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1 | INTRODUCTION

Erythropoiesis and iron metabolism are closely related, as iron is

critical for the production of red blood cells, and erythropoiesis is an

| Yves Beguin?

Abstract

Hematopoietic cell transplantation (HCT) brings important alterations in erythropoie-
sis and iron metabolism. Hepcidin, which regulates iron metabolism, increases in iron
overload or inflammation and decreases with iron deficiency or activated erythropoi-
esis. Erythroferrone (ERFE) is the erythroid regulator of hepcidin. We investigated
erythropoiesis and iron metabolism after allogeneic HCT in 70 patients randomized
between erythropoietin (EPO) treatment or no EPO, by serially measuring hepcidin,
ERFE, CRP (inflammation), soluble transferrin receptor (sTfR, erythropoiesis), serum
iron and transferrin saturation (Tsat; iron for erythropoiesis) and ferritin (iron stores).
We identified biological and clinical factors associated with serum hepcidin and ERFE
levels. Serum ERFE correlated overall with sTfR and reticulocytes and inversely with
hepcidin. Erythroferrone paralleled sTfR levels, dropping during conditioning and
recovering with engraftment. Inversely, hepcidin peaked after conditioning and
decreased during engraftment. Erythroferrone and hepcidin were not significantly
different with or without EPO. Multivariate analyses showed that the major determi-
nant of ERFE was erythropoiesis (STfR, reticulocytes or serum Epo). Pretransplant
hepcidin was associated with previous RBC transfusions and ferritin. After transplan-
tation, the major determinants of hepcidin were iron status (ferritin at all time points
and Tsat at day 56) and erythropoiesis (sTfR or reticulocytes or ERFE), while the
impact of inflammation was less clear and clinical parameters had no detectable influ-
ence. Hepcidin remained significantly higher in patients with high compared to low
pretransplant ferritin. After allogeneic HCT with or without EPO therapy, significant
alterations of hepcidin occur between pretransplant and day 180, in correlation with

iron status and inversely with erythroid ERFE.

essential actor in the regulation of hepcidin, the regulator of iron
metabolism.*

Hepcidin limits iron absorption by the gut and iron release by
macrophages and hepatocytes through binding to and degradation of
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ferroportin, the iron exporter protein, or through occlusion of its cen-
tral cavity.2~> Hepcidin synthesis is up-regulated by iron overload and
inflammation leading to reduced iron availability, and down-regulated
by iron deficiency, anemia, erythropoiesis and hypoxia, thereby better
meeting iron requirements during erythrocyte production.®>

Iron regulates hepcidin production through Bone Morphogenetic
Protein-2 and 6 (BMP-2 and BMP-6), acting via their receptors and
co-receptors including hemojuvelin (HJV). This induces a phosphoryla-
tion cascade leading to activation of the SMAD1/5/8 complex that
binds to SMADA4, translocates into the nucleus, binds BMP response
elements and induces HAMP gene transcription.””” Matriptase-2, a
protease encoded by the TMPRSS6 gene, causes reduced activation
of the BMP-SMAD pathway upon BMP binding to its receptor and
HJV.>® Mutations in matriptase thus induce large excesses of
hepcidin leading to Iron-Resistant Iron Deficiency Anemia.’ Iron also
regulates hepcidin expression by activating the SMAD pathway
through the HFE/TFR1/TFR2 complex independently of BMP.>10

Inflammation-based regulation is mainly dependent on inflam-
matory cytokines such as interleukin-6 (IL-6), which upregulates
hepcidin expression by activating the IL-6 receptor-JAK2-STAT3
pathway, the later binding to STAT3-responsive elements in the
hepcidin promoter to induce its transcription.>*%2 |n addition, the
BMP-SMAD pathway is also involved in hepcidin production during
inflammation. 2

Erythropoiesis inhibits hepcidin expression more efficiently than
anemia or hypoxia.*® A rapid, persistent drop in hepcidin levels was
observed after injection of erythropoietin (EPO) in mice,** healthy vol-
unteers®® and patients with renal failure.X® In 2008, Pinto demonstrated
the regulation of hepcidin expression by EPO, in a dose-dependent
manner, suggesting the contribution of a transcription factor in the
response of hepcidin to EPO.Y” Later, Kautz identified the erythroid
regulator of iron metabolism in erythroferrone (ERFE), establishing the
link between EPO and hepcidin.'® Erythroferrone is released by eryth-
roblasts through STAT-5 activation upon erythropoietin stimulation
and mediates inhibition of hepcidin production when erythropoiesis is
stimulated by EPO in mice®® and humans,'” but matriptase is also
essential for regulation of hepcidin by erythropoiesis.2 Animal models
of inflammation and thalassemia have demonstrated that this negative
erythropoietic regulator dominates the positive effect of inflamma-
tion?® or iron overload?! in hepcidin regulation. We also previously
showed that, after autologous hematopoietic cell transplantation (HCT),
the major determinants of hepcidin production were iron stores and
erythropoietic activity while inflammation exerted a minor role.??

