin expression (relative to iron concentration), although to different magnitudes.
Both mouse models demonstrated some aspects of iron-restricted erythropoiesis, includ-
ing increased zinc protoporphyrin levels, decreased hemoglobin levels, and microcytosis.
Moreover, the TNt mice demonstrated the anticipated effect of iron restriction on red
 cell production (ie, no increase in red blood cell [RBC] count despite elevated erythropoietin

levels), along with a poor response to exogenous erythropoietin. In contrast, the TfctVc!
mice had elevated RBC counts and an exaggerated response to exogenous erythropoietin sufficient to ameliorate the
anemia. Observations in heterozygous mice further support a role for relative N vs C lobe iron occupancy in transferrin-

® The monoferric forms
of transferrin influence
hepcidin expression
and erythropoietin
responsiveness.

mediated regulation of iron homeostasis and erythropoiesis. (Blood. 2019;134(17):1373-1384)

Introduction

Transferrin (Tf), the major iron-binding glycoprotein in serum,
participates in iron homeostasis as an iron cargo molecule and
signaling ligand."? Tf receptors 1 (TfR1) and 2 (TfR2) have distinct
distributions and characteristics that may provide a plausible
basis for these distinct roles. How the iron-binding and signaling
properties of Tf interrelate is unclear. An ancient gene dupli-
cation gave rise to the Tf bilobed structure,® with each lobe
(N and C) binding (and releasing) 1 molecule of iron.* As such, Tf
circulates in 4 forms: diferric, monoferric N lobe, monoferric C
lobe, and apotransferrin.> Under physiologic conditions, Tf is not
fully saturated with iron, and most of the serum iron-containing Tf
is monoferric.® However, because diferric Tf has a much greater
affinity for TfR1 than does monoferric, the latter forms contribute
minimally to cellular iron delivery under physiologic conditions.”
In iron deficiency, a shift away from diferric and toward monoferric
forms of Tf makes TfR1 occupancy by the monoferric forms in-
creasingly relevant. Although the monoferric forms deliver 1 iron
molecule per endocytic cycle rather than 2, cellular iron depletion
results in a compensatory increase in TfR1 expression.®

TfR1 is thought to function primarily as an iron cargo receptor,
although it has been reported to participate in signaling in some
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circumstances.”'® In contrast, TfR2 seems to mediate signaling
events that regulate iron metabolism and erythropoiesis. He-
patocellular TfR2 regulates hepcidin expression, and its loss
leads to hemochromatosis.'"'? TfR2 is also expressed in ery-
throid precursors,’® where it modulates erythropoiesis,’'®
possibly as a component of the erythropoietin (Epo)-Epo re-
ceptor (EpoR) complex.' One report suggests that TfR2 acts as a
chaperone, bringing the EpoR to the cell surface, and thus
functions to increase Epo sensitivity'#; others demonstrate that
TfR2 is necessary for attenuation of erythroblast Epo sensitivity
under iron-restricted conditions.’>'¢ Diferric Tf participates in
TfR2-mediated signaling events.?"7-'? However, the mechanism
by which diferric Tf, at concentrations (micromolar) far higher
than the binding constant for TfR2 (nanomolar), could serve as a
physiologic signaling ligand is unclear.? Plausibly, the lower
affinity of diferric Tf for TfR2 compared with TfR12" might permit
monoferric forms to compete with diferric Tf for TfR2 occupancy
under physiologic conditions. If the signaling consequences of
the monoferric forms differed from those of diferric Tf, a mech-
anism for regulating TfR2-mediated events would be provided.
Supporting this possibility is the observation that administration of
exogenous apotransferrin modulates erythropoiesis in Hbbth/th?
(B-thalassemic) mice.??
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To investigate the potential contribution of monoferric Tfs in the
regulation of iron metabolism and erythropoiesis, we generated
mice in which either the N or C lobe was blocked (TfN-0/N-bl gnd
TfCVCEl je, unable to bind iron). The mutant mice had evidence
of decreased erythroblast iron delivery, with elevated zinc
protoporphyrin levels and microcytic anemia. Identifying a role
for Tf in modulating Epo sensitivity, the Tf<®IS*! but not TfN-6/N-b!
mice demonstrated increased red blood cell (RBC) counts and an
exaggerated response to exogenous Epo. Consistent with par-
ticipation of Tf in regulating hepcidin, the TfNPVN-bI gnd TfC-LVCH!
mice had relatively decreased hepcidin levels and liver iron
overload, but to different degrees. Mice heterozygous for each Tf
mutation had subtle phenotypic differences from wild-type (WT)
mice and from each other, further supporting distinct regula-
tory roles for the 2 monoferric Tf forms in iron metabolism and
erythropoiesis.

