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RED CELLS, IRON, AND ERYTHROPOIESIS

A fully human anti-BMP6 antibody reduces the need for
erythropoietin in rodent models of the anemia of
chronic disease
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KEY PO INT S

l Combined anti-BMP6
antibody and EPO
treatment improves
systemic iron
availability and
reduces EPO needs for
the treatment of ACD.

l Modulation of
ferroportin on
erythroid precursors
results in reduced free
intracellular iron levels
and maturation of the
erythroid lineage.

Recombinant erythropoietin (EPO) and iron substitution are a standard of care for
treatment of anemias associated with chronic inflammation, including anemia of chronic
kidney disease. A black box warning for EPO therapy and concerns about negative side
effects related to high-dose iron supplementation as well as the significant proportion of
patients becoming EPO resistant over time explains the medical need to define novel
strategies to ameliorate anemia of chronic disease (ACD). As hepcidin is central to the iron-
restrictive phenotype in ACD, therapeutic approaches targeting hepcidin were recently
developed. We herein report the therapeutic effects of a fully human anti-BMP6 antibody
(KY1070) either as monotherapy or in combination with Darbepoetin alfa on iron me-
tabolism and anemia resolution in 2 different, well-established, and clinically relevant
rodent models of ACD. In addition to counteracting hepcidin-driven iron limitation for
erythropoiesis, we found that the combination of KY1070 and recombinant human EPO
improved the erythroid response compared with either monotherapy in a qualitative and
quantitative manner. Consequently, the combination of KY1070 and Darbepoetin alfa
resulted in an EPO-sparing effect. Moreover, we found that suppression of hepcidin via

KY1070 modulates ferroportin expression on erythroid precursor cells, thereby lowering potentially toxic-free in-
tracellular iron levels and by accelerating erythroid output as reflected by increased maturation of erythrocyte
progenitors. In summary, we conclude that treatment of ACD, as a highly complex disease, becomes more effective by
amultifactorial therapeutic approach uponmobilization of endogenous iron deposits and stimulation of erythropoiesis.
(Blood. 2020;136(9):1080-1090)

Introduction
Erythropoietin (EPO), the master regulator of red blood cell
(RBC) production, is known to act on several erythroid progenitor
stages, as it promotes erythroid lineage commitment as well as
survival and proliferation of late erythroid progenitors.1-4

Anemia of inflammation or anemia of chronic disease (ACD) is
the most prevalent form of anemia in hospitalized patients and a
common disease-related complication in rheumatoid arthritis,

chronic kidney disease (CKD), inflammatory bowel disease, can-
cer, and infectious diseases.5-14 As anemia negatively impacts
quality of life, patients’ cardiovascular performance, and meta-
bolic activities, therapy is warranted but often challenging.15-17

Besides insufficient EPO production, especially in patients suf-
fering from CKD, reduced EPO sensitivity of the erythron con-
tributes to anemia.18 Taken together, this is often referred to as
“EPO hyporesponsiveness.” Moreover, functional iron deficiency
due to inflammation-driven high production of hepcidin is central
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to the pathophysiology of ACD.7,19-22 Hepcidin is a small liver-
derived hormone controlling systemic iron availability. It binds to
the only known iron exporter, ferroportin-1 (FPN), inducing its
internalization, thus hampering cellular iron export. Accordingly,
elevated hepcidin levels prevent iron uptake from the duodenum
and withhold iron within the mononuclear phagocyte system,
leading to hypoferremia and iron-restricted erythropoiesis.23

Moreover, it was found that erythroblasts and mature RBCs
express FPN throughout erythroid maturation. Consequently,
excess iron that is not used for heme synthesis can effec-
tively be exported by these cells, and an intact FPN-hepcidin
axis was found to be critical for erythropoiesis in mice and
humans.24,25

Studies in patients with CKD have shown that EPO hypores-
ponsiveness can be ameliorated to a certain degree with con-
comitant administration of IV iron, highlighting the critical
interplay of sufficient iron supply and EPO function for a sus-
tained erythroid output.7,8,26-29 Higher IV iron doses that resulted
in higher ferritin levels were more effective in achieving the
desired reduction in EPO dose in anemic hemodialysis pa-
tients.30 Consequently, iron administration is an established
strategy to enhance erythropoiesis stimulating agent (ESA)-
related responses, as recommended by international guidelines
(Kidney Disease: Improving Global Outcomes) in patients suf-
fering from CKD.31 Thereby the beneficial effect of iron is pri-
marily linked to the increase in transferrin saturation (Tf-Sat).32-34

