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Hypoxia-Inducible Factor Prolyl Hydroxylase Inhibitors:
A Potential New Treatment for Anemia in Patients With CKD

Nupur Gupta, MD, and Jay B. Wish, MD

Erythropoiesis-stimulating agents (ESAs) increase hemoglobin levels, reduce transfusion requirements, and
have been the standard of treatment for anemia in patients with chronic kidney disease (CKD) since 1989.
Many safety concerns have emerged regarding the use of ESAs, including an increased occurrence of
cardiovascular events and vascular access thrombosis. Hypoxia-inducible factor (HIF) prolyl hydroxylase (PH)
enzyme inhibitors are a new class of agents for the treatment of anemia in CKD. These agents work by
stabilizing the HIF complex and stimulating endogenous erythropoietin production even in patients with
end-stage kidney disease. HIF-PH inhibitors improve iron mobilization to the bone marrow. They are admin-
istered orally, which may be a more favorable route for patients not undergoing hemodialysis. By inducing
considerably lower but more consistent blood erythropoietin levels than ESAs, HIF-PH inhibitors may be
associated with fewer adverse cardiovascular effects at comparable hemoglobin levels, although this has yet
to be proved in long-term clinical trials. One significant concern regarding the long-term use of these agents is
their possible effect on tumor growth. There are 4 such agents undergoing phase 2 and 3 clinical trials in the
United States; this report provides a focused review of HIF-PH inhibitors and their potential clinical utility in the
management of anemia of CKD.
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Recombinant human erythropoietin (rHuEPO) was
approved for the treatment of anemia in 1989 by
the US Food and Drug Administration (FDA).'~
Studies demonstrated that treatment of anemia related
to chronic kidney disease (CKD) with rHuEPO and
related products (erythropoiesis-stimulating agents
[ESAs]) increases hemoglobin (Hb) levels, lessens the
need for transfusion, and improves patient quality of
life.” However, treatment to higher Hb targets in clinical
trials has resulted in higher rates of access thrombosis,
cerebrovascular events, and cardiovascular events;
earlier requirement for kidney replacement therapy; and
higher mortality. " It is still not known whether the ESA
dose or the higher target Hb level was the cause of these
adverse events (AEs). Nonetheless, investigators have
pursued the “holy grail” of an anemia therapy agent that
would increase Hb levels, improve quality of life,
reduce transfusion requirements, and avoid AEs.
There are 2 key causes underlying the development
of anemia in CKD: erythropoietin (EPO) deficiency
and functional iron deficiency (FID). EPO deficiency
represents a blunted, though not absent, response in
EPO production to the degree of anemia. FID is a
combination of impaired iron mobilization from stores
and inadequate delivery of iron to the erythroid marrow
in the setting of increased red blood cell (RBC) pro-
duction induced by pharmacologic treatment with
ESAs. Absolute iron deficiency may also occur in

Am J Kidney Dis. 2017;m(m):m-m

patients with CKD due to inadequate provision or ab-
sorption of dietary iron and/or blood losses.

An emerging approach to the treatment of EPO
deficiency in anemic patients with CKD is the use of
agents that stimulate endogenous EPO production in
renal and nonrenal tissues. Such a strategy might
decrease adverse outcomes by allowing for a more
consistent, although not necessarily continuous,
physiologic level of EPO to stimulate RBC produc-
tion rather than the high intermittent blood levels
that result from pharmacologic administration of
an exogenous ESA. One class of agents under
development works to stabilize hypoxia-inducible
factor (HIF) by inhibiting prolyl hydroxylase (PH)
enzymes. In normoxia, HIF-PH activity leads to rapid
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degradation of HIF. During hypoxia, HIF-PH activity
is suppressed, allowing HIF to accumulate and
directly stimulate endogenous EPO production,
upregulate transferrin receptor expression, increase
iron uptake by proerythrocytes, and promote matu-
ration of erythrocytes replete with Hb. It is hypothe-
sized that the consistent but noncontinuous low-level
stimulation of HIF by these agents improves eryth-
ropoiesis while minimizing some of the undesirable
downstream effects of continuous HIF stimulation. In
contrast to a recent overview of all new approaches to
the treatment of anemia in patients with CKD.,° this
review focuses on the mechanism of action and
results of phase 1 and 2 studies of 4 HIF-PH inhibitors
currently under investigation in the United States.

HYPOXIA-INDUCIBLE FACTOR

Mechanism of Action

HIF is a key transcription factor that produces a
physiologic response to reduced tissue oxygen levels
by activating the expression of certain genes. The
purpose of this adaptive homeostatic response is to
restore oxygen balance and protect against cellular
damage while oxygen levels are being restored.'”’

