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Abstract

Purpose of Review—The use of the erythropoiesis stimulating agent erythropoietin (Epo) has
been studied as a red cell growth factor in preterm and term infants for over 20 years. Recent
studies have evaluated Darbepoetin (Darbe, a long acting ESA) for both erythropoietic effects and
potential neuroprotection. We review recent clinical trials of Darbe in term and preterm infants.

Findings—Clinical studies in term and preterm infants have reported significant erythropoietic
uses for Darbe as well as neuroprotective effects following ESA administration, and improved
neurodevelopmental outcomes have been reported in studies of preterm infants.

Summary—Darbe shows great promise in decreasing or eliminating transfusions in neonates,
and in preventing and treating brain injury in term and preterm infants.
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Introduction

Premature infants receive a greater number of transfusions with exposure to a greater
number of donors compared to term neonates. Transfusion guidelines are now used in many
neonatal units; however, the search for the most appropriate transfusion guidelines continues
(1), and long-term outcomes of neonates previously enrolled in transfusion studies are still
being studied (2,3). Additionally, prematurity is a significant risk factor for
neurodevelopmental delay. Mental retardation, cerebral palsy, and learning disabilities are
neurodevelopmental deficits identified in former premature infants (4). While significant
progress has been made in improving survival of extremely low birth weight infants
(ELBW) infants, improved neurodevelopmental outcomes remain elusive.
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The use of erythropoiesis stimulating agents (ESASs) such as erythropoietin (Epo) to improve
neuroprotection has been validated in both animal and human studies (5). Both retrospective
studies and prospective randomized trials have been performed in neonatal populations at
greatest risk for long-term developmental abnormalities, namely ELBW infants, and term
infants with hypoxic ischemic encephalopathy (HIE). This review outlines data that support
darbepoetin (Darbe) as both an ESA and a neuroprotective agent, and reviews promising
clinical studies that demonstrate benefit in premature infants, and safety in term infants
undergoing cooling for HIE.

Clinical Studies

Infants born prematurely do not increase production of endogenous Epo in order to make
new red cells, and thus are at risk for repeated transfusions (6). Numerous studies evaluating
the use of recombinant human erythropoietin (rHUEpo) to prevent and treat the anemia of
prematurity show that it is successful in preterm infants in stimulating erythropoiesis, and
transfusion requirements are decreased (7).

Studies in newborn monkeys and sheep demonstrated that neonates have a larger volume of
distribution and a more rapid elimination of Epo, necessitating the use of higher doses than
required for adults (8,9). In preterm infants, the volume of distribution is three- to four-fold
greater than that seen in adults, while the clearance is also three to four times greater (8,9).
This was confirmed in very low birth weight (VLBW) infants (10). Although we anticipated
that similar pharmacokinetics would exist with Darbe, it remained to be determined
clinically.

Preliminary in vitro studies of the effects of Darbe compared to rHuEpo on fetal and
neonatal erythroid progenitors showed similar responsiveness (11). Erythroid progenitor
cells were isolated from 12—-22 week fetal liver and marrow, and from term (37-41 weeks)
and preterm (<32 weeks) cord blood. The number of burst forming units-erythroid (BFU-E)
colonies derived from fetal marrow progenitor cells increased significantly with both Darbe
(p<0.01, 10 vs. 50, 100, and 500 ng/mL; Figure 1) and rHuEpo (p <0.01, 0.05 vs. 0.5, 1.0,
and 2 U/mL). BFU-E cell counts revealed similar numbers of normoblasts per colony
between Darbe and rHUEpo, and BFU-E size increased with increasing concentrations of
both growth factors. Progenitors isolated from fetal liver and from term and preterm cord
blood were similarly responsive. When compared with term cord blood progenitors, preterm
cord blood progenitors were more sensitive to Darbe at every concentration tested (p<0.01).

Darbe dosing and pharmacokinetics

Adult studies of Darbe pharmacokinetics demonstrated a half-life (t1/2) of 49 hours after a
single subcutaneous dose (SC) and 25 hours after intravenous dosage (1V) (12). Table 1 (13-
17) presents AUC following administration of ESAs (Darbe or Epo) in animal models and
neonates. Notably, it is clear that there have been limited studies evaluating Darbe dosing
and pharmacokinetics in neonates. Below, we review results from trials involving preterm
infants.
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In a study by Warwood et al, neonates received a single SC 1 or 4 pg/kg dose of Darbe.
Twelve infants <32 weeks gestation were enrolled, with birth weights 1129+245 grams, and
29.2+1.2 weeks gestation at birth. Darbe concentrations peaked at 6-12 hours after
administration. A single, SC dose resulted in serum concentrations 54-308 mU/ml with a 1
ug/kg dose and 268—-980 mU/kg with a 4 ug/kg dose. The t1/» was 26 hours (range 10 to 50
hours, mean 29.6 for 1 pg/kg group and 21.5 for 4 pg/kg group). Clearance was 17.1
ml/hr/kg for the 1 ug/kg group and 20.7 pg/hr/kg for the 4 pg/kg group. Clinically, both
immature (IRC) and absolute (ARC) reticulocyte counts significantly increased (12).