Mechanistically, this may partly be linked to iron-mediated
stimulation of EPO-receptor surface expression via transferrin
receptor-2–dependent increase of Scribble formation.35 How-
ever, iron administration implicates the risk of secondary iron
overload, causing generation of labile cellular iron accompanied
by the risk of infection, oxidative stress, cardiovascular com-
plications, and mortality.33,6-40 Moreover, clinical trials in patients
with CKD emphasized possible adverse outcomes related to
EPO therapy, including stroke and venous thromboembolic
disease. In addition, in being a pleiotropic growth factor, EPO
was linked to malignancy progression, which has made EPO
therapy less appealing than it used to be.41-43

Therapeutic strategies targeting hepcidin expression or circulatory
concentrations havebeenhighlighted as a possible solution to ESA
hyporesponsiveness as well as toxic iron overload.44 Both bone
morphogenetic protein (BMP)2 and BMP6 critically control hep-
cidin transcription via the BMPR/SMAD pathway, making an anti-
BMP6 treatment strategy a promising therapeutic approach.45-52

Moreover, the erythroid cell–derived peptide erythroferrone
(ERFE) was shown to trap BMP6, consequently suppressing
hepcidin formation in times of stimulated erythropoiesis,
highlighting the importance of BMP6-mediated signaling for
hepcidin induction.53

We herein report that a BMP6 targeted therapy (KY1070) re-
verses hepcidin-mediated iron restriction and improves systemic
iron availability and anemia when used as amonotherapy in vivo.
KY1070 in combination with EPO synergistically acts toward
anemia correction. Therefore, KY1070 drastically reduces EPO
need in the treatment of ACD in animal models. Mechanistically,
we demonstrate that the more sustained and mature erythroid
output is not solely mediated by increased systemic iron avail-
ability and erythroid cell proliferation, but also driven by an
increased FPN expression on erythroid progenitor cells causing

reduced concentrations of free, potentially toxic intracellular
erythroid iron. Using an anti-BMP6 antibody is a novel approach to
treat ACD, which synergizes with ESA as an efficient therapy.

Materials and methods
Animals
All animals had free access to food and water and were housed
according to institutional and governmental guidelines in the
animal facility of the Medical University of Innsbruck. All animal
experiments were approved by the Austrian Federal Ministry
of Science and Research (BMWF-66.011/0146-WF/V/3b/2017,
BMWF-66.011/0101-WF/V/3b/2017, and BMWFW-66.011/0177-
WF-/V/3b/2017). Additional details on the experimental proce-
dures performed inmice and rats, including the different diets, are
provided in the supplemental Data, available on the Blood
Web site.

Antibody generation
KY1070 was generated using the Kymouse with a Bmp6 gene
knockout containing human immunoglobulin genes producing
human antibodies.54 More details are provided in the supple-
mental data.

In vitro testing of KY1070
All details on surface plasmon resonance binding, the
HepG2 Hamp luciferase reporter gene assay, HepG2 cell culture
experiments, and the receptor dimerization assay are provided
in the supplemental Data.

Plasma biochemistry and complete blood count
Blood was collected via retroorbital puncture into heparinized
tubes, and plasma was prepared. Details on iron, transferrin,
hepcidin, EPO, and blood urea nitrogen determination are
provided in the supplemental Data.

Complete blood count analysis was performed using a Vet–
Animal Blood Counter (ABC) (Scil Animal Care Co. GmbH,
Viernheim, Germany).

Flow cytometry analysis
For quantification of cellularity of late erythroid progenitors,
bone marrow was flushed from femurs with phosphate-buffered
saline (PBS). For determination of blood neutrophils, RBCs were
removed by lysis with an ammonium-chloride-potassium lysis
buffer. Cell suspensions were then stained with fluorochrome-
conjugated antibodies. Further details and antibody specifica-
tions are provided in the supplemental Data. All data were
acquired on a Gallios Flow Cytometer or CytoFLEX S (both by
Beckman Coulter, Brea, CA) and analyzed with FlowJo software
(Flow Jo LLC, Ashland, OR). For cell sorting, a FACSAria I device
(Becton Dickinson, Franklin Lakes, NJ) was used.