Methods

Mouse models

Transgenic mice producing modified Tf unable to bind iron in
eitherthe N or C lobe were generated on a C57BL/6 background
by site-directed mutagenesis of the nucleotides encoding
2 essential tyrosines in the iron-binding sites of each of the lobes
to instead encode phenylalanine.?® For the TfNP/N-*I mytant
strain, A to T nucleotide substitutions resulted in Y114F and
Y207F, and for the Tf<bCbl mutant strain, A to T substitutions
resulted in Y448F and Y537F. Chimeric mice were generated
commercially (Cyagen Biosciences, Santa Clara, CA). Founders
were bred in the animal facility at Saint Louis University. Mice
were group housed by sex, fed standard chow (200 ppm of iron)
ad libitum, and maintained on 12-hour light cycles. Experiments
were performed on 8- to 10-week-old mice. Animal studies were
performed under Institutional Animal Care and Use Committee—
approved protocols.

Genotyping

Polymerase chain reaction (PCR) was performed with RedTaq
ReadyMix PCR reaction mix (Sigma, St. Louis, MO) per manu-
facturer’s instructions. Primer sequences were as follows: TfN-o/N-6,
forward 5'-TGTAGGCAGGTAGCCGACATTAGAA and reverse
5’-TTCTCTTGTCCATGGCGCCT; Tf<oV<*®l, forward 5'-ATGGCT
CCATAGGAGCTGTGCA and reverse 5'-GCCATCCCACCTCAT
TCCTTAGCT. Thermal cycling (at 94°C for 2 minutes followed by
32 cycles at 94°C for 30 seconds, 60°C for 30 seconds, and 72°C
for 30 seconds and a final 7-minute extension at 72°C).

Hematologic and serum iron parameters

Complete blood counts were measured by the Cell-Dyn 3700
analyzer (Advanced Veterinary Laboratories, St. Louis, MO).
Serum iron, total iron-binding capacity (TIBC), and unsaturated
iron-binding capacity (UIBC) were assayed (Pointe Scientific,
Canton, MI) per manufacturer's protocol. Tf saturation was
calculated as serum iron/TIBC X 100, with TIBC calculated from
UIBC. Tf concentrations, serum hepcidin, and serum Epo were
assayed by enzyme-linked immunosorbent assay (Abcam,
Cambridge, MA; Intrinsic Life Sciences, LaJolla, CA; and R&D
Systems, Minneapolis, MN, respectively).

Flow cytometry
Erythroid populations were analyzed by flow cytometry as
previously described.?*2> Antibodies and gating strategies are
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described in supplemental Figure 7 (available on the Blood Web
site). For phosphorylated AKT (pAKT) analyses, cells were per-
meabilized and fixed with the Flow Cytometry Fixation and
Permeabilization Buffer Kit (R&D Systems). Apoptosis was
measured with the PE Annexin V Apoptosis Detection Kit
(BD Biosciences).

RBC lifespan

Mice were injected retroorbitally with Sulfo-NHS-Biotin (ThermoFisher;
category No. 21217). The following day, 1 X 10° RBCs were stained
with a streptavidin-phycoerythrin antibody (BD Pharmingen).
Percentage of biotinylation was monitored twice per week for

14 days and then once per week until day 34. Data were analyzed
with FlowJo 10.2 software (Tree Star, Inc., Ashland, OR).

Zinc protoporphyrin assays
The fraction of protoporphyrin containing zinc was assayed from

whole blood using an AVIV hematoflourometer (AVIV Biomedical,
Lakewood, NJ).

NTBI measurements

Non-Tf-bound iron (NTBI) was quantified by a nitrilotriacetic
acid ultrafiltration assay as previously described.?¢ Briefly, serum
was incubated with nitriloacetic acid, and proteins were then
depleted from the sample by ultrafiltration (NanoSep; Pall
Corporation, Port Washington, NY) with centrifugation at
10620 Xg for 45 minutes at 15°C. Iron was measured from the
resulting filtrate by colorimetric assay.?’

Epo responsiveness

Mice were treated by intraperitoneal injection with 3000 [U/kg
per day of recombinant human Epo (Procrit; Janssen Biotech,
Raritan, NJ) or normal saline (Baxter, Deerfield, IL) for 4 con-
secutive days. Hematologic parameters were measured on the

fifth day.

Tissue iron concentrations

Tissue iron concentrations were determined as previously
described.®

Quantitative reverse transcription PCR

Tissue samples were homogenized in guanidinium thiocyanate
(Trizol; Ambion, Carlsbad, CA), and RNA was extracted per
manufacturer’s protocol. RNA was reverse transcribed with
iScript RT supermix (Biorad, Hercules, CA), and quantitative
reverse transcription PCR was performed with Tagman Gene
Expression assay primers and probes (Applied Biosystems,
Foster City, CA). Thermal cycling (at 95°C for 15 seconds and
60°C for 1 minute for 40 cycles) was performed with a CFX
Connect real-time system (Biorad). Data were analyzed by
the —ACt method.??