HIF is a heterodimer with an o and B subunit. The
B subunit is present consistently and is also known as
the aryl hydrocarbon receptor nuclear translocator
(ARNT) protein. The o subunit is the limiting factor
in the creation of the functional dimer. The HIF-o
subunit joins with the P subunit in the nucleus and
binds to DNA sequences called hypoxia response
elements (HREs) and thus induces the expression of
target genes. There are 3 isoforms of the o subunit:
HIF-1a, HIF-2a, and HIF-30, any of which can
combine with the [ subunit to induce the expression
of different combinations of target genes. The primary
means of HIF activity regulation is hydroxylation at 2
proline residues by a family of HIF-PH enzymes, also
known as prolyl hydroxylase domain (PHD) en-
zymes, of which there are 3 members: PHD1, PHD?2,
and PHD3*? (Fig 1). PHD2 is the main regulator of
HIF activity in normoxia.'”'" HIF-a, subunits are also
regulated by hydroxylation at a carboxy-terminal
asparagine residue by factor-inhibiting HIF (FIH).'”
Factor-inhibiting HIF prevents the recruitment of
transcriptional coactivators, thereby limiting HIF ac-
tivity.'” Several experiments have demonstrated that
HIF-24d. is the main subunit involved in upregulating
EPO gene expression and iron transport in hypoxia.'*
HIF-2a is expressed in peritubular fibroblasts, which
are thought to be the primary site of renal EPO pro-
duction.”” HIF-1a is expressed in nearly all cell types,
whereas HIF-2a. has a more limited distribution. HIF-
la. is expressed under normoxic baseline conditions,
in contrast to HIF-2a.. From this, HIF-2al appears to

be a key element in the hypoxic response; however, in
certain situations, HIF-1a controls the early response
to hypoxia.

PHD1, PHD2, and PHD3 are nonheme iron-
containing dioxygenases that require oxygen and
2-oxoglutarate as cosubstrates and iron and ascorbate
as cofactors for their enzymatic activity. Oxygen-
dependent regulation of HIF mainly involves the
degradation of HIF-o. subunits, which starts with
hydroxylation of HIF-¢. by HIF-PH enzymes.'®
HIF-PH enzymes require oxygen for their catalytic
activity to regulate HIF. Thus, when oxygen levels
decrease, prolyl hydroxylation does not occur, which
allows HIF-o to dimerize with its partner HIF-} and
accumulate in the nucleus to regulate HIF target
genes.”” HIF stabilization increases gene transcrip-
tion by binding to HREs, thus upregulating EPO and
other genes.'’ In a mouse model in which tamoxifen
is used to conditionally knock out exon 2 of the
PHD?2 gene, enhanced angiogenesis and increased
vascular endothelial growth factor (VEGF)-A and
EPO levels are observed.'®'”

The other important mechanism contributing to
anemia in CKD is FID, typically associated with
pharmacologic ESA use. In FID, the serum ferritin
level is typically normal or high and transferrin
saturation (TSAT) is low.?” FID is mediated by hep-
cidin, an acute-phase reactant protein produced in the
liver that prevents the release of iron from macro-
phages to circulating transferrin and inhibits intestinal
iron absorption. HIF also regulates iron metabolism
and handling. HIF-20 appears to be the isoform pri-
marily responsible for regulating iron metabolism
genes in liver, with HIF-1a playing a smaller role.”’
HIF upregulates transferrin, ceruloplasmin, and
transferrin receptor 1, the latter facilitating increased
plasma transport of iron to tissues.”” > HIF-20. boosts
intestinal absorption of iron by upregulating duodenal
cytochrome b and divalent metal transporter 1, 2
important genes in iron uptake and export.”'*> EPO
production induced by HIF leads to the production by
erythroblasts of erythroferrone, which limits the gene
expression of liver hepcidin.”®”’ These functions of
HIF complement its effect on erythropoiesis by
coordinating EPO-stimulated RBC production with
increased available iron.

HIF-1a plays a critical role in the cell-cycle regu-
lation of hematopoietic stem cells.”® Hematopoietic
stem cells are considered to be localized in the hyp-
oxic niches of bone marrow; they usually stay
quiescent, but have the potential to divide into mul-
tiple blood progenitor cells. In response to stresses
such as blood loss, hematopoietic stem cells rapidly
expand and differentiate to regenerate RBCs.”’ Sta-
bilization of HIF-1¢, using HIF-PH inhibitors has
been reported to stimulate hematopoiesis through
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Figure 1.
1; EPO, erythropoietin; PH, prolyl hydroxylase.

manipulating the niches of bone marrow stem cells
in vivo.”” The effect on bone-marrow stem cells
seems independent of EPO, which indicates that
HIF-PH inhibitors may increase Hb levels through an
additional pathway as compared with conventional
ESAs. The hematopoietic effects of HIF are illustrated
in Fig 2.

