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erythropoiesis-stimulating agent, darbepoetin alfa, in increasing and maintaining tar-

get hemoglobin concentrations. In these trials, vadadustat increased the concentra-
tions of serum EPO, the numbers of circulating erythrocytes, and the numbers of
circulating reticulocytes. Achieved hemoglobin concentrations were similar in patients
treated with either vadadustat or darbepoetin alfa, but compared with patients
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receiving darbepoetin alfa, those receiving vadadustat had erythrocytes with
increased mean corpuscular volume and mean corpuscular hemoglobin, while the red
cell distribution width was decreased. Increased serum transferrin concentrations, as
measured by total iron-binding capacity, combined with stable serum iron concentra-
tions, resulted in decreased transferrin saturation in patients randomized to vadadu-
stat compared with patients randomized to darbepoetin alfa. The decreases in
transferrin saturation were associated with relatively greater declines in serum hepci-
din and ferritin in patients receiving vadadustat compared with those receiving darbe-
poetin alfa. These results for serum transferrin saturation, hepcidin, ferritin, and
erythrocyte indices were consistent with improved iron availability in the patients
receiving vadadustat. Thus, overall, vadadustat had beneficial effects on three aspects
of erythropoiesis in patients with anemia associated with CKD: increased endoge-

nous EPO production, improved iron availability to erythroid cells, and increased

1 | INTRODUCTION

Chronic kidney disease (CKD) is associated with anemia that worsens
as kidney function declines.! In a representative sample of the
U.S. population with stages 4 and 5 CKD, indicated by an estimated
glomerular filtration rate (eGFR) of <30 mL/min/1.73 m?, approxi-
mately one-half had anemia.2 The primary cause of anemia in CKD is
underproduction of red blood cells (RBCs).® Erythropoietin (EPO),
which is mainly produced by a subset of renal cortical interstitial fibro-
blasts in response to local tissue hypoxia,*> prevents apoptosis of
marrow erythroid progenitors.>” Decreased EPO production results
from inflammation in the kidneys®? when renal EPO-producing fibro-
blasts are transformed into myofibroblasts that do not produce EPO.2
Inflammation in CKD also directly suppresses erythroid cell devel-
opment and indirectly suppresses the iron available to erythroblasts
via hepcidin induction.’°"*2 Hepcidin, a liver peptide induced by
inflammation and/or increased iron, binds and downregulates cell sur-
face expression of ferroportin, the transmembrane iron exporter.®
Increased hepcidin in CKD restricts iron export from storage cells,
macrophages, and hepatocytes, thereby decreasing iron availability to
erythroblasts.>*> Macrophages remove senescent erythrocytes from
the blood and export iron recycled from degraded hemoglobin to mar-
row erythropoietic cells.*®” In addition, erythrocyte lifespan in CKD
is decreased, likely by inflammation-induced macrophage activation
and uremic toxin-induced damage to erythrocytes.*® Chronic blood
loss from retention in the hemodialysis apparatus further limits eryth-
rocyte lifespan and iron availability.?* Thus, anemia in CKD results
from decreased EPO production, suppression of erythroid progenitors,
restricted iron availability, and shortened erythrocyte lifespan.
Recombinant human EPO (rhEPO) and its derivatives with pro-
longed half-lives, darbepoetin alfa (hereafter termed “darbepoetin”)
and polyethylene-glycolated rhEPO, are collectively termed
erythropoiesis-stimulating agents (ESAs), and are standard treatments
for anemic patients with CKD that reduce the need for blood transfu-
sions.’? However, ESAs are associated with adverse cardiovascular

reticulocytes in the circulation.

events when hemoglobin concentrations in the normal or slightly sub-
normal ranges are targeted.?°22 Among potential therapeutic agents
for anemia in patients with CKD are those that induce endogenous
EPO production, thereby avoiding high transient plasma concentra-
tions of ESAs that may occur with intravenous administration.