Western blot analysis and tissue iron determination
Protein extraction and western blotting were performed as de-
scribed previously.55 Tissue iron was quantified using a colorimetric
methodwith bathophenanthroline disulfonic acid.56 Antibodies and
further details are provided in the supplemental data.
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RNA extraction and quantitative real-time
polymerase chain reaction
Quantitative polymerase chain reaction was performed as de-
scribed previously.55 Additional details on primer sequences and
analysis are provided in the supplemental Data.

Statistics
Statistical analysis was performed using Prism software (version
7; GraphPad, La Jolla, CA) and R (packages tidyverse, stats, and
models; https://www.r-project.org/). Results are expressed as
means 6 standard error of the mean (SEM). A value of P , .05
was considered statistically significant. All further details are
provided in the supplemental Data.

Results
Characterization of the fully human, highly BMP6
specific antibody KY1070
First, we investigated the binding kinetics of KY1070 to human
BMP6 and other species via surface plasmon resonance. To
obtain genuine dissociation constant (KD) values of a 1:1 in-
teraction, monovalent Fab fragments were used giving a Kd

value of 140 pM for binding to recombinant human BMP6. Next,
cross-reactivity for human, mouse, and rat BMP6 was established
using recombinant BMP6 of the respective species in a
HepG2 Hamp luciferase reporter gene assay, which revealed
that KY1070 was able to neutralize BMP6 from all 3 species with
comparable efficacies (Figure 1A).

To exclude cross-reactivity against related BMP family members,
binding of human BMP2, BMP4, BMP5, BMP7, and BMP9 was
tested. No inhibitory effects of KY1070 on either of these BMP-
induced Hamp promoter activiies at KY1070 concentrations up
to 600 nM could be detected (Figure 1B; supplemental
Figure 1A-C).

As heterodimerization of type I and type II BMP receptors
(BMPR) is needed to mediate BMP-induced signaling, the im-
pact of BMP6 inhibition of this receptor dimerization was
characterized. Transfected U2OS cells carrying modified human
BMPR1A (type I) and BMPR2 (type II), intracellularly tagged with
inactive enzyme subunits, revealed that KY1070 effectively
inhibited BMP6-induced heterodimerization (Figure 1C).

To verify the specificity of KY1070 also in vivo, we administered
either a human immunoglobulin 4 (IgG4) Isotype antibody
(Isotype) or KY1070 to healthy Bmp6-wt mice and Bmp6-
deficient (Bmp62/2) mice (supplemental Figure 2A). Although
Bmp6-wt animals reacted to a single injection of KY1070 with a
significant decrease in hepatic Hamp messenger RNA (mRNA)
after 3 days, which was paralleled by an increase in plasma iron
levels, neither hepatic Hamp mRNA nor plasma iron levels were
changed in BMP62/2 mice (Figure 1D). Thus, in the absence of
BMP6, KY1070 has no effect on hepatic hepcidin production and
consequently has no effect on plasma iron levels.

KY1070modulates Darbepoetin alfa (EPO)-induced
erythroid response in healthy rodents
Next, we studied the effects of KY1070, Darbepoetin alfa (EPO),
and the combination of both on iron homeostasis in healthy
rodents (supplemental Figure 2B-C). To verify specificity of the

reported antibody effects, we included a vehicle-treated control
group (PBS) and an EPO single-treatment group in our first set
of mouse experiments. Among all the analyzed parameters,
treatment with a human IgG4 Isotype antibody did not cause any
significant differences, so the PBS/Isotype-treated animals will
be referred to as “control animals” and the EPO6 IgG4 Isotype-
treated mice will be referred to as EPO group (Figure 2A-D).

Inmice, a single application of KY1070, EPO, or a combination of
both significantly reduced hepatic Hamp mRNA levels after
3 days. Interestingly, the combination regimen reduced Hamp
expression to nearly undetectable levels (Figure 2A). Upon ef-
fective hepcidin suppression by EPO and KY1070, only KY1070-
treated animals showed a concomitant increase in plasma iron
levels, Tf-Sat, and hepatic iron content. In contrast, EPO-treated
mice showed a trend toward decreased iron parameters but
higher erythropoietic output as reflected by reticulocytosis,
suggesting that EPO-mobilized iron is immediately consumed
by the bone marrow for erythropoiesis. Notably, combination of
KY1070 with EPO had a double-positive effect, resulting in an
effective erythropoietic output together with a balanced iron
metabolism (Figure 2B-D).