HIF STABILIZERS CURRENTLY UNDER
DEVELOPMENT

Overview

Several molecules that inhibit HIF-PH enzymes are
under development for treating anemia in patients
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with CKD. This section reviews the available evi-
dence from abstracts and peer-reviewed publications.
Characteristics of the 4 HIF-PH inhibitors most
advanced in the development pipeline are summa-
rized in Table 1. Use of these agents consistently
results in dose-related increases in Hb levels, while
decreasing hepcidin and ferritin levels and decreasing
TSAT by increasing total iron-binding capacity.’’”

The first promising molecule in the HIF-PH inhibitor
class was FibroGen’s FG-2216. In phase 2a studies
performed in 2005, FG-2216 was observed to increase
Hb levels in healthy volunteers and hemodialysis
patients.” In patients treated by hemodialysis who had
kidneys, the increase varied but tended to be much
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Figure 2. Erythropoietic effects of hypoxia-inducible factor (HIF). (1) HIF upregulates divalent metal transporter 1 (DMT1) and
duodenal cytochrome B (DcytB) to increase intestinal iron (Fe) absorption; (2) transferrin transports Fe to transferrin receptors in
the bone marrow; (3) Fe is released from transferrin into the developing erythrocyte; (4) HIF upregulates the erythropoietin (EPO) re-
ceptor (EPO-R) and endogenous EPO production; (5) HIF upregulates transferrin receptor, increasing iron uptake by proerythrocytes;
(6) HIF promotes the formation of fully functional mature erythrocytes replete with hemoglobin (Hb); (7) after a lifespan averaging
approximately 120 days, exhausted erythrocytes are scavenged in the liver and the Fe is returned for reuse. Abbreviation: Gl,

gastrointestinal.

greater than the response in anephric patients, implying
that FG-2216 induced EPO production in nonfunc-
tioning kidneys. Data from phase 2 studies showed that
modest increases in endogenous EPO induced by
FG-2216 (1/10 to 1/40 of blood EPO levels observed
with rHuEPO therapy) are sufficient to mediate
erythropoiesis in patients with non—dialysis-dependent
(NDD) CKD without increasing the incidence of
hypertension or thrombosis.”> The studies to test
FG-2216 were suspended because 1 participant of a

later trial died of fulminant hepatitis, although the death
was subsequently determined not to be caused by the
drug.”®

Roxadustat (FG-4592)

The second-generation HIF-PH inhibitor from
FibroGen, Astellas, and AstraZeneca is roxadustat
(FG-4592). In a single-blinded placebo-controlled
study, 117 participants with NDD CKD stages 3 to 4
randomly assigned to roxadustat (4 doses escalating
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Table 1. Characteristics of HIF-PH Inhibitors Under Development

Generic Name Investigational Name Sponsor Half-Life, h  Dosing Frequency Investigational Status
Roxadustat FG-4592 FibroGen, Astellas, & AstraZeneca 12-13 3X/wk Phase 3
Vadadustat AKB-6548 Akebia 4.5 Daily Phase 3
Daprodustat GSK-1278863 GlaxoSmithKline 4 Daily Phase 2 (US)

Phase 3 (Japan)
Molidustat BAY 85-3934 Bayer NA Daily Phase 2

Abbreviations: HIF-PH, hypoxia-inducible factor prolyl hydroxylase; NA, not available (data not published).

from 0.7, 1.0, 1.5, and 2.0 mg/kg daily) were found to
have a higher mean Hb level increase compared to
placebo.”” In a phase 1 open-label study in healthy
participants, roxadustat was observed to have a half-
life of approximately 12 to 13 hours.” In phase 2
studies of incident dialysis patients, roxadustat at
titrated doses was reported to increase mean Hb levels
by =2.0 g/dL. within 7 weeks regardless of baseline
iron repletion status, C-reactive protein level, iron
regimen, or dialysis modality.”’ Such results are
promising in patients with side effects from intrave-
nous or oral iron.”"*

In another phase 2 study from Provenzano et al,*’
144 patients with end-stage renal disease on main-
tenance hemodialysis therapy whose Hb levels had
been previously maintained (mean Hb = 11 g/dL)
by epoetin alfa were randomly assigned to roxadu-
stat or to continue epoetin alfa. This trial was
designed to assess the efficacy of roxadustat in
maintaining Hb levels when converting from an
ESA and to establish the optimal starting dose and
dose adjustment regimen to maintain target Hb
values. Participants with baseline stable epoetin alfa
doses were randomly assigned (3:1) to roxadustat or
epoetin alfa. Part 1 comprised 54 participants treated
for 6 weeks (41 roxadustat and 13 epoetin alfa); part
2 comprised 90 participants treated for 19 weeks
(67 roxadustat and 23 epoetin alfa). Hb level
responder rates in part 1 were reported to be 79% in
pooled roxadustat 1.5 to 2.0 mg/kg thrice weekly
compared to 33% in the epoetin alfa control arm
(P = 0.03). The roxadustat dose for Hb level
maintenance ranged from 0.5 to 3.4 (mean dose,
~1.7) mg/kg thrice weekly. The effect lasted for the
duration of the study.