The same group analyzed pharmacokinetics after administration of a single, 4 ug/kg 1V dose
of Darbe. Ten neonates were enrolled, with gestational ages between 26 and 40 weeks (7
neonates <32 weeks, 3 neonates > 32 weeks). Doses were administered between 3 and 28
days. The t1/» was 10.1 hours, the volume of distribution was 0.77 L/kg (range 0.180-3.05
L/kg) and clearance was 52.8 ml/hr/kg (range 22.4-158.0 ml/kg/hr). Both volume of
distribution and clearance were increased in comparison to older children and adults. In
comparison to SC dosing, there was a less consistent rise in both IRC and ARC (18). These
studies suggested that dosing needed to be higher (ug/kg) and more frequent than that used
in children and adults.

We previously evaluated reticulocyte responses to SC Darbe administration in preterm
infants randomized in a blinded Darbe dose-response study (19). Preterm infants <1,500
grams and =10 days of age were randomized to placebo or 2.5, 5, or 10 pg/kg/dose Darbe,
given once a week SC for 4 weeks. Complete blood counts, reticulocyte counts, transfusions
and adverse events (AE) were recorded. Eighteen preterm infants (896+59 grams, 28.7+0.7
weeks gestation, 13+1 days of age) were enrolled (Table 2). Infants randomized to 10 pg/kg/
dose achieved the highest reticulocyte counts by day 14 of the study (Figure 2, panel A;
p=0.04). Infants receiving any dose of Darbe maintained hematocrits at a higher level at 14
days than infants receiving placebo (Figure 2, panel B; p=0.002). Infants receiving 5 or 10
ug/kg/dose required fewer transfusions during the study period (Table 2; p=0.006). No AEs
were noted. We concluded that preterm infants respond to Darbe by increasing
erythropoiesis in a dose-dependent fashion, with the greatest reticulocyte response occurring
with 10 pg/kg/dose. Both the 5 and 10 pg/kg/doses were sufficient to decrease transfusions
in preterm infants.

Preterm ESA Studies

Preterm infants have received fewer transfusions over the last several years compared to
previous decades (20). This has been in part due to an increased awareness of morbidities,
including transfusion-related lung injury, donor exposure, and transfusion-related intestinal
injury (21). The development and adherence to transfusion guidelines, cord milking/delayed
cord clamping, and reduction in phlebotomy losses have all contributed to an overall
decrease in transfusions (20). Some studies have demonstrated that the more liberal use of
blood transfusions may not improve outcomes (2). Interestingly, in a recent quality
improvement project done across 4 newborn intensive care units (NICU), Henry and
colleagues demonstrated that transfusion rates are further decreased with the use of anemia
prevention guidelines. Such guidelines included initiating iron and Darbe treatment,
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instituting delayed cord clamping/cord milking, and introducing policies for limiting
phlebotomy losses. The study found that the NICUs that adhered to such anemia preventing
guidelines also had lower rates of neonatal morbidities, such as necrotizing enterocolitis (=
Bell stage 2), retinopathy of prematurity (ROP) (= stage 3), or severe intraventricular
hemorrhage (= grade 3) (20). The results of trials in which preterm infants received Darbe as
an anemia preventing technique are reviewed below.

In a recent single center trial by Warwood et al, 20 VLBW infants were randomized to
receive a single, 10 pg/kg dose of Darbe or placebo within 30 minutes of initiating a
transfusion. Infants were enrolled at an average age of 34.5 to 35.1 days (corresponding with
physiologic hematocrit nadir). Infants in the Darbe group had a significant increase in their
absolute reticulocyte count (ARC) throughout the study period. Additionally, the Darbe
group appeared to maintain higher hematocrits following the transfusion. This study was a
small pilot study, but the findings suggested that Darbe treatment may abrogate the
transfusion-induced suppression of erythropoiesis (21).