Hematopoietic cell transplantation offers the opportunity to reca-
pitulate the development of erythropoietic activity from newly
developed precursors through fully recovered erythropoiesis. We pre-
viously demonstrated that HCT is associated with Epo deficiency?3~2?
and that HCT-associated anemia is exquisitely sensitive to EPO ther-
apy after autologous?32°2! and allogeneic®'®? HCT. Efficacy of EPO

30,33-38

therapy is further enhanced by iron supplementation, without

significant short-term or long-term toxicity,*3*? as now recommended
in published guidelines.*°
Here we aimed to broaden our knowledge of erythropoiesis and

iron metabolism during the first 6 months after allogeneic HCT. We

investigated longitudinally serum levels of: CRP (marker of inflamma-
tion); soluble transferrin receptor (sTfR, quantitative marker of eryth-
ropoietic activity); serum iron and transferrin saturation (Tsat; markers
of iron availability for erythropoiesis) and ferritin (marker of iron
stores); hepcidin (regulator of iron metabolism); and ERFE (erythroid
regulator of hepcidin). We compared their evolution with or without
erythropoietic stimulating agents (ESA) according to two different
schedules. We also examined biological and clinical factors correlated
with serum hepcidin and ERFE levels measured at different time

points during follow-up.

2 | METHODS

21 | Study population

We previously published*! the results of a prospective trial in which
119 patients undergoing allogeneic HCT with peripheral blood stem
cells (PBSC) for malignant or non-malignant diseases at the University
Hospital of Liége were randomized between treatment with weekly
EPO (Neorecormon, kindly provided by Roche) (n = 57) or no EPO
treatment (n = 62).

There were three cohorts of patients, that is those undergoing
myeloablative (MA) conditioning who started EPO at day 28 post-
transplant (control arm = 19; EPO arm = 15), and those undergoing
nonmyeloablative (NMA) conditioning with EPO started at either day
1 (control arm = 25; EPO arm = 23) or day 28 (control arm = 18;
EPO arm = 19). Complete blood counts, Tsat and ferritin were mea-
sured routinely and biobanking serum samples were collected pro-
spectively before conditioning and weekly thereafter through day
180 post-transplant. The trial was approved by the Ethics Committee
of the University Hospital of Liége under number 2003/59 and
patients (or his/her guardian if of minor age) signed an informed con-
sent for the clinical study, as well as to collect and analyze blood sam-
ples. The primary endpoint of achieving a normal Hb value 213 g/dL
was reached by 63.1% in the EPO arm after a median time of 90 days
versus 8.1% in the control arm (p < 0.001).

Among these 119 patients, we excluded those who experienced
death, relapse or graft rejection and those given donor lymphocyte
infusion the first 100 days after transplantation. Patients without
sufficient stored samples were also excluded. Consequently,
70 patients were included in the current study, 35 patients in the
EPO arm and 35 in the control arm. There were 24 patients in
cohort one, 25 in cohort two and 21 in cohort three. In the EPO
arm, four patients received 300 mg of IV iron saccharate (Venofer)
for functional iron deficiency (Tsat < 20%): one patient in cohort
one received IV iron at day 120, one in cohort 2 at day 87, and two
in cohort three at day 120 or 130, respectively. Iron was omitted in
patients with severe iron overload (serum ferritin > 2500 pg/L with-
out inflammation or liver damage). Control patients never received
IV iron. Clinical and biological characteristics of patients are
described in Table 1 and Table S1, respectively. Post-transplant
complications, including infections and acute or chronic GVHD,

were recorded.
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TABLE 1  Patient clinical characteristics