In rats, KY1070, EPO, and the combination treatment showed
comparable effects to the murine data on plasma iron, hepcidin
levels, Tf-Sat, and reticulocytes after 3 days (supplemental
Figure 3A-C). In addition, we analyzed rats 21 days after a single
KY1070 6 weekly EPO injection. Even 21 days after a single
KY1070 administration, hepatic Hamp mRNA levels were still
effectively suppressed, being lowest among animals receiving
combination treatment (Figure 2E). Moreover, EPO and double-
treated rats had higher Hgb and mean corpuscular volume
(MCV) levels (Figure 2F). However, an increased reticulocyte
count was only detectable in rats receiving EPO monotherapy,
but not among rats receiving the combination therapy
(Figure 2G). The latter observation suggests that the high MCV
levels seen in EPO-treated mice is due to a washout of the
erythroid progenitors/reticulocytes, which are larger in size,
whereas the combination therapy results in higher MCV levels
due to a higher iron content. This is further substantiated by
results from flow cytometric analysis of erythroid progenitors in
the bone marrow: EPO-treated rats had a shift toward signifi-
cantly higher progenitor populations (population I to III) and less
mature RBCs (population IV) as compared with rats receiving the
combination therapy. Importantly, total cell numbers were
equally increased among both treatment groups (Figure 2H;
supplemental Figure 3D-E). In summary, combination treatment
causes a more sustainable mature erythroid output over time.

KY1070 suppresses hepcidin levels during
inflammation and synergizes with EPO in ACD
treatment efficacy
To evaluate the efficacy of our anti-BMP6 antibody in a thera-
peutic setting, we administered KY1070 in a well-established
rat ACD model.20 Two weeks after group A streptococcal
peptidoglycan-polysaccharide administration, exposed rats de-
veloped arthritis with concomitant inflammation and elevated
hepcidin levels, characteristic of ACD (supplemental Figure 4A-C).
Rats were randomized according to Hgb level at time point
“week 0” and assigned to treatment with either Isotype, KY1070,
EPO, or a combination thereof. Four weeks after start of treat-
ment, Isotype-treated ACD rats developed anemia, and each
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monotherapy only moderately ameliorated Hgb levels. How-
ever, combination of KY1070 and EPO completely corrected
anemia with Hgb levels and increased the number of RBCs
compared with healthy control animals (Figure 3A). Furthermore,
the MCV and mean corpuscular hemoglobin (MCH) were both
increased in KY1070-treated rats, yet being only significant in
animals treated with the combination therapy (Figure 3A). Again,
higher MCV and MCH levels seen in these rats reflected higher
erythroid iron content rather than a release of immature ery-
throid precursors, as reticulocyte numbers were not increased
(supplemental Figure 4D). Alongside this sufficient iron mobi-
lization in KY1070-treated animals, plasma hepcidin levels
were substantially decreased, and Tf-Sat remained elevated
throughout the whole study period, thereby having an even
more pronounced and statistically significant effect seen when
combined with EPO administration (Figure 3B-C; supplemental
Figure 4E-F). Interestingly, despite massive erythroid iron con-
sumption leading to improvement of RBC parameters, the
combination of KY1070 and EPO kept Tf-Sat at levels seen in
healthy animals.

To gain insight into the mechanism of action, we analyzed
pSMAD 1/5/9 levels in the livers of ACD rats, which have either
been treated once with Isotype antibody or KY1070 after 3 days.
As shown in supplemental Figure 5, pSMAD 1/5/9 levels were

increased in ACD rats with high Hamp levels and normalized if
KY1070 was applied.

As EPO represents a standard of care in the treatment of
anemia in CKD, we next sought to corroborate the synergistic
effects of the combination therapy observed in the rat arthritis
model in a CKD mouse model, representing another form of
ACD57 (supplemental Figure 6A-I). In this model, the combi-
nation of KY1070 and EPO resulted in normalization of Hgb
levels, RBC count, MCV, and MCH. Monotherapy with either
drug also ameliorated Hgb levels, which was however not
comparable to the effects seen in animals treated with com-
bination therapy (Figure 3D; supplemental 7B). Of note, we
could not discern any effects of combined therapy on systemic
or local inflammatory hallmarks, such as blood granulocyte
levels or cytokine gene expression in the kidney (supplemental
Figure 7C-D).