Histology

Tissues were fixed and stained by the Perls’ Prussian blue
method with or without enhancement with diaminobenzidine as
previously described.°

Statistical analyses

Statistical analyses were performed in GraphPad Prism 7. Out-
liers identified by the ROUT method were excluded. Data
were analyzed by analysis of variance (ANOVA), Student t test,
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or Kruskal-Wallis test, with P < .05 considered statistically
significant.

Results

Abrogation of iron binding to either lobe increases
Tf saturation without altering serum iron or

Tf concentration

Mice producing Tfs unable to bind iron in the N or C lobe were
generated by mutating 2 essential tyrosines in the iron-binding
site of each of the lobes?® (supplemental Figure 1). Mutant mice
seemed healthy and were fertile and without overt abnormalities
or evident differences between strains in body weight or splenic
weight indexed to body weight (supplemental Figure 2). High-
performance liquid chromatography analyses of serum from the
mutant mice supported the absence of diferric Tf and presence
of the expected monoferric forms (data not shown). Initial ex-
periments focused on defining the effects of C- and N-blocked
Tf on circulating iron parameters. Because each mutant strain
had 1 blocked iron-binding site, TINP/NbI gnd TCBICH mjce
exhibited a decrease in TIBC (Figure 1A) and increase in cal-
culated Tf saturation compared with WT mice (Figure 1B). Tf
concentrations were not different between strains (supplemental
Figure 3A). Accordingly, UIBC was lower in TfN-e/N-6l gnd TfC-bVC-Hl
mice relative to WT (supplemental Figure 3B). There were no
significant differences in serum iron between the 3 strains
(Figure 1C). TfNBIN-bI gnd T{COVCHl mice demonstrated NTBI in
the plasma (Figure 1D), as anticipated in the setting of high Tf
saturation.3' Thus, TfN-PNbBl gnd TfCPVCHl mice demonstrated
expected changes in iron-binding capacity relative to WT mice,
but without evident differences in circulating iron status between
the mutant strains.

MUTANT MONOFERRIC TRANSFERRIN MICE

Lobe specificity of Tf iron binding differentially
affects circulating red cell indices

Evidence supports roles for erythroid TfRs in iron delivery and
erythroblast hemoglobinization and differentiation.’>3233 We
therefore analyzed the effect of lobe-specific Tf iron occupancy
on multiple erythroid parameters. Although hemoglobin (Hb)
concentrations were lower in both mutant strains relative to WT
mice, TMNPN-L mice had significantly lower Hb concentrations
relative to Tf*VP ' mice (Figure 2B). Strikingly, Tf<"<*' mice had
significantly higher RBC counts relative to both TfN6"N-6land WT
mice (Figure 2A), despite a mild microcytic anemia in both strains
(Figure 2B-D). MCV values were lower in the mutant strains
relative to WT, with significantly more microcytic cells in the
TfCPVCPl mice relative to the TNPN-P! mice (Figure 2C). MCH
levels corresponded to MCV values, with both mutant strains
decreased relative to WT; however, a significantly more pro-
nounced decrease was observed in the TfCPVC! relative to the
TNBIN-I mice (Figure 2D). No significant differences in mean
corpuscular Hb concentrations were found (Figure 2E). Despite
lower MCVs, the increase in RBC counts was sufficient to pro-
duce a higher hematocrit in TfPVCb! relative to the TN-L/N-b!
mice, although both remained significantly lower than WT
(supplemental Figure 4A). Both mutant strains exhibited an in-
crease in red cell distribution width compared with WT mice
(supplemental Figure 4C). TiN"N-! mice showed a modest in-
crease in reticulocyte counts relative to WT mice but not Tfc-eVc-b!
mice (supplemental Figure 4B). The increased RBC counts in the
TP mice were not mediated by alterations in RBC lifespan,
because they were not significantly different across strains
(Figure 2F). Collectively, these data demonstrate that iron
binding to the N lobe of Tf (and/or loss of C-lobe binding) in the
TEPVCE mice resulted in increased RBC production and less
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Figure 2. Iron binding to different lobes of Tf differentially affects red cell indices. Complete blood count (CBC) parameters from 2-month-old mice demonstrated
significantincreases in RBCs in the Tfc<! mice relative to TFNPYNtl and WT mice (A), significant decreases in Hb concentration in both the TfN/N0l and TEPVCEI mice relative to
WT, with more pronounced decreases in the TIN"N mice (B), significant decreases in mean corpuscular volume (MCV) in both the TINP/N-! and TfEEVEH mice relative to WT,
with more pronounced microcytosis in the Tf<*/C! strain (C), significant decreases in mean cellular Hb (MCH) in the TfNP/N®l gnd TfCRVCH mice relative to WT, with more
pronounced decreases in the Tf<*/<t! mice (D), and no significant differences in mean corpuscular Hb concentration (MCHC) between strains (E). (F) Red cell lifespan assays,
measuring the decrease in the percentage of biotinylated red cells over time, indicated no differences between strains. Data are presented as Tukey box and whisker plots or line
graphs, with mean = standard deviation values indicated for each time point. For CBC parameters, n = 13 to 18 females and 13 to 17 males per strain. For red cell lifespan assays,
n = 3to 6 mice per sex for WT and n = 3 to 4 mice per sex for mutant mice. Statistical significance was analyzed by Kruskal-Wallis or 1-way ANOVA for hematologic parameters
and 2-way ANOVA with Geisser-Greenhouse correction for lifespan data. *P = .05, **P = .01, ****P = .0001.