Clinical characteristics All (n = 70) Control arm (n = 35) EPO arm (n = 35) p value
Age (years) M +SD 49 + 13 48 + 13 51+13 NS
Sex Male 44 (63%) 23 (66%) 21 (60%) NS
Female 26 (37%) 12 (34%) 14 (40%) NS
Performance status (PS) 0 11 (16%) 6 (17%) 5(14%) NS
1 54 (77%) 26 (74%) 28 (80%) NS
2 5(7%) 3(9%) 2 (6%) NS
Disease Acute leukemia 20 (29%) 9 (26%) 11 (31%) NS
MDS or MPN 12 (17%) 9 (26%) 3(9%) NS
Lymphoid malignancy 36 (51%) 16 (45%) 20 (57%) NS
Other 2 (3%) 1(3%) 1 (3%) NS
Disease Risk Index Low 17 (24%) 7 (20%) 10 (29%) NS
Intermediate 34 (49%) 17 (48%) 17 (48%) NS
High 17 (24%) 9 (26%) 8 (23%) NS
Very high 2 (3%) 2 (6%) 0 NS
Number treatment lines 0 7 (10%) 5(14%) 2 (6%) NS
1 22 (31%) 8 (23%) 14 (40%) NS
20r3 30 (43%) 16 (46%) 14 (40%) NS
24 11 (16%) 6 (17%) 5 (14%) NS
Pretransplant RBC transfusions M = SD 17+ 21 14 + 17 21+24 NS
Pretransplant platelet transfusions M + SD 14 + 18 10+ 13 17 + 22 NS
Comorbidity score (HCT-CI)*® 0 48 (69%) 24 (69%) 24 (69%) NS
1-2 13 (18%) 7 (20%) 6 (17%) NS
>3 9 (13%) 4(11%) 5(14%) NS
Transplant number First transplant 43 (61%) 19 (54%) 24 (69%) NS
2nd or 3rd transplant 27 (39%) 16 (46%) 11 (31%) NS
CD34+ cell dose (10%/kg) (all PBSC) M £ SD 4.60 + 2.77 4.61 +2.85 4.58 +2.73 NS
Conditioning Myeloablative (MA) 24 (34%) 14 (40%) 10 (29%) NS
Nonmyeloablative (NMA) 46 (66%) 21 (60%) 25 (71%) NS
Cohort MA, EPO at day 28 24 (34%) 14 (40%) 10 (29%) NS
NMA, EPO at day O 25 (36%) 11 (31%) 14 (40%) NS
NMA, EPO at day 28 21 (30%) 10 (29%) 11 (31%) NS
ATG No 65 (93%) 32(91%) 33 (94%) NS
Yes 5 (7%) 3(9%) 2 (6%) NS
GVHD prophylaxis Tacrolimus-based 17 (24%) 8 (23%) 9 (26%) NS
Ciclosporin-based 46 (66%) 21 (60%) 25 (71%) NS
Methotrexate +/— other IS 7 (10%) 6 (17%) 1(3%) NS
Donor relationship and HLA Related 10/10 25 (36%) 14 (40%) 11 (31%) NS
Related HLA-mismatched 2 (3%) 2 (6%) 0 NS
Unrelated 10/10 25 (36%) 12 (34%) 13 (38%) NS
Unrelated HLA-mismatched 18 (25%) 7 (20%) 11 (31%) NS
ABO compatibility Identical 33 (47%) 12 (34%) 21 (60%) NS
Major mismatch 11 (16%) 3(9%) 8(23%) NS
Minor mismatch 7 (10%) 3(9%) 4(11%) NS
Major + minor mismatch 19 (27%) 17 (48%) 2 (6%) NS
Donor sex match F donor > M recipient 15 (21%) 6 (17%) 9 (26%) NS
Other 55 (79%) 29 (83%) 26 (74%) NS

(Continues)
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TABLE 1 (Continued)

Clinical characteristics

Acute GVHD No
Yes
Chronic GVHD No
Yes
Infection before day 180 No
Yes

All (n = 70) Control arm (n = 35) EPO arm (n = 35) p value
27 (39%) 11 (31%) 16 (46%) NS
43 (61%) 24 (69%) 19 (54%) NS
8 (11%) 5 (14%) 3 (9%) NS
62 (89%) 30 (86%) 32 (91%) NS
6(9%) 2 (6%) 2 (6%) NS
64 (91%) 33(94%) 33(94%) NS

Abbreviations: ATG, Anti-thymocyte globulin; F, female; GVHD, graft-versus-host disease; HLA, human leukocyte antigen; IS, Immunosuppressive drug; IV,
intravenous; M, mean; M, male; MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm; NS, not significant; PBSC, peripheral blood stem

cells; SD, standard deviation.

2.2 | Laboratory measurements

Laboratory data were monitored from prior to administration of the
conditioning regimen (day —10) until day 180 post-transplant, partly
on fresh blood and partly on serum samples stored at —80°C until
analysis.

Complete blood counts (hemoglobin (Hb), white blood cells
(WBC) and differential, platelets (Plt), percentage and absolute reticu-
locyte counts (Ret)) and percentage of hypochromic red cells,38434>
C-reactive protein (CRP), creatinine, liver function tests (bilirubin, ala-
nine amino-transferase (ASAT), lactate dehydrogenase (LDH), albumin
and uric acid. Parameters of iron metabolism (serum iron (SeFe), trans-
ferrin saturation (Tsat) and ferritin were measured weekly using stan-
dard laboratory techniques. The ferritin peak was defined as the
highest value between day 0 and day 100 post-transplant.