Based on our preliminary Darbe dose response study and previous work comparing Epo
concentrations to cognitive outcome (22), we designed a multicenter, randomized, placebo
controlled study of Darbe and Epo administration to preterm infants. Infants with birth
weights between 500-1,250 grams and <48 hours of age were randomized to Darbe (10
ug/kg, 1x/week SC), Epo (400 units/kg, 3x/week SC) or placebo (sham dosing) through 35
weeks gestation. All were transfused according to protocol, and received supplemental iron,
folate, and vitamin E. Transfusions (primary outcome), complete blood counts, ARC,
phlebotomy losses, and AEs were recorded. Infants in the ESA groups received significantly
fewer transfusions (p=0.015) and were exposed to fewer donors (p=0.044) than the placebo
group (Darbe: 1.2+2.4 transfusions and 0.7+1.2 donors/infant; Epo: 1.2+1.6 transfusions and
0.8+1.0 donors/infant; placebo: 2.4+2.9 transfusions and 1.2+1.3 donors/infant). ESA-
treated infants had a 50% reduction in transfusions and donor exposure than placebo-treated
infants. Hematocrit and ARC were higher in the Darbe and Epo groups compared to placebo
(p=0.001, Darbe and Epo versus placebo for both hematocrit and ARC). Morbidities were
similar among groups, including the incidence of ROP. We concluded that infants receiving
ESAs received fewer transfusions and fewer donor exposures, and fewer injections were
given to Darbe recipients (23). Importantly, greater than 50% of VLBW infants in the ESA
group remained transfusion free during their NICU stay.

Preterm neuroprotection

We were able to complete follow up on 80 (29 Epo, 27 Darbe, 24 placebo) of the 99 infants
enrolled and evaluated during the hospital course in the above mentioned study (23,24)
(Table 3). After adjusting for gender, analysis demonstrated infants who had received Darbe
or Epo had significantly higher cognitive scores (96.2+7.3 and 97.9+14; meanzstandard
deviation) in comparison to placebo recipients (88.7+£13.5; p=0.01 vs. ESA recipients). The
ESA group also scored significantly higher on object permanence, an early test of executive
function (p=0.05). We found no cerebral palsy among recipients of Darbe or Epo, while 5
cases of cerebral palsy were identified in the placebo group (p<0.001). The incidence of
neurodevelopmental impairment in the ESA group was significantly lower compared to
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placebo (Odds Ratio 0.18; 95% Confidence Interval 0.05 to 0.63) (24). There were no
differences in visual or hearing impairment among groups. The significance of improved
neurodevelopmental outcomes in preterm infants demonstrated by this study (when
confirmed by a larger trial) would support the use of Darbe in this population, especially
given Darbe’s weekly dosing schedule.

Importantly, our group did not observe any differences in the incidence of any stage of ROP
during the hospital phase, and no differences in visual impairment at 18-22 months
corrected age. Hesitancy in the use of ESAs is linked to a 2006 meta-analysis, which
suggested an association between early (first week of life) Epo administration and
ROP>stage 2 (6) compared with late Epo administration (25). However, this meta analysis
reflected a misclassification of a single center Epo study by Romagnoli et al into the early
Epo administration group (26). When this study was correctly grouped with other studies of
late Epo use, the revised meta analysis showed no significant difference in ROP with the use
of early or late Epo. Evaluation for ROP continues to be a priority in most clinical trials of
ESA use for preterm infants.

Term neuroprotection studies

Based on the previous studies a number of multicenter clinical trials evaluating ESAs in
conjunction with hypothermia in term infants with HIE are being planned. Only one study to
date has evaluated Darbe as a potential neuroprotective agent in term infants undergoing
hypothermia as treatment for HIE. The DANCE study (Darbepoetin administered to
neonates undergoing cooling for encephalopathy) lead by Baserga (17) enrolled 30 infants
(=36 weeks gestation) with moderate to severe HIE. Infants were randomized to placebo
(n=10), 2 ug/kg Darbe (n=10) or 10 ug/kg Darbe (n=10) IV. The first dose was administered
before 12 hours of life and the second on day 7. AEs and serious AEs were documented for
1 month. Serum samples were obtained at specific time points to determine
pharmacokinetics. At 2 and 10 pg/kg Darbe, t1/» was 24 and 32 hours, and the area under the
curve extrapolated to infinity (AUCins) was 26,555 (interquartile range (IRQ) 20,049—
35,029) and 180,886 mU/mL (IRQ 146-568-199,680), respectively (17). The investigators
concluded that the 10 pg/kg dose achieved an AUC in the neuroprotective range, and a
terminal ty;, of 53.4 hours (5) when compared to the 2 pug/kg dose. No side effects
attributable to Darbe were reported. These infants are still being followed for long term
developmental outcomes. If these outcomes are similar to infants treated with Epo, Darbe’s
longer t1/, and fewer number of doses needed may convey a clinical benefit.