pronounced anemia (despite increased microcytosis) relative to
TN-EN-El mice.

Monoferric N and C Tfs demonstrate similar iron
availability for heme but differential effects

on erythropoiesis

Differences in RBC count between the Tf-mutant strains led us
to investigate participants in erythropoietic signaling. Lack of
iron binding to the N lobe of Tf resulted in increased serum
Epo compared with loss of iron binding to the C lobe or WT

1376 @& blood® 24 OCTOBER 2019 | VOLUME 134, NUMBER 17

(Figure 3A), consistent with changes in Hb concentrations.
mRNA expression of the erythroid marker, glycophorin A,3*
was increased in bone marrow from Tf¢PVCbl mice, but not
TN-BIN-b mijce, relative to WT mice (Figure 3B). Expression of
Erfe, a hepcidin regulator produced by erythroblasts in re-
sponse to Epo,®® was significantly higher in both mutant
strains compared with control mice (Figure 3C). However,
when Erfe expression was normalized to GypA expression,
only TfebCbl mice exhibited a significant increase relative to
controls (Figure 3D). Serum Erfe levels in the mutant and WT
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Figure 3. Iron binding to different lobes of Tf differentially affects erythropoietin levels despite similar erythroid signaling and iron availability for heme synthesis. (A)
Serum Epo concentrations were significantly elevated in TIN®VN®l mice relative to both Tf<*VSand WT mice (n = 5 mice per sex for each mutant strain and n = 10 mice per sex

for WT). (B) Tf¢*V I mice showed significant increases in GypA messenger RNA (mRNA) levels relative to control mice (n = 4-7 mice per sex for WT and n = 3 mice per sex for
mutant mice). (C) Erythroferrone (Erfe) mRNA levels were significantly higher in both TIN6IN-bl gand TfEHICE mice compared with controls (n = 4-7 mice per sex for WT and
n = 3 mice per sex for mutant mice). (D) Upon normalization to GypA, Erfe expression was significantly higher in the Tf¢®/C! mice relative to controls (n = 4-7 mice per sex for
WT and n = 3 mice per sex for mutant mice). (E) TfN-/Nbl and TfEPVC-H mice demonstrated elevated zinc protoporphyrin (ZnPP) concentrations per mole of heme (n = 9-7 mice
per sex for WT and n = 5-8 mice per sex for mutant mice). Data are presented as Tukey box and whisker plots, with statistical significance analyzed by 1-way ANOVA.

*p = 05, ***P = 001, ****P = 0001.

mice were below the limit of detection by enzyme-linked
immunosorbent assay (Elizabeta Nemeth, University of Cal-
ifornia, Los Angeles, e-mail, 11 April 2017). We also in-
vestigated iron availability for heme synthesis, as evidenced
by the incorporation of zinc rather than iron into the pro-
toporphyrin ring. Significant increases in zinc protoporphyrin
were observed in both TfCoVCbl gnd TN-LUN-bI relative to
WT mice, but without differences between mutant strains
(Figure 3E). Therefore, the loss of iron binding to either lobe of
Tf was associated with decreased iron for heme production.
However, the 2 mutant strains differed in circulating Epo levels

MUTANT MONOFERRIC TRANSFERRIN MICE

and their Erfe expression profiles, suggesting differential Epo
responsiveness.