Hepcidin, serum ferritin, and C-reactive protein
levels were analyzed in a double-blinded multicenter
study of roxadustat versus placebo in 145 participants
with NDD CKD.?” During the first 16 weeks of treat-
ment, hepcidin levels decreased by 16.9% (P = 0.004),
reticulocyte Hb content was preserved, and Hb levels
increased by a mean = standard deviation of
1.83 = 0.09 g/dL (P < 0.001). Meanwhile, ferritin
levels decreased by 85.9 * 112.6 ng/mL (30.9%;
P < 0.001) and total iron-binding capacity increased
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by 40.4 £ 41.0 mg/dL (15.3%; P < 0.001). Although
TSAT and ferritin levels declined during the first few
weeks of the intervention, they subsequently stabilized.
Roxadustat significantly decreased total cholesterol
levels in these patients with NDD CKD in a dose-
dependent manner. Of note, a decrease in total
cholesterol level by roxadustat in comparison to
epoetin alfa was seen in the Provenzano et al*’ study,
which was performed in dialysis patients.

In a phase 2b study in patients with NDD CKD and
hemodialysis patients, 36-Item Short Form Health
Survey (SF-36) and Functional Assessment of Cancer
Therapy-Anemia (FACT-AN) scores were reported to
be significantly improved from baseline after treat-
ment with roxadustat, particularly in patients pre-
senting with low baseline scores.” Moreover, a
preliminary report of a pooled analysis of 5 completed
roxadustat phase 2 studies’” demonstrated a consis-
tent reduction from baseline in total cholesterol levels
that was greatest in patients with the highest baseline
levels. In contrast, patients in comparator groups
(placebo or epoetin alfa) showed an increase from
baseline. AE rates from roxadustat were consistent
with background disease in the end-stage renal dis-
ease population,”’ and none of the serious AEs
observed in the NDD CKD population was attributed
to study drug.”> Completed phase 2 studies of rox-
adustat are summarized in Table 2. A number of
phase 3 studies in patients with end-stage renal dis-
ease and NDD CKD are currently underway with
durations of 24 weeks to 3 years. All roxadustat
studies are shown in Table S1 (available as online
supplementary material).

Vadadustat (AKB-6548)

Vadadustat from Akebia (AKB-6548), an HIF-PH
inhibitor, is currently in the phase 3 stage of devel-
opment for the treatment of anemia secondary to
CKD. In a phase la single-dose study in 8 healthy
men (6 receiving vadadustat and 2 receiving placebo),
vadadustat was observed to have a half-life of
approximately 4.5 hours.”” In a double-blind placebo-
controlled phase 2a trial in 93 patients with NDD
CKD, vadadustat increased EPO levels in a manner
comparable to the expected physiologic diurnal
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Table 2. Completed Phase 2 and 3 Studies of Roxadustat (FG-4592), Vadadustat (AKB-6548), Daprodustat (GSK-1278863), and Molidustat (BAY-85-3934) in Anemia of CKD