Interestingly, as shown in Figure 3E, endogenous EPO levels
were highest in CKD animals, normalized in KY1070- and EPO-
treated animals, but significantly decreased in mice exposed to
the combination therapy. As EPO production is mainly driven by
tissue hypoxia, these results suggest a quantitative and quali-
tative improvement in erythropoiesis leading to improved
oxygen tissue supply under the combination therapy. Of
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Figure 1. Specificity and activity of KY1070. (A) Cross-reactivity of KY1070 against human, rat, andmouse BMP6 was tested using a HepG2Hamp luciferase reporter gene cell
line. After assessing the assay window using a range of concentrations, a fixed concentration of recombinant human, rat, or mouse BMP6 of 10 nM was used. KY1070 inhibition
curves were generated by titration starting at a final concentration of 600 nM. A human IgG4 isotype control was included in each assay. (B) KY1070 specificity was tested against
human BMP5 and BMP7. HepG2 Hamp luciferase reporter gene cells were stimulated with a fixed concentration of recombinant human BMP5 or BMP7 of 10 nM. Inhibition
curves for KY1070 were generated by titration starting at a final concentration of 600 nM. A titration of commercially availablemurine anti-BMP5 and anti-BMP7 antibodies as well
as a human IgG4 isotype control was included. (C) BMPR1A/ BMPR2 dimerization assay performed in transfected U2OS cells. Dimerization was induced using human BMP6
(Peprotech 120-06) used at a fixed final concentration of 200 ng/mL. KY1070 inhibition curves were generated by titration starting at a final concentration of 600 nM. A human
IgG4 isotype control was included. (D) Liver HampmRNA levels and plasma hepcidin levels of Bmp6 wild-type and Bmp62/2 mice determined 3 days after a single injection of
IgG4 isotype antibody (3 mg/kg; n 5 4 [Bmp6 Wt]; n 5 8 [Bmp6 2/2]) or KY1070 (3 mg/kg; n 5 5 [Bmp6 wild type]; n 5 9 [Bmp6 2/2]). Unpaired Student t test was applied for
comparison between genotypes for panel D. Data are presented as means 6 SEM. **P , .01. RLU, relative light units.
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Figure 2. KY1070 effectively suppresses hepcidin levels in healthymice and rats and leads to an improved erythroid output in combinationwith Darbepoetin alfa over
time. (A-D) Healthy C57BL/6N mice were treated with a single dose of either PBS (n 5 5), IgG4 isotype control (3 mg/kg; n 5 5), KY1070 (3 mg/kg; n 5 5), Darbepoetin alfa
(10 mg/kg; n5 5), Darbepoetin alfa and IgG4 isotype control (n5 5), or KY1070 and EPO (n5 5). LiverHampmRNA levels (A), plasma iron (B), Tf-Sat, hepatic tissue iron levels (C),
and reticulocyte counts (D) (shown as %Thiazol Orangepos) were determined 3 days after indicated treatments. (E-G) Healthy Lewis rats were treated with IgG4 isotype control
(3 mg/kg; n5 6), KY1070 (3 mg/kg; n 5 7), Darbepoetin alfa (10 mg/kg; n 5 7), or KY1070 and EPO (n5 7). Liver HampmRNA levels (E), hemoglobin levels (Hgb) (F), MCV, and
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Flow cytometric analysis of rat bone marrow erythropoiesis at the end of treatment in rats of all different treatment groups. Representative dot plots for Lineageneg cells with
percentages of the different erythropoietic populations (I to IV) per femur are given; basophilic cells (I), polychromatic cells (II), orthochromatic cells and reticulocytes (III), and
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importance, injected recombinant human Darbepoetin alfa is
not detected with this enzyme-linked immunosorbent assay.
Higher EPO levels in CKD mice may seem to be contrary to
expectations. However, comparison of EPO levels in phlebo-
tomizedmice, having the sameHgb values, show that EPO levels
in untreated CKD mice were inappropriately low in relation to
the observed anemia (supplemental Figure 6J-K).