Soluble transferrin receptor (sTfR), a quantitative measure of total
erythropoietic activity, was measured weekly on stored samples by a
commercially available ELISA (R&D, Minneapolis, MN), with normal
values ranging from 3000 to 7000 pg/L, as previously reported.*346-47

Serum hepcidin-25 was quantified on serum samples stored
before conditioning and on days 0, 7, 14, 28, 60, 100 and 180, by a
liquid chromatography coupled to triple quadrupole mass spectrome-
try method validated, among others, by the MS-8 lab of our
institution.>®

Serum erythroferrone was measured on stored samples at the
same time points by a specific ELISA kit (Intrinsic Lifesciences,
The Bio Iron Company, USA, SKU# ERF-001) in 62 patients (31 con-
trols and 31 in EPO arm). The kit has a detection range of 0.16-
10 ng/mL.

Serum Epo levels were measured by a commercially available
radioimmunoassay (Incstar Corp., Stillwater, MN), as previously
published,>*°2 before starting EPO administration, that is at day
28 post-transplant.

2.3 | Statistical analyses
Results were expressed as mean + standard deviation (SD) unless oth-

erwise stated. Some parameters underwent a logarithm or a square

root transformation to normalize their distribution (logarithm for Fer,

SeFe, Tsat, sTfR, CRP, creatinine, bilirubin, ASAT, LDH, Hepcidin, Epo
and ferritin peak; square root for WBC and differential, platelets and
reticulocytes).

Student t tests were used to compare the means of biological
parameters between the control and EPO arms at each predetermined
time over a follow-up of 6 months in the three cohorts and in the
cumulative group. A generalized linear mixed model (GLMM) was used
to compare their evolution with respect to time and treatment arm.

Pearson R correlations were used to assess the relations between
biological parameters.

Univariate and multivariate linear regression models were used to
explain hepcidin and ERFE at each time point with respect
to covariates. All variables whose p value was <0.15 in univariate anal-
ysis were included in multivariate analysis using the stepwise method.
All p values <0.05 were considered as statistically significant. Clinical
parameters (age, sex, diagnosis, Disease-risk Index (DRI), HCT-CI
comorbidity index, performance status (PS), conditioning, donor type,
graft type, ABO, platelet transfusions, CMV status, GVHD prophy-
laxis, acute and chronic GVHD, infections and EPO treatment) were
tested in univariate analyses but did not qualify for multivariate
analyses.

In multivariate analyses, we reported r-square value (R?) to give a
global appreciation of the accuracy of the model, as well as beta-
coefficients for significant individual parameters.

Statistical analyses were performed in SAS version 9.4 (SAS Insti-
tute, Cary, NC, USA) and graphs were done using R version 3.6.1. or
GraphPad Prism version 7 (GraphPad Software, San Diego, CA).

3 | RESULTS

3.1 | Post-transplant course of iron and
erythropoietic parameters

First, we analyzed the means of the various parameters over time
between the control and EPO arms.

Figure 1A represents the evolution of serum ERFE. After an initial
rapid decrease during conditioning until day 7, fast recovery occurred
in both arms until day 56, after which ERFE stabilized in the control
arm while fluctuating with EPO doses in the EPO arm. Generalized
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linear mixed model (GLMM) confirmed the effect of time on ERFE
levels (p = 0.017) but not the effect of treatment arm (control vs.
EPO, p = 0.85) in the whole cohort nor in the different subgroups
(MA with EPO at day 28; NMA with EPO at day O and NMA with
EPO at day 28). The difference between the two arms was maximum
on day 56 without being significant (4.53 + 9.23 ng/mL in controls
vs. 7.16 £ 15.29 ng/mL in EPO arm; p = 0.09).

Figure 1B displays the evolution sTfR, which was quite similar to
that of ERFE: a rapid drop after conditioning until day 7, followed by a
sharp increase with engraftment in both arms. However, the EPO arm
had significantly higher sTfR levels at each time point from day 42 to
day 180 post-transplant. Note, GLMM confirmed the effect of post-
transplant time (p < 0.001) and treatment arm (p = 0.001) on sTfR
values.

Figure 1C shows serum hepcidin over time in the control and
EPO arms, with the curve following an inverse kinetics to that of
ERFE. Before HCT, hepcidin values were 20.5+ 13.8 and 27.98
+ 25.06 ng/mL in the control and EPO arms, respectively. Hepcidin
peaked 7 days after HCT, followed by a progressive decrease until
day 56 and stabilization thereafter. GLMM confirmed the effect of
time (p < 0.001) but not treatment arm (p = 0.69) on hepcidin levels.