Identifier Status Participants Study Design N End Point Treatment Duration CcDh
Roxadustat (FG-4592)
NCT00761657 Completed; published®®  US; NDD CKD3-4 with Hb = 11 g/dL Phase 2, randomized, P-C, S-B, 116 Safety/efficacy 4 wk (+12-wk F/U) June 2010
dose-ranging
NCT01244763 Completed; published®  US; NDD CKD3-4 with Hb =< 10.5 g/dL Phase 2, randomized, O-L, dose- 145 Safety/efficacy 16 or 24 wk Sept 2012
ranging
NCT01599507 Completed; abstract®® CN; NDD CKD with Hb < 10 g/dL Phase 2, randomized, P-C, D-B, 91 Safety/efficacy 8 wk Jan 2013
dose-ranging
NCT01596855 Completed CN; ESRD on stable HD with Hb 9-12 g/dL  Phase 2, randomized, A-C (epoetin 96 Safety/efficacy NA Jan 2013
alfa), O-L,
NCT01414075 Completed; published®'  US, Asia, RU; ESRD on HD or PD with Phase 2, randomized O-L, dose 60 Safety/efficacy 12 wk May 2013
Hb <10 g/dL ranging
NCT01147666 Completed; published’®  US; ESRD on maintenance HD Phase 2, randomized, S-B, P-C, A-C 161 Safety/efficacy 20 wk July 2013
(epoetin)
NCT01888445 Completed JP; ESRD on HD (3X/wk for =12 wk) Phase 2, randomized, O-L, D-B, A-C 130 Safety/efficacy 6 wk (+28 wk F/U) Sept 2014
(epoetin)
NCT01964196 Completed JP; NDD CKD with eGFR = 89 mL/min/ Phase 2, randomized, D-B, P-C 107 Safety/efficacy 6 wk (+28 wk F/U) Dec 2015
1.73m? and Hb < 10.0 g/dL
Vadadustat (AKB-6548)
NCT01235936 Completed; abstract*® US; NDD CKD3-4 with Hb < 10.5 g/dL Phase 2a, O-L, pilot, SGA 10 Safety/efficacy 28 d May 2011
NCT01381094 Completed; abstract**®® US; NDD CKD3-5 with Hb =<10.5 g/dL Phase 2a, randomized, D-B, P-C, 91 Safety/efficacy 42d Mar 2012
dose-ranging
NCT01906489 Completed; published®>  US; NDD CKD3a-5 with Hb = 10.5 g/dL; Phase 2b, randomized. D-B, P-C, 210 Safety/efficacy 20 wk Oct 2014
= 9.5-= 12.0 g/dL (EPO users) dose titration
NCT02260193 Completed US; ESRD on HD (CKD5 for =3 mo) Phase 2, randomized, O-L, dose- 94 Safety/efficacy 16 wk Aug 2015
ranging
Daprodustat (GSK-1278863)
NCT01047397 Completed; published*®  Asia-Pacific, RU; NDD CKD3-5 with Hb < 11 Phase 2a, randomized, S-B, P-C, 107 Safety/efficacy 28 d Feb 2011
g/dL dose-ranging
NCT01587898 Completed; published*®  US, CA, DE; NDD CKD with Hb 8.5-11 g/dL  Phase 2a, randomized, D-B, P-C, 74 Safety/efficacy 4 wk May 2013
dose-ranging
NCT01587924 Completed; published*®  US, CA, EU; HD with Hb 9.5-12 g/dL Phase 2a, randomized, D-B, A-C 86 Safety/efficacy 4 wk May 2013
(epoetin), dose-ranging
NCT02019719 Completed published®”  JP; HD with Hb 8.5-10.5 g/dL Phase 2a, randomized, D-B, P-C, 97 Efficacy 4 wk Aug 2014
dose-ranging
NCT01977573 Completed US, CA, EU, Asia-Pacific; NDD-CKD Hb 8.0- Phase 2b, randomized, S-B, A-C 252 Safety/efficacy 24 wk May 2015
11.0 g/dL (EPO naive); 9.0-11.5 g/dL (epoetin)
(EPO users)
NCT01977482 Completed US, CA, EU, Asia-Pacific, RU; HD with Hb ~ Phase 2b, randomized, D-B, P-C, 216 Safety/efficacy 24 wk Feb 2015

9.0-11.5 g/dL

dose-ranging

(Continued)

\%

Ysim pue gydngy



HIF Prolyl Hydroxylase Inhibitors

AJKD

©
-
ol |8 g e
ol © S o
O - I Q
= o [$] —
o = Q. >
«© S o [}
2
c
<l 8
gl ®
=| 3
I a
S| =
@ @
sl gl = % ¢
| o
| E © © ©
X - - =
= > > >
-— Q Q Q
D | = @ @ I
=] £ Q Qo Q
2 S b= s E
S < 2L 9
= -] 2 2 2
o| W Q£ L0
c © 5 [
@ 17} n 0
3 o} ™  ©
Sl =z - A
Q - -
~
a
D
% G
S a 9
= - <
g a2 4
=] c o LD
S| © . Oc¢
ol % ke - D
5| 8 < ® T
gl 8l & N o
el g @ @g €9
2 = P BT o0
@ & = Jsces
o I =) .
8 - b5 SE
n': 8 ERE
X > Q o
< & <|® 2% a
= « oS oo
= < ~1C <
S o =l o
a 3
17}
3 s 2
8 © 2
= 2 S
S ES o
0 ] ke
i Tz >
Q@ = 10
= 1] 7] o
- c S -
Z| & = v
] o 0 o
g5 8 I
P g o =
[e] > =
o < =
S o 0
o o (‘lJ
3 wo a Qo
S DU) X X
2 TN © ©
[¢p] .. O [m)] [m]
pos @~ a o
S -] P4 P4
C
@
a
oo}
o} @ Q,
%] = o
© ] ®
< © =
o » @ 2
5| 3 g =
o & ° LT -}
i @ @ @
o L 2
IS Qo Qo Q@
o Q. Q. Q.
(&) € € €
- o] o] o)
= ') o O
W
3 2 g 8
[($)
= 5| @ CLR
o oE ~ o
= o o o
2 < Y o IV
ol o =} o O
s B| F [
- o O o
pz4 pz4 pz4

Am J Kidney Dis. 2017;m(m):m-m

Dec 2015

16 wk

Safety/efficacy

201

Phase 2, randomized, O-L, A-C

HD, Hb 9.0-11.5 g/dL

NCT01975818 Completed

(epoetin), dose-ranging

Note: Based on information available in ClinicalTrials.gov as of October 2016.