Absence of iron in the N lobe of Tf is associated
with decreased phosphorylation of the Epo
target AKT

To investigate the possibility that the erythroid phenotype of the
mutant strains arises from alterations in erythroid maturation or
apoptosis, we analyzed bone marrow erythroid precursor pop-
ulations by flow cytometry.?* Data indicated no significant
differences between strains in the percentages of erythroid
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Figure 4. Differential erythroid effects of monoferric Tfs are associated with increased phosphorylation of the erythropoietin target AKT in early erythroid precursors.
Flow cytometry analyses demonstrated no significant differences between strains in the relative proportion of erythroid precursor populations (A), no differences between strains
in the percentages of apoptotic erythroid precursor cells (B), no significant differences in the percentages of erythroid lineage cells expressing cell-surface TfR1(C), no significant
differences in the median fluorescence intensity (MFI) of TfR1 in erythroid precursor populations (D), decreased percentages of cells positive for pAKT in early bone marrow (BM)
erythroid precursor populations (proerythroblasts [Pro], basophilic [Baso] and polychromatic [Poly] erythroblasts) in the TfN®"N! strain compared with WT (E), no significant
differences in MFI of pAKT in early erythroid precursors between strains (F), and significantly decreased MFI of pAKT in TINP"N- mice compared with TfS*/S5 mice upon
normalization to serum Epo concentrations (G). Data are presented as bar graphs depicting the mean * standard error of the mean or Tukey box and whisker plots, with statistical
significance analyzed by 1-way ANOVA (n = 4-5 mice per sex for WT and n = 5-7 mice per sex for Tf-mutant mice). *P = .05, **P = .01. Ortho, orthochromatic erythroblast.

precursor populations or in the percentages of early apoptotic
(annexin V* 7-AAD") cells in each population (Figure 4A-B;
supplemental Figure 7D). Analysis of cell-surface expression
of TfR1 (CD71) in erythroid lineage (Ter119*) bone marrow
cells also indicated no differences in the percentages of
positive cells between strains (Figure 4C). However, there was
a trend toward increased expression in the Tf-mutant strains
when the median fluorescence intensity of TfR1 was analyzed
in erythroid progenitor populations (Figure 4D). Because
phosphorylation of AKT is an Epo-mediated event that pro-
motes erythroid precursor differentiation and survival,?¢-38 we
analyzed the percentage of pAKT in combined proerythroblast
and basophilic and polychromatic erythroblast populations from
the bone marrow. Results demonstrated a decreased percentage
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of pAKT* cells in TNVN-A mice relative to WT mice (Figure 4E). A
trend toward increased expression in the Tf-mutant mice may
have been evident when the median fluorescence intensity of
PAKT was analyzed in the individual precursor populations
(Figure 4F). However, when data were normalized to serum Epo
concentrations, the level of pAKT remained significantly lower in
the TfNONEl mice compared with the Tf<P"<*! mice (Figure 4G).
Overall, these data provide additional evidence for modulation of
Epo responsiveness mediated by the iron status of the N lobe of Tf.

Mice with Tf-bound iron restricted to the N lobe

have enhanced responsiveness to exogenous Epo
To further investigate Epo responsiveness, we treated TfcoV/c-o!
and TN-BVN-bl mice with exogenous Epo. RBC counts were
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Figure 5. N lobe-bound iron enhances erythropoietin
responsiveness. (A) Complete blood cell parameters A
from mice treated with 3000 IU/kg per day of recombinant
human Epo demonstrated increased RBC counts in WT

B
RBC Change in RBC

and TfCPVSel mice but not in TIN®/N®l mice treated with
Epo relative to controls (for saline-treated mice, n = 8-12
mice per sex for WT and n = 3-6 mice per sex for mutant
mice; for Epo-treated mice, n = 6-9 mice per sex for WT
and n = 4-5mice per sex for mutant mice). (B) In response
to Epo treatment, the change in RBCs, as measured by
subtracting the average RBC count of respective saline-

x 108/ul

treated controls, was increased in Tf</Cbl mice com-
pared with WT and TfN/Nl mice (n = 4-6 mice per sex
for each strain). (C) Hb concentrations in mice treated with

Epo relative to controls showed significant increases in
Hb concentration in WT and Tf¢*/S+ mice (for saline-
treated mice, n = 8 mice per sex for WT and n = 3-6 mice
per sex for mutant mice; for Epo-treated mice, n = 6-7
mice per sex for WT and n = 4-7 mice per sex for mutant