EPO production is controlled by hypoxia-inducible factor
(HIF).2%2% HIF, a multicomponent transcription factor, is mainly regu-
lated by the degradation rate of one of its components, HIFa,2> which
is targeted for polyubiquitination and proteasomal degradation by
prolyl hydroxylation.?¢~28 Three specific HIF prolyl hydroxylases (HIF
prolyl-4-hydroxylase domain [HIF-PHD] enzymes) use oxygen,
2-oxoglutarate, and one of three HIFa proteins (HIF-1a, HIF-2a, or
HIF-3a) as substrates.?’ 3! Under normoxic conditions, HIF is rapidly
hydroxylated and promptly degraded so that it does not accumulate
and form active transcription factor complexes. With hypoxia, the
HIFx prolines are not hydroxylated, and HIFx is incorporated into
active HIF transcription factor complexes that bind to hypoxia-
responsive elements in many target genes, including the gene encod-
ing EPO, thereby inducing transcription of those genes.3?

Vadadustat, an investigational oral HIF-PHD inhibitor that stabi-
lizes intracellular HIFa, increases serum EPO concentrations over
baseline in healthy individuals and in patients with CKD.233# In four
phase 3 clinical trials, vadadustat was compared with darbepoetin for
efficacy and safety in the treatment of anemia associated with non-
dialysis-dependent CKD (NDD-CKD; i.e., the PRO,TECT program,
two trials) and dialysis-dependent CKD (DD-CKD; i.e., the INNO,.
VATE program, two trials). The INNO,VATE and PRO,TECT trials
both met the prespecified noninferiority criteria (—0.75 g/dL) for the
primary efficacy endpoint of mean change in hemoglobin from base-
line to Weeks 24 to 36. The INNO,VATE trial also met the prespeci-
fied noninferiority criteria (1.25) for the primary safety endpoint of
time to first major adverse cardiovascular event (MACE; a composite
of death from any cause, nonfatal myocardial infarction, or a nonfatal
stroke); however, the PRO,TECT trials did not meet the prespecified
margin for noninferiority.>>3¢ Time to CKD progression in the
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PRO,TECT trials (provision of maintenance dialysis, receipt of kidney
transplant, or decrease in eGFR <15 mL/min/1.73 m? or a decrease of
40% or more in the eGFR with the two eGFR criteria confirmed after
>4 weeks), was similar in the vadadustat- and darbepoetin-treatment
groups.®® Here, we report the erythropoietic effects of vadadustat in
these trials and discuss their clinical relevance.

2 | METHODS

2.1 | Trial designs and oversight

We conducted four global, open-label, sponsor-blinded, active-con-
trolled, noninferiority trials in patients with CKD. The two PRO,TECT
trials included ESA-untreated patients with NDD-CKD (ClinicalTrials.
gov identifier: NCT02648347) or ESA-treated patients with NDD-
CKD (ClinicalTrials.gov identifier: NCT02680574); the two INNO,.
VATE trials included ESA-treated patients with incident DD-CKD
(dialysis initiated within 16 weeks before screening; ClinicalTrials.gov
identifier: NCT02865850) and prevalent DD-CKD (dialysis received
for at least 12 weeks before screening; ClinicalTrials.gov identifier:
NCT02892149).3>3¢ Flow diagrams showing randomization to either
vadadustat or darbepoetin and subsequent trial events are shown for
the PRO,TECT trials in Figure S1 and for the INNO,VATE trials in
Figure S2.