Abbreviations: A-C, active-controlled; CA, Canada; CD, completion date; CKD, chronic kidney disease; CN, China; D-B, double-blind; DE, Germany; ESRD, end-stage renal disease; EU,
European Union; F/U, follow-up; Hb, hemoglobin; HD, hemodialysis; JP, Japan; NA, not available; NDD, non—dialysis dependent; O-L, open-label; P-C, placebo-controlled; PD, peritoneal

dialysis; RU, Russia; S-B, single-blind; SGA, single-group-assignment.
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response.”* In a phase 2a dose-escalation study,
10 patients with CKD received vadadustat once
daily for 28 days at a dose adjusted according to
stage of CKD, beginning at 400 mg daily in CKD
stage 3 and 300 mg in CKD stage 4. Overall,
patients demonstrated an increase in Hb levels, from
9.91 g/dL. at baseline to 10.54 g/dL. by day 29.
Ferritin levels decreased from 334.1 ng/mL at
baseline to 271.7 ng/mL by day 29.

A phase 2b, multicenter, double-blind, random-
ized, parallel-group, placebo-controlled study
including 210 participants with NDD CKD has been
published by Pergola et al.*’ There were 3 study
groups based on ESA status at screening: ESA naive
(Hb = 10.5 g/dL), previously treated with ESAs
(Hb = 10.5 g/dL), and currently treated with ESAs
(Hb=9.5 to =12.0g/dL). Within each group,
patients were randomly assigned 2:1 to receive
vadadustat or placebo and stratified by CKD stage
and diabetes status. ESA treatment was discontinued
in the third group. Compared with those in the pla-
cebo group, a successful Hb level response, defined
as either mean Hb level = 11.0 g/dL or an increase
in Hb level by =1.2 g/dL from baseline, was ach-
ieved in a greater percentage of vadadustat-treated
patients (54.9% vs 10.3%; P < 0.0001).

Similar results were observed in a trial that
enrolled 94 hemodialysis patients (Hb, 9-12 g/dL)
maintained on ESAs prior to study entry.*® Patients
were switched from an ESA to vadadustat and
placed in 1 of 3 dose cohorts: 300 mg once daily;
450 mg once daily; or 450 mg thrice weekly. All
patients were iron replete from baseline through the
end of the study; IV iron use was permitted. Within
each dose cohort, mean change in Hb levels stayed
stable throughout the study (change from baseline to
week 16 ranged from —0.02 to —0.04 g/dL). There
were 78 (83.0%) AEs and 13 (13.8%) serious AEs
reported; no serious events were considered drug
related.

In the Pergola et al’” study, the most commonly
reported drug-related AEs in the vadadustat group
included diarrhea (4.3%) and nausea (4.3%),
whereas diarrhea (2.8%) was the most commonly
reported drug-related AE in the placebo group. Ten
(7.2%) vadadustat-treated patients and 3 (4.2%)
placebo-treated patients discontinued the study
because of AEs. Hypertension was reported as an
AE more frequently in the vadadustat group than the
placebo group, although all vadadustat-treated pa-
tients for whom hypertension was reported had a
history of elevated blood pressure and there was no
pattern of blood pressure changes in this group.
There was no impact on blood cholesterol levels.

In healthy volunteers, vadadustat has been
reported to decrease hepcidin and ferritin levels, but
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only at 900 mg/d was this finding statistically signif-
icant.”** In the Pergola et al’’ phase 2b study of
patients with NDD CKD, there was a significant
reduction in serum ferritin and hepcidin levels at 20
weeks. A reduction of ferritin and TSAT levels in
dialysis patients has also been reported.”® The
completed phase 2 studies of vadadustat are summa-
rized in Table 2 and all studies in Table S2.

In terms of phase 3 studies, Akebia announced the
INNO,VATE program, consisting of 2 studies
designed to evaluate vadadustat in patients undergo-
ing dialysis who have anemia related to CKD. Ake-
bia’s ongoing phase 3 PRO,TECT program in
patients with NDD-CKD with anemia related to CKD
commenced at the end of 2015.