Plasma hepcidin levels, iron, and Tf-Sat in treated CKD mice
paralleled the results seen in ACD rats, underlining our hy-
pothesis that the combination of EPO and KY1070 acts in a
superadditive manner on erythroid output: combination
therapy caused the strongest increase in plasma iron levels
and a significant increase in Tf-Sat (Figure 3F). This confirmed
the results obtained in healthy C57BL/6N mice; the addition
of an isotype to EPO treatment did not lead to any significant
differences in CKD mice (supplemental Figure 8A-E). In-
triguingly, analysis of CKD mice 3 days after the last injec-
tion revealed that EPO monotherapy is also sufficient to
lower hepcidin levels, which is in agreement with previous
reports52,58,59 (supplemental Figure 8F-G), but levels were
again lowest in double-treated animals. Thus, EPO-mediated
hepcidin suppression is only transient, whereas an anti-BMP6
antibody-mediated effect is long lasting, especially when
combined with EPO.

Inhibition of hepcidin by KY1070 is independent
of ERFE
KY1070 targets BMP6, which is also sequestered by ERFE for
EPO-mediated hepcidin suppression.53 To gain insight if therapy
with KY1070 alters ERFE-mediated hepcidin suppression, we
measured ERFE levels in the plasma of our CKDmice by enzyme-
linked immunosorbent assay at 2 different time points (at day 3
and 1 week after last treatment). Although ERFE was upregu-
lated in wild-type mice 12 hours after a single EPO dose, ERFE
was no longer detectable in the plasma of CKD mice (supple-
mental Figure 9A-B). In parallel, in vitro experiments, using
HepG2 cells, did not show any interference between the effects
of KY1070 and ERFE on Hamp mRNA levels (supplemental
Figure 9C). Based on these in vitro and in vivo data, we conclude
that the long-lasting effect of KY1070-mediated hepcidin sup-
pression in combination with EPO is independent of ERFE.

Combining EPO and KY1070 leads to an
EPO-sparing effect in a rat arthritis model for ACD
Based on our observations that rats treated with a combination of
KY1070 andEPOdisplayedHgb levels, which exceeded those seen
in healthy rats (Figure 3A), we next wanted to test the hypothesis
that addition of KY1070 to an EPO treatment regimen helps to
effectively reduce EPO doses needed to correct anemia. As EPO

A

Control ACD | Isotype ACD | KY1070 ACD | EPO ACD | KY1070 + EPO

30

Hgb

15

0

g/
dL

***
***

*

16

RBC

8

0
10

6 /
L

***
***

*

70

MCV

50

30

fL

***
***

22

MCH

16

10

pg

**
***

140

Plasma Hepcidin

70

0

ng
/m

L

***
100

Tf-Sat

50

0

%

*
*300

Plasma Iron

150

0

g
/d

L

*

C

20

Hgb

10

0

g/
dL

***
***

*
**

16

RBC

8

0

10
6 /

L

***
**

***

60

MCV

50

40

fL

***
***

**

20

MCH

10

0

pg

***
***

**

D

400

Plasma EPO

200

0

pg
/m

L

***

*

E

260

Plasma Iron

130

0

g
/d

L

***

*

**
100

Tf-Sat

50

0

%

***
**

F

2000

Plasma Hepcidin

1000

0

ng
/m

L

1.8

Liver Hamp

0.9

0.0Re
la

tiv
e 

ab
un

da
nc

e
Ha

m
p/

Hp
rt ** **

Control

CKD | Isotype

CKD | KY1070

CKD | EPO

CKD | KY1070 + EPO

G

B
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monotherapy displayed limited efficacy under inflammation in our
rat arthritis model, EPO hyporesponsiveness can be postulated. To
examine such an EPO-sparing effect, experiments were designed
tomirror ACDpatient evaluation and treatment. In detail, treatment
(EPO alone or in combination) was started only if Hgb values
dropped below a predefined value (,13.5 g/dL, normal Hgb levels
in healthy rats ;16 g/dL), and Hgb values were then weekly
reevaluated. Once treatment started, additional EPO was only
administered if Hgb values were below the average level of healthy
control rats (for details see supplemental “ACD rats EPO-sparing
protocol” and supplemental Figure 10). First, KY1070 in combi-
nation with EPO again dramatically boostedHgb levels, normalized
MCV and MCH, and triggered changes in iron homeostasis ac-
cordingly (supplemental Figure 11A-B). Second, the number of
additional EPO doses at week 1 to 4 given to rats treated with EPO
alone was higher at every week compared with rats receiving the
combination therapy. Taken together, these weekly differences in
EPO requirement in total resulted in an;65% reduction of the total
cumulative EPO dose (Figure 4A-C).