mice). (D) In response to Epo treatment, the change in C D
Hb, as measured by subtracting the average Hb of re- Hb Change in Hb
spective saline-treated controls, was greater in WT and - e
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significantly higher only in Epo-treated Tf¢*"<*' and WT mice
compared with saline-injected littermates (Figure 5A). Response
to Epo in Tf¢/<*! mice was even more robust than that in WT
mice, with a significantly greater incremental change in RBC
counts in Epo-treated Tf*VC®! relative to both Epo-treated
TN-BNDE and WT mice (Figure 5A-B). Hb was likewise signifi-
cantly increased in Epo-treated compared with saline-injected
TfC-0VEbl and WT mice (Figure 5C). This change in Hb, as de-
termined by subtracting from the average value of saline-treated
controls, was significantly greater in WT and Tf¢*VCt mice than
in TNl mice (Figure 5D). No significant increase in RBC
counts or Hb was evident in TfNP"N*! mice in response to ex-
ogenous Epo (Figure 5A-D). The findings in the TfN"N*l mice
were similar to those observed in certain hypoproliferative
anemias (ie, increased baseline Epo levels and poor respon-
siveness to exogenous Epo).®

As expected with induction of extramedullary hematopoiesis,
the splenic weight index was increased after Epo treatment in all
strains (supplemental Figure 5C). The magnitude of increase was
significantly smaller in TN-N-2I mice compared with Epo-treated
WT mice (supplemental Figure 5C). MCH remained decreased in
the Tf-mutant strains compared with WT mice (supplemental
Figure 5A). Reticulocyte counts showed a significant increase
in response to Epo treatment in WT and Tf<"<*! mice but not
in TN mice (supplemental Figure 5B). Thus, the TfcbVco!
mice demonstrated enhanced Epo responsiveness despite other
evidence of iron-restricted erythropoiesis. These observations
suggest that a normal iron restriction response depends on loss

MUTANT MONOFERRIC TRANSFERRIN MICE

of iron binding to the N lobe (or iron occupancy of the C lobe)
of Tf.

Monoferric Tf strains manifest a hemochromatosis
phenotype that is more pronounced with absence
of iron binding in the N compared with C lobe

We next examined whether the loss of iron binding to the N or
C lobe of Tf has differential effects on tissue iron parameters
and hepcidin signaling. Both Tf¢®/<#! and TMN-e/N- mice had
significant increases in hepatic iron concentrations compared
with WT mice, with a greater increase in TN®Nb! relative to
TfCPVCP mice (Figure 6A). Perls’ staining of liver sections showed
iron overload with hepatocellular distribution in both mutant
mice, with a more zonal distribution in the TfSPYCHl mice
(Figure 6B; supplemental Figure 6A,C). Splenic iron concen-
trations were decreased in both mutant strains relative to WT
mice (Figure 6C-D; supplemental Figure 6B,D). The hepatic iron
loading and splenic iron sparing were consistent with dysre-
gulation of hepcidin and led us to investigate serum hepcidin
and liver hepcidin (Hamp1) mRNA levels. Serum hepcidin was
lower in both TfSbVEbl and TNBNbBI mice; however, only the
TfN-BNLl mice were significantly different from WT mice (Figure
6E). Hepatic Hamp1 mRNA data showed the same profile
(supplemental Figure 6). Upon normalization to liver iron con-
centration, serum hepcidin levels were significantly lower than
WT in both strains and higher in the Tfc*V<b! relative to the
TfNBNBI mice (Figure 6F). Despite the substantially increased
hepatic iron concentrations in both mutants, significant differ-
ences were not detected in hepatic Bmpé or Bmp2 expression
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Figure 6. Monoferric strains produce a hemochromatosis phenotype that is more pronounced upon loss of iron binding in the N lobe. (A) Hepatic iron concentrations
were significantly higher in the TfN®/N®l strain than in the TfS*/<! strain and higher in both mutant strains than in WT (n = 9-10 mice per sex). (B) Enhanced Perls’ staining showed
higher iron in the TINPN®l gnd TfSEVCPI mice compared with WT. (C) Splenic iron concentrations were significantly lower in both the TfN"N0l and the Tf<*V<P! mice than in WT
mice (n = 10-12 mice per sex). (D) Enhanced Perls’ staining confirmed decreased splenic iron in the TfN-/N-bl and TIEEVEEI mice compared with WT littermates. (E) Serum hepcidin
levels were decreased in the TNl mice compared with WT (n = 11 WT females and n = 4-7 females for each mutant strain). (F) Upon normalization to mean liver iron
concentrations (LICs) for each strain, serum hepcidin values were significantly lower in both Tf-mutant strains compared with WT and significantly lower in the TfN®VN®l strain
compared with the Tf<®/<*! strain. Quantitative PCR data, presented as the fold change in expression relative to B-actin, demonstrated no significant differences in Bmpé mRNA
levels (n = 8-10 mice per sex) (G) or Bmp2 mRNA expression (n = 3-4 mice per sex) (H). Data are presented as Tukey box and whisker plots. Statistical significance was analyzed by
Kruskal-Wallis test or 1-way ANOVA. *P = .05, **P= .01, ***P = .001, ****P = .0001.
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Figure 7. The phenotype of heterozygous mice subtly mirrors much of the homozygous phenotype. Complete blood count parameters (n = 15-17 mice per sex)
demonstrated significant decreases in MCV in the Tf¢/* mice relative to Tf M0+ or WT mice (A), significant decreases in MCH in Tf* mice relative to TfN*"* mice (B), and
significant increases in reticulocyte count in the TIN®"+ mice relative to both Tf<*"* and WT mice (C). Tissue iron assays (n = 9-11 mice per sex) demonstrated a significant
increase in hepatic iron concentration in the TfN*"* male mice relative to Tf¢*"* and WT male mice (D) and significant decreases in splenic iron in the T+ females compared
with TN®+females and in TfS®/* males relative to both TIN*"* males and WT males (E). Data are presented as Tukey box and whisker plots. Statistical significance was analyzed