Figure 1 also describes the post-transplant course of ferritin (D),
transferrin saturation (E), hemoglobin (F), hypochromic red blood cells
(G) and CRP (H), while reticulocyte counts (A), albumin (B), LDH
(C) and ASAT (D) are displayed in Figure S1. Ferritin peaked 28-
42 days after HCT in the two arms, before slowly decreasing to values
below those measured at baseline in the EPO arm but remaining
higher than at baseline in the control arm. The Tsat level was highest
on day 7, then decreased until day 56, with a significantly larger
decrease in the EPO arm (p = 0.01). The difference between the two
arms was most pronounced on day 21 (52% + 25% in control vs. 35%
+22% in EPO arm, p = 0.013). Note, GLMM confirmed the effect of
time (p < 0.001) and treatment arm (p = 0.014) on Tsat values. After
their initial drop following conditioning, Hb and percentages of hypo-
chromic red cells increased much more significantly in the EPO arm
(effect of time and treatment arm confirmed in GLMM, p < 0.001).
Thus, CRP peaked during aplasia and changed more randomly thereaf-
ter when few patients were infected at the same time point. GLMM
demonstrated the effect of time on CRP levels (p < 0.001) but showed
no effect of treatment arm (p = 0.56).

Serum hepcidin levels have been shown to correlate positively
with serum ferritin® and this was confirmed pretransplant in our study.
Therefore, we examined the evolution of serum hepcidin and sTfR
(Figure 2) in patients separated into two groups based on their
pretransplant ferritin value. The cutoff for ferritin levels was
their median values (< or >820 ng/mL). Baseline hepcidin was signifi-
cantly higher in patients with higher pretransplant ferritin (13.9 + 8.6
vs. 4.4 +23.6 ng/mL, p <0.001) and remained so throughout the
posttransplant course (p < 0.001) (Figure 2A). When we investigated
the course of serum hepcidin in the control and EPO arms separately,
there was a small effect of EPO therapy (significant at day 56) in
patients with low baseline ferritin (Figure 2B) but not in those with

high pre-transplant ferritin levels (Figure 2C).

Patients with high baseline ferritin were more likely to have mye-
loid than lymphoid malignancies (p = 0.008), had received more red
cell (28 +25 vs. 8+9, p<0.001) and platelet (20 +22 vs. 7+ 9,
p < 0.001) transfusions and had significantly lower baseline sTfR
values (5193 + 3327 vs. 3849 + 2644 ng/mL, p = 0.014) (Figure 2D).
During erythropoietic recovery, sTfR increments were observed in the
two arms and were clearly stronger in patients receiving EPO therapy,
with no major difference between those with low (Figure 2E) or high
(Figure 2F) baseline ferritin. Because of a wider range of values, base-
line or later ERFE values did not significantly differ between patients
with low or high ferritin.

As type of conditioning probably influences erythropoiesis, we
compared the means of the different parameters after myeloablative
compared to nonmyeloablative conditioning. Figure S2 illustrates the
evolution of serum ERFE (A), sTfR (B), hepcidin (C), ferritin (D), Tsat
(E), hemoglobin (F), hypochromic red blood cells (G) and CRP
(H) according to conditioning. The overall pattern of evolution
remained similar with the two types of conditioning, but the magni-
tude of change was less prominent after nonmyeloablative than after
myeloablative conditioning, particularly in the early post-transplant
period. So, ERFE at day 7 (p = 0.049) and sTfR from day O until day
14 (p = 0.004 to < 0.001) were significantly lower after myeloablative
conditioning, resulting into more anemia (p = 0.007) until day 112.
Hepcidin at days 7 (p = 0.0003) and 14 (p = 0.04), ferritin from day O
until day 70 (p =0.02 to 0.0007) and Tsat at many time points
(h=002 to <

myeloablative compared to nonmyeloablative conditioning. In the

0.001) were higher in patients undergoing

nonmyeloablative cohorts, EPO therapy was started on day O in
cohort two or on day 28 in cohort three. Changes induced by EPO
treatment were quite comparable in their kinetics and range, although
a little delayed in patients started on day 28.

Next, we analyzed correlations between ERFE and hepcidin at a
given time point and corresponding values at previous and subse-
quent time, and investigated factors associated with serum hepcidin

and ERFE levels overall as well as at each individual time point.