KY1070 increases the sensitivity to EPO in the
murine CKD-associated anemia model
Next, different concentrations of KY1070 (0.1 to 3 mg/kg) and EPO
(0.01 to 10 mg/kg) were combined to treat the murine CKD-
associated anemia. Hematological responses were evaluated and
compared with Isotype-treated animals. In this setting, 1 mg/kg EPO,
combined with any tested KY1070 concentration, proved to be ef-
fective in rising Hgb values, whereas 1mg/kg EPO as amonotherapy
hadnoeffect onHgb levels. Inotherwords, additionofKY1070made
an ineffective EPO dose effective. Strikingly, a further 10 times lower
EPOdose (0.1mg/kg) combinedwith 1mg/kg KY1070was sufficient
to significantly augment Hgb levels (Figure 4D).

Based on clinical practice, where physicians evaluate the efficacy
of anemia treatment by an increase in Hgb levels, we fed the
data presented in Figure 4D to a first-order linear model to
quantify therapeutic efficacy of each drug alone and their in-
teraction on Hgb response (supplemental Figure 12). Thereby,
effects of each individual drug and their interaction were highly
significant, suggesting superadditive effects of the combination
treatment. Applying the modeling results, we then calculated
the amounts of EPO and KY1070 required to increase Hgb
by 2 g/dL. To achieve such a therapeutic effect, high EPO
(4.4 mg/kg) and high KY1070 doses (7 mg/kg) as a monotherapy
would be needed (supplemental Figure 12B). Combined treat-
ment, however, can effectively lower the required EPO dose.
For example, inclusion of 3 mg/kg KY1070 in the treatment
protocol allows reduction of EPO by 73% down to 1.2 mg/kg.

KY1070 treatment increases FPN expression
among erythroid progenitor cells and effectively
reverses high intracellular iron levels
Recent studies indicate that intracellular iron levels, which are
influenced by FPN expression on erythroid progenitor cells, are a
critical regulator of oxidative stress during erythroid develop-
ment.25 In addition, these cells actively contribute to systemic
iron homeostasis and are decisive for anemia development.24,25

Since we identified an improved erythroid output together with
higher Tf-Sat and suppressed hepcidin levels in our rodent
models of ACD receiving combination therapy, we wanted to
test the hypothesis that KY1070 upregulates FPN levels on
erythroid progenitor cells allowing iron to be exported. To this

end, we triggered high hepcidin levels via daily iron applications
in C57BL/6N mice and concomitantly treated them with Isotype,
EPO, KY1070, or a combination of the 2 latter (supplemental
Figure 13A). The combination of iron and EPO mimics the
standard approach in CKD anemia management. KY1070 treat-
ment, irrespective of EPO therapy, lowered hepcidin levels
comparable to those of PBS-treated control mice, an effect that
could not be achieved by EPO monotherapy (Figure 5A). Ac-
cordingly, western blot analysis of FPN on magnetic-activated
cell sorting–separated bone marrow erythroid progenitor cells
revealed the lowest FPN protein levels after EPO treatment,
higher levels in KY1070 treated mice, and normalized levels in
double-treated animals (Figure 5B; supplemental 13B). Consistent
with the differences seen in FPN protein levels, intracellular iron
levels (quantitated by a Calcein-AM–based flow cytometric
approach60) were highest in iron plus EPO-treated mice at all
erythroid developmental stages (Figure 5C). In contrast, high-
intracellular iron levels among erythroid progenitor cells can ef-
fectively be reduced by KY1070-mediated hepcidin suppression.

Consistent with these findings, we found the lowest bone
marrow iron content and significantly increased Fpn protein
levels in the bone marrows and RBCs of CKD mice receiving the
combination therapy (supplemental Figure 14A-E). Moreover,
western blot analysis of sorted erythroid progenitor cell pop-
ulations (population III and IV; supplemental Figure 13C) also
revealed higher FPN protein levels in the respective population
(supplemental Figure 14F). Taken together, these findings un-
ravel a new mechanistic insight for effective erythroid output in
the context of ACD (see visual abstract).

Discussion
Despite treatment of the underlying disease, anemia manage-
ment remains a major challenge in many chronic diseases.14 EPO
and IV iron replacement therapy are integral parts of ACD
therapy at present.16,61,62 However, both were associated with
possible negative side effects, leading to the development of
alternative anemia treatment approaches such as hypoxia-
inducible factor prolyl hydroxylase inhibitors (HIF-PHIs) and
anti–hepcidin compounds.50,63-67 Herein, we systematically eval-
uated the therapeutic efficacy of an anti-BMP6 antibody, which
has been developed to counteract BMP6-induced hepcidin ex-
pression for the treatment of ACD.