by Kruskal-Wallis or 1-way ANOVA. *P = .05, **P = .01, ***P = .001, ****P =< .0001.

(Figure 6G-H). The greater hepatic iron loading in TfNo/N-b!
relative to Tf<*V<*' mice was thus associated with lower hepcidin
expression and supports a model in which Tf-mediated signaling
to hepcidin is influenced by lobe-specific iron occupancy.

Heterozygosity for monoferric N vs C lobe Tf
differentially affects iron metabolism

and erythropoiesis

We analyzed heterozygous Tf lobe-mutant mice to determine if
alterations in the distribution of monoferric N and C Tf would
have phenotypic effects in the presence of a normal Tf allele.
Indeed, many of the erythropoietic alterations observed in ho-
mozygous mutants were subtly recapitulated in heterozygotes.
Specifically, MCV was decreased in Tf<*V* mice compared with
TNO+ and WT mice (Figure 7A). Tf¢®"* mice demonstrated
decreased MCH compared with TN+ mice (Figure 7B). TiN-6V*
mice demonstrated a modest increase in reticulocyte counts
compared with WT mice; they were also higher than those in
TS+ mice (Figure 7C). The hepatic iron concentration was
significantly higher in male TfN6V* mice relative to male WT and
TSP+ mice (Figure 7D). Lastly, splenic iron concentrations were
lower in Tf¢*"* mice compared with TfN*"* and WT mice in
males and with TN+ mice in females (Figure 7E). These data
suggest that even in the presence of diferric Tf, alterations in the
distribution of iron across N and C lobes modulate erythropoietic
indices and iron metabolism.

MUTANT MONOFERRIC TRANSFERRIN MICE

Discussion

Differences in physical, structural, and metal-binding properties
between the 2 Tf lobes have led to considerable interest in
potential functional consequences. Early studies suggesting that
iron delivery to reticulocytes? is specific to the Tf C lobe led to
the Fletcher-Huehns hypothesis* that circulating N vs C mon-
oferric Tf levels reflect tissue-specific utilization patterns and may
serve to regulate iron homeostasis. Indeed, the proportion of the
2 monoferric forms in humans is unequal and varies with iron
status.*’ However, subsequent ex vivo and animal studies testing
the Fletcher-Huehns hypothesis yielded inconsistent results, and
interest in the monoferric forms dissipated when they were
found to compete poorly with diferric Tf for binding to TfR1. As
such, evidence for the physiologic relevance of each of the 2 Tf
lobes has remained lacking. Observations in the TfN-0! and Tf®!
mice provide such evidence.

The TNBNBI gnd TSRl mice both had decreased iron avail-
ability for erythroid heme production, as manifested in elevated
zinc protoporphyrin levels and microcytic anemia. Although not
surprising, in that the monoferric forms can deliver only 1 iron
molecule per TfR1 cycle, it also indicates that the erythroid
precursors were unable to compensate by, for example, an
increase in receptor number. The lack of evidence for systemic
iron deficiency (ie, normal growth, similar TfR1 protein levels),
moreover, suggests that a shift toward monoferric forms might
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provide a mechanism for decreasing erythroid iron utilization
for heme when needed for other purposes.