2.2 | Patients and assessments

In both PRO,TECT trials, eligible patients were at least 18 years of
age and had NDD-CKD (eGFR <60 mL/min/1.73 m?. In the trial
involving ESA-untreated patients, patients were required to have a
hemoglobin concentration <10 g/dL and were excluded if they had
received any ESA within 8 weeks before randomization. In the trial
involving ESA-treated patients, patients had to be actively receiving
maintenance ESA therapy, with at least one dose received within
6 weeks before or during screening and were required to have a
hemoglobin concentration of 8-11 g/dL (in the United States) or 9-
12 g/dL (in other countries). In both INNO,VATE trials, eligible
patients were at least 18 years of age, had CKD and were undergoing
dialysis, had a serum ferritin concentration 2100 ng/mL and a trans-
ferrin saturation (TSAT) 220%, and had not received an RBC transfu-
sion within the previous 8 weeks. In addition, patients had a
hemoglobin concentration between 8 and 11 g/dL (incident DD-CKD
trial) or a hemoglobin concentration between 8 and 11 g/dL (in the
United States) or between 9 and 12 g/dL (in other countries) (preva-
lent DD-CKD trial). In all trials, oral or intravenous iron administration
was allowed at the discretion of local investigators to maintain serum
ferritin 2100 ng/mL or TSAT 220%.

The PRO,TECT and INNO,VATE trials had prespecified primary
(Weeks 24-36) and secondary (Weeks 40-52) evaluation periods for
efficacy, as measured by change or maintenance of hemoglobin concen-
trations (target hemoglobin concentrations of 10-11g/dL in the
United States and 10-12 g/dL in other countries). The prespecified

noninferiority margins were selected in consultation with regulatory
agencies as the lower bound of the 95% confidence interval of
—0.75 g/dL for the primary efficacy end point. The primary safety out-
come was time to first MACE with a prespecified noninferiority margin
of 1.25.

In addition to baseline values, erythrocyte numbers (RBCs) and
erythrocyte indices were measured every 2 weeks through Week
12, then every fourth week. Serum ferritin, iron, TSAT, and total iron-
binding capacity (TIBC), were measured every 4 weeks through Week
12, and every 8 weeks through Week 52. Serum bilirubin and lactate
dehydrogenase were measured every 4 weeks through Week 28, and
every 8 weeks through Week 52. Reticulocyte numbers and serum hep-
cidin (measured by enzyme-linked immunoassay [ELISA]; DRG Interna-
tional Inc.) were measured at Weeks 4, 12, 28, and 52; serum C-reactive
protein (CRP; measured by an immunoturbidimetric assay; Roche Diag-
nostics) was measured at Weeks 28 and 52. Endogenous serum EPO
was measured at Weeks 4, 12, 28, and 52 in patients randomized to
receive vadadustat using an ELISA (Quantikine IVD; R&D Systems).
Endogenous EPO could not be measured in patients randomized to
receive darbepoetin because, as a derivative of EPO, darbepoetin is
immunologically related to EPO and darbepoetin's erythropoietic
activity suppresses endogenous EPO production. However, serum
EPO concentrations were also determined in darbepoetin-treated
patients, while recognizing that their values represented com-
bined endogenous EPO and exogenous darbepoetin.

2.3 | Data analysis and statistical methods

We analyzed erythropoietic effects of vadadustat for the safety popu-
lation (all randomized patients who received at least one dose of study
drug). Blood samples for laboratory assays were sent to the trials' cen-
tral laboratory for analysis. Local investigators were responsible for
reviewing laboratory results for clinical significance and adjusting the
dose according to the protocol algorithm. Results for RBCs, reticulo-
cytes, mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), red cell distribution width (RDW; a measure of anisocytosis),
and serum EPO, TIBC, iron, TSAT, hepcidin, and ferritin were com-
pared with respect to mean change from baseline in the primary and
secondary evaluation periods. Within treatment group analyses were
based on paired t tests. The analyses between groups were based on
analyses of covariance with the baseline values of laboratory tests as
covariates, and central laboratory baseline hemoglobin group, geo-
graphic region, New York Heart Association congestive heart failure
class, and treatment group as fixed effects. We considered two-tailed
p < .05 as statistically significant without adjustment for multiple com-
parisons. All analyses were conducted using SAS statistical software
version 9.4 (SAS Institute Inc).