The ty, of the 10 pg/kg Darbe dose reported in the DANCE study was approximately 3
times the ty/, of Epo reported in the Neonatal Erythropoietin in Asphyxiated Term
Newborns (NEAT) Trial (16). In the NEAT Trial Yvonne Wu and colleagues randomized
24 infants with moderate to severe HIE to an open label dose escalation trial of Epo (NEAT
Trial: Neonatal Erythropoietin in Asphyxiated Term Newborns, NCT00719407). Infants
received either 250, 500, 1,000, or 2,500 units/kg of Epo administered IV every other day
for up to 6 doses. Pharmacokinetics were performed with the first, second and last doses,
and infants were monitored closely for any adverse effects. Epo followed non-linear
pharmacokinetics, but did not accumulate with multiple dosing. The area under the curve
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was 50,306, 131,054 and 328,002 unit*hour/L for 500, 1,000 and 2,500 units/kg,
respectively. No serious adverse effects or deaths were reported. They concluded that 1,000
units/kg Epo administered intravenously in conjunction with hypothermia was well tolerated
and produced plasma concentrations that in previous studies were neuroprotective in
animals.

A number of adult studies have evaluated neuroprotective properties of ESAs. The
pathology of neuronal disease and patient characteristics are different; however, information
on mechanism of neuroprotection may be useful in the study of neonatal neuronal injury. A
study by Messe and colleagues evaluating the effects of Darbe on adults undergoing aortic
surgery (27) was terminated early when the US Food and Drug Association placed a hold on
all ESA studies of neuroprotection after Epo recipients in a European multicenter study of
stroke patients were found to have increased mortality (28). Only 9 adults in Messe’s study
received 1 mg/kg Darbe immediately prior to surgery. An additional 9, untreated adult
patients were added as a comparison cohort. Although this small number of enrolled patients
prevented appropriate analysis, results demonstrated primary outcome of death or neurologic
impairment between groups was non-significant (1/9, 11% in the Darbe group and 3/9, 33%
in control group, p=0.58). Significantly higher concentrations of cerebral spinal fluid
biomarkers (S100-beta and glial fibrillary acidic protein (GFAP)) were found in patients
with perioperative neurologic ischemia; however, there were no differences in these
biomarkers between the Darbe and control groups (S100-beta: 214 versus 260 ng/mL,
p=0.69; GFAP: 22 versus 580 pg/mL, p=0.45 (27).

Clinical studies in preterm and term infants have shown Darbe to be safe, and evidence of
neuroprotection is growing. Preterm infants administered Darbe during their NICU stay
show fewer need for transfusions, higher cognitive scores and a lower incidence of
neurodevelopmental impairment. Darbe is consequently being used as an ESA across
several NICUs in the country. Studies of Darbe administration in term infants with HIE
being cooled for encephalopathy are ongoing. Developmental follow up of those term
infants is progressing. ESAs hold great promise in providing neuroprotection and improving
neurodevelopmental outcomes of preterm neonates.
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Figure 1.
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Dose response curves for rHUEpo (open circles) and Darbe (solid circles). Progenitor cells
isolated from 12 to 24 week gestation fetal marrow were cultured for 10-14 days in
increasing concentrations of Darbe (0-500 ng/ml) or protein equivalent concentrations of
rHUEpo. The number of BFU-E increased significantly (p<0.01, 10 vs. 50, 100, and 500
ng/mL Darbe, and p <0.01, 0.05 vs. 0.5, 1.0, and 2 U/mL rHuEpo).
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Figure 2.

Changes in reticulocyte count (panel A) and hematocrit (panel B) in preterm infants treated
with 4 weekly Darbe doses (0 =g/kg [placebo]: open squares; 2.5 =g/kg: solid triangles;
5>g/kg: solid squares; 10 >g/kg: solid circles). Reticulocyte counts increased by day 14 in
infants receiving either 5 or 10 >g/kg dosing. Infants receiving 10 >g/kg had the greatest
reticulocyte response (p=0.04 versus placebo). Hematocrits were greater by day 14 in infants
receiving any Darbe (p=0.006 versus placebo).
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