3.2 | Factors associated with serum hepcidin levels
In univariate analyses, hepcidin at any time point correlated well with
values at nearly all later time points (p < 0.001). All hepcidin values
also correlated with preceding or subsequent ferritin levels (r = 0.39
to 0.74, p < 0.001). Hepcidin also correlated with Tsat (except at day
7;r=0.25 to 0.36, p = 0.04 to 0.002), and inversely with sTfR (from
day —10 to day 28, r = —0.43 to —0.48, p < 0.001), ERFE (on day 14,
r=-0.29, p =0.02), Hb (from day —10 to day 28, r=-0.25 to
—0.52, p = 0.04 to < 0.001) and reticulocytes (from day —10 to day
28, r = —0.26 to —0.40, p = 0.03 to < 0.001) at early time points.
Negative correlations were also observed between hepcidin and
platelets (from day —10 to day 100: r = —0.25 to —0.42, p = 0.04 to
< 0.001), WBC (from day —10 to day 14: r= —-0.27 to —0.32,
p = 0.03 to 0.007), CRP (from day —10 to day 14: r = —0.23 to
—0.45, p = 0.046 to < 0.001), but not serum Epo at day 28, creatinine,
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FIGURE 3 Correlations between same day hepcidin or ERFE and parameters of iron metabolism and erythropoiesis in the whole group of
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uric acid, ASAT, bilirubin or LDH. Figure 3 displays the most signifi-
cant overall correlations, comprising all time points, between hepcidin
and ferritin (Figure 3A), Tsat (Figure 3B), ERFE (Figure 3C), sTfR
(Figure 3D), reticulocytes (Figure 3E) or Hb (Figure 3F). Finally, based
on the median number of four RBC transfusions received between
days 0 and 100, we compared hepcidin levels in patients receiving 0-
4 versus >4 RBC transfusions. Hepcidin was significantly higher in
patients who received >4 RBC transfusions (Figure S3).

In multivariate linear regressions, the number of RBC transfu-
sions (B-coefficient = 0.11, p=0.02) and pretransplant ferritin
(B-coefficient = 0.29, p = 0.001) explained 52% of the variation of
pretransplant hepcidin (R? = 0.52, p < 0.001). After transplantation,
iron (ferritin at all time points except day 7 (B-coefficient between
0.38 and 0.65, p <0.001), Tsat at day 56 (B-coefficient = —0.62,
p = 0.001)) and erythropoietic parameters (reticulocytes at day 7 (-
coefficient = —0.10, p =0.004) and 100 (p-coefficient = —0.05,
p=0.05), ERFE at day 14 (p-coefficient=—-0.23, p <0.001),
and sTfR at days 28 (p-coefficient =—-0.27, p=0.02) and 56
(B-coefficient = —0.38, p = 0.006)) were the most predictive factors of
hepcidin levels (R? = 0.36 to 0.60, p < 0.001). Age, sex, diagnosis, DRI,
HCT-CI, PS, conditioning, donor type, graft type, ABO, platelet transfu-
sions, CMV status, GVHD prophylaxis, GVHD, infections and EPO
treatment did not contribute to this prediction.

3.3 | Factors associated with serum ERFE levels

In univariate analyses, ERFE at any time point correlated only with
ERFE values at the next two time points. During conditioning and
engraftment until day 14, all ERFE values correlated with preceding,
same day or subsequent sTfR levels (r = 0.27 to 0.45, p = 0.03 to
0.001) and reticulocyte counts (except day 28; r=0.27 to 0.61,
p = 0.05 to < 0.001) and the correlations were strong on same day
samples considering all time points together for sTfR (r = 0.31,
p <0.001, Figure 3G) and (r=0.40, p<0.001,
Figure 3H). After engraftment, ERFE correlated negatively with Hb
(r=-0.38, p = 0.002 on day 100; r = —0.35, p = 0.01 on day 180).

The overall correlation between same day ERFE and hepcidin was

reticulocytes

weak (r = —0.13, p = 0.01, Figure 3C). We also observed correlations
between ERFE and LDH (from day 14 to day 180: r = 0.28 to 0.39,
p = 0.03 to 0.009), WBC (from day 7 to day 14: r = 0.25 to 0.45,
p = 0.05 to 0.0003), platelets (on days 100 (r = —0.28, p = 0.03) and
180 (r = —0.33, p = 0.03)), but not with ferritin, CRP, renal or liver
parameters. ERFE was higher in males compares to females overall
(p = 0.03), but this was true only in the control arm (p = 0.01) and not
in the EPO arm. Erythroferrone was significantly lower in patients
with >4 RBC transfusions between days 0 and 100, but only at days
7 and 14 (Figure S3). This may be explained by the fact that patients
with low transfusion needs were less anemic (11.5 + 2.0 vs. 10.0
+ 2.0 g/dL) before transplantation and more frequently received non-
myeloablative conditioning (only four myeloablated patients among
the 36 patients with <4 transfusions) and therefore had less suppres-

sion of erythropoiesis.