Importantly, the phenotype of the Tf lobe-mutant mice cannot
be attributed simply to decreased iron delivery, because it did
not mimic other models in which Tf-mediated iron delivery is
impaired. The mutant mice differed from mice with dietary iron
deficiency by increased rather than decreased liver iron and (in
the case of the Tf<PVCbl mice) by increased RBC counts rather
than erythropenia. They differed from TfR1 hemizygous mice by
decreases in hepcidin and hepatic iron loading and absence of
reticulocytosis.®34? Although direct comparison was not possi-
ble, Epo responsiveness was unlikely to be different in the TfR1
hemizygous mice, because the hemoglobin concentration was
~97% of its control.33 Although the TSP mice demonstrated
some similarities to the TfR1 hemizygous strain, including in-
creased RBC counts and slightly decreased Hb levels, the TfN-b/N-
'mice differed from both by a lack of increase in circulating RBCs
despite increased serum Epo levels and anemia. Homozygous
hypotransferrinemic mice demonstrated marked erythropenia,
massive splenomegaly, and pronounced reticulocytosis,** which
were not seen in Tf lobe-mutant mice. Findings in the Tf lobe-
mutant mice suggest specific roles for monoferric forms of Tf
beyond iron delivery for heme, to include regulation of hepcidin
expression and Epo sensitivity.

There are several possible contributors to the observed hepcidin
suppression (Figure 6E; supplemental Figure 6) and hepatic iron
loading (Figure 6A-B) in the Tf lobe-mutant mice. TfR2 is a me-
diator of hepatic hepcidin regulation in response to iron status.**4¢
Possibly, diferric Tf is more effective than either monoferric form
in hepatocellular TfR2-mediated upregulation of hepcidin. As Tf
saturations fall and monoferric forms increasingly predominate
over diferric, they could plausibly compete for TfR2 occupancy
and attenuate hepcidin expression. Differences in liver iron
loading between the TN and TfS*' mice suggest that iron
occupancy of the N lobe may make transferrin a more effective
hepcidin upregulatory signaling molecule. These differences
were seen in homozygous (Figure 6A-B) as well as heterozygous
(Figure 7D, male) mice. The latter observation supports a role for
the monoferric forms of Tf in iron homeostasis, even in the
presence of diferric Tf and in the absence of anemia. The lack of
an increase in liver Bmpé and Bmp2 expression in the mutant
mice (Figure 6G-H), despite liver iron loading, raises the pos-
sibility that Tf contributes to sinusoidal Bmpé expression.*’ Erfe
is an important downregulator of hepcidin in iron-loading anemias®;
however, Erfe mRNA was only modestly increased in the marrow of
the Tf-mutant mice (Figure 3C), and serum levels remained
undetectable.

Observations in the Tf lobe-mutant mice demonstrated spe-
cific roles for each monoferric form in the regulation of Epo
sensitivity. Epo promotes erythroid precursor survival, pro-
liferation, and differentiation when iron is sufficient.*¢4° How-
ever, in iron deficiency, erythroblasts are relatively resistant to
Epo, contributing to hypoproliferative anemia. Our observa-
tions suggest that Tf lobe-specific iron occupancy influences
Epo responsiveness.

Although it is possible that the observed phenotypes were me-

diated by TfR1, we speculate that the effects of the monoferric
Tfs on Epo sensitivity were mediated via TfR2. TfR2 partners
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with the EpoR in erythroid precursors, with consequences on
EpoR availability and/or stability.’#¢3259-52 Mice receiving
transplants of TfR2™/~ bone marrow did not develop anemia or
further suppress hepcidin on an iron-deficient diet,'® strongly
suggesting that erythroid TfR2 is required for the iron restriction
response.'®32:50 Supporting a role for specificity of the Tf lobe
iron occupancy in this regulation are the striking similarities in
the erythroid phenotype between the Tf¢PVCb! mice reported
here and the TfR2 bone marrow knockout mice on a low-iron
diet.”® Both of these models failed to demonstrate the blunting
of Epo responsiveness anticipated with iron-deficient eryth-
ropoiesis. Both of these models contrasted with the TfN-e/N-#!
mice, where iron-limited heme production was associated with
expected suppression of Epo responsiveness.

Heterozygous N and C Tf lobe-mutant mice differed from WT
mice and from each other, suggesting that changes in the rel-
ative concentrations of N and C monoferric Tfs influence iron
metabolism and erythropoiesis, even in the presence of diferric
Tf. On the basis of these data, we speculate that iron occupancy
of the N lobe (including diferric Tf) would serve to indicate
relative circulating iron sufficiency. This model is supported
further by the preferential loading of iron initially onto the C lobe
of apotransferrin (facilitated by binding to ceruloplasmin)®® and
subsequent cooperative loading of iron onto the N lobe> when
available.

The studies presented here demonstrate that monoferric forms
of Tf are functionally important and functionally distinct. These
mice provide evidence of participation of the monoferric Tf
forms as signaling molecules in regulating hepcidin and Epo
responsiveness. The recent report that loss of erythroid TfR2
increases Epo sensitivity and improves erythropoiesis in mu-
rine thalassemia minor®® raises the possibility of reproducing
that effect in the presence of TfR2 using C-blocked Tf.
Moreover, measuring Tf forms in settings of Epo resistance
may be informative.
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