Daprodustat (GSK-1278863)

GlaxoSmithKline is investigating an HIF-PH
inhibitor, daprodustat (GSK-1278863). In a phase 1
study, daprodustat was well tolerated and increased
EPO levels in apparently healthy individuals propor-
tional to dose.”” In phase 2a studies in NDD CKD and
end-stage renal disease reported by Holdstock et al,**
patients were randomly assigned 1:1:1:1 to a once-
daily dose of 0.5, 2, and 5 mg and placebo for
4-week treatment with daprodustat. A mean Hb level
increase of 1 g/dL was achieved in the 5-mg treatment
arm at 4 weeks in the NDD-CKD ESA-naive popu-
lation. In the hemodialysis population, Hb levels
remained stable after the transition from rHuEPO in
the 5-mg treatment arm, but not with lower (0.5 and
2 mg) daprodustat doses. A study examining the rate
of Hb level increase, safety, and tolerability demon-
strated that 10- and 25-mg daily doses were observed
to produce effective erythropoiesis with modest daily
endogenous EPO production.”” These doses also
resulted in a high Hb level (>13 g/dL) in some
individuals, leading to early discontinuation from the
study. Similar high Hb level increases also occurred at
the 50- and 100-mg daily doses for the CKD stages
3 to 5 group and, along with other non-Hb level
tolerability-related AEs, led to early discontinuation
and withdrawals. In an open-label, phase 1, single-
dose study in healthy individuals, daprodustat
demonstrated a half-life up to 4 hours.”’ Ferritin
levels decreased at 4 weeks, whereas transferrin levels
and total iron-binding capacity were increased in the
5-mg-daily daprodustat group. Hepcidin levels did
not decline in the 5-mg daprodustat group, and an
increase was noted in the 0.5- and 2-mg groups. In the
studies reported by Holdstock et al,"® a trend of
decreasing serum ferritin levels was evident with
increasing doses of daprodustat. Markers of iron
metabolism such as total iron-binding capacity and
unsaturated iron-binding capacity showed an increase
through day 29.

Like other agents in the class, the most common
AE observed in the phase 2 studies was nausea.*®*’
Completed phase 2 studies of daprodustat are
summarized in Table 2, and all studies, in Table S3.

Molidustat (BAY 85-3934)

Bayer Healthcare is currently evaluating an
HIF-PH inhibitor, molidustat (BAY 85-3934). In an-
imal models, molidustat was shown to be effective in
renal and inflammatory anemia and, unlike ESA
therapy, it reduced blood pressure in a CKD model.
The endogenous EPO levels induced during treatment
were close to the normal physiologic range of EPO.”'
In apparently healthy men, single 37.5- and 50-mg
doses of molidustat were found to be absorbed
quickly and engender a dose-dependent increase in
endogenous EPO levels and an increase in reticulo-
cyte count.’”

A phase 2b, randomized, double-blind, placebo-
controlled study of once- and twice-daily adminis-
tration of different fixed dosages of molidustat in
anemic ESA-naive patients with NDD CKD
included 101 patients randomly assigned to moli-
dustat and 20 patients randomly assigned to pla-
cebo.”” Forty percent of patients receiving
molidustat and 90% of those receiving placebo
completed the 16-week trial period. Discontinuation
of molidustat treatment was mainly due to Hb levels
> 13 g/dL or increasing >1 g/dL in 2 weeks (44 of
61; none due to Hb < 8.0 g/dL); higher dosages of
molidustat resulted in a higher discontinuation rate
due to Hb criteria.

Molidustat is currently in active phase 2 trials. Its
effects on iron metabolism and inflammatory markers
have yet to be reported. The completed phase 2
studies of molidustat are summarized in Table 2 and
all studies in Table S4.

CURRENT THERAPIES VERSUS HIF-PH INHIBITORS

Clinical Outcomes

Although parenteral ESA treatment produces high
levels of the ESA in blood, treatment with HIF-PH
inhibitors results in a relatively small increase in
EPO blood levels.””** This may confer a potential
advantage to HIF-PH inhibitors because they lead to
endogenous EPO levels close to the physiologic
range and adequately stimulate the high-affinity re-
ceptor responsible for hematopoiesis. However, it
should be noted that many genes unrelated to
erythropoiesis are regulated by HIF, and their ac-
tivity could potentially be affected by HIF-PH
inhibitors.

In published clinical trials of HIF-PH inhibitors to
date, the studies were designed to target Hb levels
to <11 g/dL. When Hb levels were >12 g/dL, either
the drug treatment was discontinued or the dose was

Am J Kidney Dis. 2017;m(m):m-m
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decreased.” " The consequences to cardiovascular
health of maintaining physiologic levels of endoge-
nous EPO with HIF-PH inhibitors have yet to be
determined, as does the impact of normalizing Hb
levels with these agents. For patients with CKD, the
FDA product information for all currently approved

ESAs states that™"°:

In controlled trials, patients experienced greater risks for
death, serious adverse cardiovascular reactions, and
stroke when administered ESAs to target a Hb level of
greater than 11 g/dL. No trial has identified a Hb target
level, ESA dose, or dosing strategy that does not increase
these risks.