In multivariate analyses, the major determinant of ERFE during
conditioning and engraftment (R? = 0.18 to 0.39, p = 0.0008 to <
0.001) was erythropoietic activity as measured by sTfR (at days 7 (-
coefficient = 0.69, p <0.001) or 100 (B-coefficient=0.73, p =
0.003)), reticulocytes (at days —10 (B-coefficient = 0.16, p = 0.001),
14 (B-coefficient = 0.14, p = 0.004) or 100 (p-coefficient = 0.20,
p < 0.0001)) or day 28 serum Epo (B-coefficient = 0.45, p = 0.0032).
This is also illustrated by the relatively parallel kinetics of ERFE and
sTfR levels (Figure 1). At day 180, ERFE correlated mostly with neu-
trophils (p-coefficient = 0.75, p = 0.004) and negatively with Tsat
(B-coefficient = —0.88, p = 0.001). Note, ERFE correlated with male
sex pretransplant (B-coefficient = 0.68, p =0.03) and at day 14
(B-coefficient = 0.81, p = 0.02). The other clinical parameters listed

for hepcidin did not contribute to prediction of ERFE values.

4 | DISCUSSION

Few studies have examined the significance of serum hepcidin in the
context of allogeneic HCT>3>7 and none has analyzed in detail
the interplay between iron metabolism and erythropoietic activity in
this setting. In 2014, Kautz identified erythroferrone (ERFE), an
erythropoietic regulator of iron mobilization and absorption
through hepcidin suppression.*® Subsequently, studies demonstrated
increased serum ERFE low serum hepcidin in subjects living at high
altitude and healthy subjects after EPO injection.>®>° This prompted
us to investigate ERFE regulation and role in the pathophysiology of
iron metabolism and erythropoiesis after allogeneic HCT. A random-
ized trial of EPO therapy*! provided a further opportunity to investi-
gate the interactions between iron, inflammation and erythropoietic
activity over time after transplantation.

After destruction of erythroid precursors following conditioning,
marrow erythroid activity is strongly suppressed.?*¢° Indeed, we
observed that erythropoiesis decreased consistently, and as expected
more severely so after myeloablative than nonmyeloablative condi-
tioning. Both myelosuppression and defective Epo production could
contribute, as we previously showed that endogenous Epo remained
appropriate for the degree of anemia after nonmyeloablative condi-
tioning, but rapidly became inadequately low after myeloablative
transplantation.?> Hemoglobin, reticulocytes, hypochromic red cells
and sTfR decreased sharply and, in addition, we demonstrated for the
first time that this also led to a significant drop in ERFE levels. Sup-
pression of erythropoiesis resulted in a significant peak in Tsat values.
The close relationship between erythropoietic activity and serum
ERFE is also illustrated by significant correlations between ERFE and
sTfR or reticulocytes, as well as by the relative parallelism between
sTfR and ERFE evolutions from before conditioning through 6 months
post-transplant. Although sTfR and ERFE have similar time course
(Figure 1A,B), there is a striking difference between the response of
sTfR and ERFE to exogenous EPO. The EPO therapy per se did not
translate into further enhancement of ERFE as shown in healthy sub-
jects.’” One likely explanation is that sTfR (but not ERFE) also
responds to EPO-induced functional iron deficiency, as illustrated by
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decreasing transferrin saturation and the appearance of hypochromic
red cells (Figure 1E,G), sensed by erythroblasts. Moreover, it is possi-
ble that, contrarily to EPO therapy in normal individuals with stable
erythropoiesis, EPO treatment in the setting of a dynamically chang-
ing erythropoietic environment after allogeneic HCT, with large inter-
patient variations, may not produce further statistically significant
modifications in ERFE production rates. Finally, it could be speculated
that nascent erythroblasts in an altered environment could have an
inappropriate secretion of ERFE upon EPO injection or that still
unknown inhibitory factors of ERFE secretion may operate in the par-
ticular setting of HCT, but this remains to be investigated.

We also observed a strong surge of ferritin values culminating on
day 42 in the control arm and day 28 in the EPO arm. This ferritin peak

has been observed previously®14?

and may be explained in part by
inactive erythropoiesis resulting in decreased marrow demand for iron,
Tsat elevation by non-utilization of serum iron, and further iron deposi-
tion in tissues. However, the ferritin peak was delayed relative to
engraftment. To explain that, other factors must be involved, such as
conditioning-induced inflammation and hepatic cytolysis.%® Indeed
there was an early, moderate, rise in ASAT and a later increase of LDH
(Figure S1C,D), but a relationship with the ferritin course is not evident.
On the other hand, CRP also peaked very early (Figure 1H) but its nor-
malization did not prevent ferritin from further increasing. CRP
remained stable after nonmyeloablative conditioning (Figure S2H), but
this did not prevent ferritin from raising in this setting also
(Figure S2D). Serum albumin decreased until day 14 and slowly recov-
ered thereafter (Figure S1B), also preceding ferritin changes. We have
not measured other, more specific, markers of inflammation. Of course,
iron overload worsens post-transplant with RBC transfusions, but only
four patients received IV iron and none before day 87, excluding IV iron
as a culprit. On the other hand, compared to histocompatible HCT,
mice given histoincompatible T cells show a loss of expression of
hepatic hepcidin, enhancing iron absorption, rising serum iron and con-
tributing to liver iron overload after HCT.®* Therefore, the pathophysi-
ology of ferritin kinetics after transplantation remains very complex and
this study lacks the power to dissect all these potential explanatory
pathways. Hence, we are engaged in another study specifically
addressing this issue in a group of >500 patients.