In line with previous studies, employing alternative anti–
hepcidin treatments or hepcidin knockout mice, we could show
that decreasing hepcidin levels via an anti-BMP6 antibody could
improve anemia caused by inflammation to some extent, as seen
with EPO treatment.49,66,68,69 Importantly, we found that the
combination of both EPO and KY1070 led not only to im-
provement of multiple RBC parameters (Hgb, MCV, MCH, and
RBC) in a superadditive manner but also to increased Tf-Sat
compared with EPO monotherapy. Although we could not find
any interplay of KY1070 therapy with ERFE in our models, we
could trace this effect back to augmented FPN levels among
erythroid precursor cells due to reduced hepcidin levels. In light
of published literature and based on our own results, we assume
that high FPN expression on erythroid cells prevents accumu-
lation of potentially toxic labile iron and catalysis of reactive
oxygen species ultimately leading to insufficient erythroid
output.24,25 Consequently, exported iron from erythroblasts is
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no longer detrimental for developing erythroid cells but avail-
able for erythropoiesis. Thus, besides EPO’s proliferative effect,
KY1070-mediated hepcidin suppression leading to improved
iron mobilization is needed, and either therapy alone is not as
effective as if combined (see visual abstract). Although ROS
formation leads to oxidative stress and apoptosis, which rep-
resents a well-established pathomechanism in b-thalassemia,
such a phenomenon is yet to be described in ACD.70-72

Therefore, combining KY1070 with other anemia treatment
strategies can deliver an enhanced response in ACD patients, by
reverting putative negative effects of iron-mediated oxidative
stress within erythroid progenitors.

Furthermore, we could provide compelling evidence that ap-
plication of KY1070 resulted in a significant reduction of EPO

levels required to achieve the desired hematological response.
Thus, hypoproliferative anemia could effectively be reverted via
ensuring a sufficient iron supply via repression of hepcidin ac-
tivity. This is of clinical importance, as EPO hyporesponsiveness
resulting in subsequent use of high EPO doses in patients with
CKD was associated with an adverse clinical outcome, even
though the underlying mechanisms explaining higher morbidity
and mortality rates remain elusive thus far.31,41,42,73 However,
published data suggest that the required dose of EPO and not
Hgb per se or the iron doses were pivotal in determining
outcomes.74,75

Thus, our alternative approach aiming to lower the EPO re-
quirement may eventually circumvent these adverse effects.
Indeed, application of KY1070 increases EPO sensitivity during
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inflammation in murine CKD. This is reflected by a reduction of
EPO dosing to 10% of the amounts required for EPO mono-
therapy to achieve anemia correction when combined with
KY1070. This effect is indicative that EPO hyporesponsiveness
could be overcome, and thus, the use of high recombinant EPO
doses could be avoided in this murine CKD anemia model.

Such a dose reduction has been proposed to be one of the
benefits of the before-mentioned HIF-PHIs. Application of these
drugs has been shown to result in lower circulating EPO levels
rather than the high-peak concentrations seen after recombinant
EPO treatment.76 In addition, HIF-PHIs are reported to increase, at
least partially, iron availability, resulting in a significant reduction in
iron supplementation needs.76,77 However, this effect cannot be
ascribed to a direct inhibition of hepcidin, as is the case for
KY1070.78 Of importance, HIF-PHIs have potential adverse ef-
fects, including higher VEGF expression and the potential in-
duction of pulmonary artery hypertension or tumor growth.63

Some clinical trial data suggest that physicians nowadays, by
using higher IV iron doses, may trade off lower EPO doses
against the potential toxic iron overload, causing parenchymal
iron toxicity over time.32 Several clinical studies point to an in-
creased risk of infection and reduced overall survival in iron-
treated patients who exceed certain ferritin cutoff levels;
however, this was not seen in other studies.79-82

In summary, we could show the potential of KY1070 to reduce EPO
need in animal models of ACD without the need of additional iron
administration, making it an attractive opportunity in the treatment
of patients avoiding the undesired and potentially life-debilitating
effects of high dosages of EPO and/or IV iron. Mechanistically,
combination therapy increases erythroid cell proliferation and RBC
hemoglobinization and also improves the maturation of RBCs by
reducing free cytotoxic iron in developing erythroid cells.
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