Long-term trials with hard outcomes will determine
whether these statements also apply to HIF-PH
inhibitors. Given the experience with ESAs, it is
likely that the FDA will proceed with caution
and studies with HIF-PH inhibitors targeting Hb
levels > 11 g/dL will not be undertaken in the near
future.

Iron Metabolism
Nearly 10% of the hemodialysis population is ESA

resistant, a state frequently caused by FID.”*’" A

direct correlation has been reported between hepcidin
level and ESA dose.”®” It has been proposed that
hypoxia per se, possibly via the HIF family of tran-
scription factors, provides a stimulus for transcrip-
tional suppression of hepcidin.”® However, others
have argued that hepcidin suppression does not result
from hypoxia directly,””®" but rather from the
hypoxia-induced increase in erythropoietic drive.
Recently, numerous mediators have been proposed as
the link between erythropoiesis and hepcidin
suppression (growth-differentiation factor 15, soluble
transferrin receptor, EPO, and the novel hormone
erythroferrone), with erythroferrone most likely
playing the largest role.”’ HIF-PH inhibitor therapy
increases the availability of iron for effective eryth-
ropoiesis. The mechanism of hepcidin suppression
appears to be an indirect effect through erythropoiesis
regulators with HIF activation. Three agents have
demonstrated a decrease in ferritin and TSAT values,
and 2 agents have demonstrated a decrease in hepci-
din levels. Phase 3 trials will demonstrate the clinical
benefit of these observations, if it exists.

Angiogenesis

VEGF promotes angiogenesis and increases
vascular permeability, but also affects tumor stem cell
function and tumor initiation.°” Because transcription
of the VEGF gene is regulated by HIF-1a and HIF-2a
binding to HREs,” there is a clear theoretical concern
that HIF stabilization will increase the risk for
neoplasia and diabetic retinopathy, with resulting
poor outcomes. However, in phase 2a studies,

Am J Kidney Dis. 2017;m(m):m-m
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vadadustat and daprodustat demonstrated no change
in VEGF over the dose range planned for phase 3
clinical trials.”***”

Systemic Hypertension

Within the HIF-mediated transcriptional cascade
are a number of genes involved in vasomotor control.
Emerging evidence supports a small blood pressure—
lowering effect of HIF-PH inhibitors. Molidustat has
been reported to lower blood pressure in an animal
model.”’ In humans, systolic blood pressure was
found to be significantly lower in patients receiving
5 mg/kg of molidustat compared with the control and
rHuEPO-treated groups.”’ In this study, the effect of
molidustat on mean systolic blood pressure was
essentially the same as that of enalapril. A mean blood
pressure reduction of 2.6 = 9.6 mm Hg from baseline
was observed in the phase 2b trial of 16 and 24 weeks
of treatment with roxadustat.®’ In an open-label phase
2b trial of roxadustat, the most frequent AE (10%)
was hypertension requiring a modification to antihy-
pertensive medication.”' In a phase 2a dose escalation
study, treatment with vadadustat in 10 patients with
CKD for 28 days was associated with a small
reduction in mean blood pressure.”’

CONCLUSIONS

HIF-PH inhibitors are likely to become an impor-
tant tool for anemia management in patients with
CKD. Given the biology of the HIF pathway, it is
likely that targeting PHD enzymes will lead to
pleiotropic effects. HIF-PH inhibition leads to
endogenous EPO production and enhances the avail-
ability of iron to the erythron. Published clinical trials
show increased Hb levels with physiologic blood
levels of endogenous EPO. The oral route of admin-
istration may be of advantage over intravenous/sub-
cutaneous ESAs, especially in patients with NDD
CKD and those undergoing peritoneal dialysis.
Although manipulating HIF-PH may have several
benefits, concerns regarding safety must be dealt with.
One significant concern regarding the long-term use
of these agents is the possible effect on tumors
because HIF activation in hypoxic environments may
help already existing tumors survive and grow. The
long-term effects on VEGF and angiogenesis have
also yet to be determined. Pending results of long-
term studies comparing HIF-PH inhibitors and ESA
therapy, it is not possible to state whether HIF-PH
inhibitors offer an advantage regarding cardiovascu-
lar end points at comparable target Hb levels. Results
of ongoing trials will elucidate the short- and long-
term benefit versus risk profile of these agents to
better define their role as an alternative to ESAs and
iron supplementation in patients with CKD with
anemia.
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