Pretransplant hepcidin was strongly associated with the number
of previous RBC transfusions and ferritin. Paralleling the kinetics of
ferritin and Tsat and inversely following those of ERFE and sTfR,
hepcidin increased significantly over baseline and peaked at day 7. This
increase could be explained by hepcidin upregulation from inflamma-
tion and iron overload through the BMP complex and SMAD
pathway® and through downregulation of ERFE production following
post-conditioning myelosuppression.'? This also supports the experi-
mental evidence that suppression of hepcidin during anemia requires
erythropoietic activity.?>¢> Kanda>* attributed a similar ferritin peak
after autologous HCT to inflammation because of a concomitant ele-
vation of serum IL-6 levels (not measured in our study), but, although
CRP also peaked at day 7, we did not observe any correlation
between hepcidin and CRP values.

After day 7, hepcidin progressively returned to baseline, despite
persistence of very high ferritin values. Although this was similar with

or without EPO therapy, it suggests that engraftment and erythropoi-
etic recovery were capable of a certain degree of regulation of
hepcidin production. Hepcidin at all time points correlated positively
with ferritin and Tsat and inversely with sTfR, ERFE, Hb and reticulo-
cytes. In addition, there was a strong overall correlation between
hepcidin and ferritin (r = 0.54, p < 0.001) and a much weaker negative
correlation with ERFE (r = —0.13, p = 0.01). Furthermore, multivari-
ate disclosed very strong associations between hepcidin and ferritin
from day 14 through day 180 after HCT, and weaker associations
with erythropoietic markers. This could indicate that, contrarily to
thalassemia where negative erythropoietic regulators dominate posi-
tive iron regulators of hepcidin production,?* the reverse is true after
allogeneic HCT even with EPO therapy. This apparently contradicts
our previous study after autologous HCT,?2 where EPO therapy
induced stronger inhibition of hepcidin production than in the current
study. However, separate analyses of patients with low and high base-
line ferritin (Figure 2) showed that EPO therapy modulated hepcidin
levels when iron burden was low (as in autologous HCT), but also indi-
cated that the hepcidin-inducing ability of iron overload in heavily
transfused patients with myeloid malignancies®® was capable to anni-
hilate erythroid regulation of hepcidin by EPO therapy. Likewise,
hepcidin was significantly higher and ERFE lower in patients receiving
> 4 RBC transfusions between days O and 100. These were patients
who arrived more anemic at transplantation and received more fre-
quently myeloablative conditioning, but this additional iron burden
also contributed to higher hepcidin values.

Furthermore, similar sTfR kinetics in patients with low or high
baseline ferritin suggests that this is not due to an impact of iron bur-
den on response to EPO (Figure 2E,F). Serum sTfR depends on the
number of cells bearing TfR receptors (elevated with increased eryth-
ropoietic activity, for instance with EPO therapy (Figure 2D)) and on
TfR receptor density on cells (elevated in iron deficiency but not
inflammation). Thus sTfR is a good quantitative marker of erythropoi-
etic activity (high positive correlation between sTfR and Hb,
Figure S4) and, to a lesser extent, iron status.®”

In conclusion, we investigated hepcidin regulation in the setting
of allogeneic HCT with a variety of parameters of iron metabolism
and erythropoiesis. The kinetics and correlations of ERFE, hepcidin
and sTfR after transplantation confirm the strong regulatory effects of
erythropoiesis and iron status on post-transplant hepcidin. However,
contrary to other situations, the stimulatory effect of iron overload
appears to dominate over the suppressive effect of erythropoietic
activity on hepcidin production. Inflammation did not appear to exert
a major effect on hepcidin. However, besides CRP, which is not well
coordinated among the overall patient population as it may vary
abruptly in individual patients, inflammation was only assessed by a
limited number of less specific markers. For example, Kanda demon-
strated an elevation of serum IL-6 levels concomitantly with the ferri-
tin peak.>* Another limitation in this study is potential collinearity in
multivariable analyses. Indeed, some explanatory variables are highly
correlated with each other, and therefore only some remain significant
in multivariate analyzes.

The study also supports the role of erythropoiesis in ERFE pro-
duction.*®>? Investigations of hepcidin and ERFE, in addition to the
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more classical parameters of iron metabolism and erythropoiesis, may

shed additional light on the interplay between erythropoiesis and iron

metabolism during allogeneic HCT as well as in other settings.
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