3 | RESULTS

In the PRO,TECT trials, 1751 ESA-untreated patients with NDD-CKD
and 1725 ESA-treated patients with NDD-CKD (3476 patients in
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TABLE 1 Erythropoietin levels in vadadustat-treated patients at baseline and Weeks 4, 12, 28, and 52 in the PRO,TECT and INNO,VATE
programs
Erythropoietin (mlU/mL) Baseline Week 4 Week 12 Week 28 Week 52
ESA-untreated NDD-CKD trial
Observed, mean (SD) 15.2 (14.0) 16.2 (15.2) 17.3(23.3) 19.6 (47.2) 20.1(37.2)
Change from baseline, mean (SD) NA 1.3 (10.7) 2.3(22.6) 5.0 (47.4) 5.2(38.1)
Change from baseline, 95% Cl NA (0.5, 2.0) (0.7, 4.0) (1.4, 8.6) (1.8, 8.6)
p value .0008 .005 .007 .0028
ESA-treated NDD-CKD trial
Observed, mean (SD) 15.4 (14.9) 14.7 (14.6) 16.7 (46.7) 17.4 (38.7) 21.1 (46.0)
Change from baseline, mean (SD) NA —0.7 (15.3) 1.4 (47.2) 2.1(40.3) 5.7 (47.0)
Change from baseline, 95% Cl NA (—1.8,0.3) (—1.9,4.8) (—0.8,5.1) (1.6, 9.8)
p value 1759 405 .1578 .0064
Incident DD-CKD trial
Observed, mean (SD) 17.8 (29.3) 20.3 (41.6) 22.4(49.7) 19.9 (42.8) 17.5(19.9)
Change from baseline, mean (SD) NA 2.5 (46.3) 4.5 (57.1) 1.9 (52.6) —3.5(40.8)
Change from baseline, 95% Cl NA (—4.5,9.6) (—4.4,13.4) (—6.6,10.4) (—12.0, 5.0)
p value 4845 .3168 .655 418
Prevalent DD-CKD trial
Observed, mean (SD) 26.3 (76.0) 20.4 (39.3) 27.0 (84.3) 22.7 (51.5) 32.1(101.4)
Change from baseline, mean (SD) NA —6.5(84.1) 0.3(110.3) —2.2(83.3) 6.3(116.5)
Change from baseline, 95% ClI NA (-10.5, -2.4) (-5.2,5.7) (-6.5,2.1) (-0.4,13.0)
p value .0019 .9273 .3096 .0633

Abbreviations: CKD, chronic kidney disease; DD, dialysis dependent; ESA, erythropoiesis-stimulating agent; NA, not applicable; NDD, non-dialysis

dependent.

total) were randomly assigned in a 1:1 ratio to receive vadadustat or
darbepoetin. In the INNO,VATE trials, 369 patients in the incident
DD-CKD trial and 3554 patients in the prevalent DD-CKD trial (3923
patients in total) were randomly assigned in a 1:1 ratio to receive
vadadustat or darbepoetin. Baseline characteristics were generally
similar among patients randomized to vadadustat or darbepoetin
within all trials (Table S1).

3.1 | EPO concentrations, hemoglobin
concentrations, and RBCs

Mean serum EPO concentrations were measured in patients trea-
ted with vadadustat in the NDD-CKD and DD-CKD trial popula-
tions to determine the effects of vadadustat on endogenous EPO
production. Patients in the ESA-untreated NDD-CKD trial were the
only ones with an ESA-naive baseline, and therefore, the only
group in which an induction in endogenous EPO could be reliably
determined. Mean serum EPO concentrations were statistically sig-
nificantly increased over baseline at each time point (4, 12, 28, and
52 weeks) in both the vadadustat-treatment and darbepoetin-
treatment groups while remaining in the 16-20 mlU/mL range
(Tables 1 and S2). These increases were due to endogenous EPO
production in the vadadustat-treated group (Table 1) and combined
exogenous darbepoetin and endogenous EPO in the darbepoetin-
treated group (Table S2).

In both treatment groups, mean serum EPO levels in the
ESA-treated NDD-CKD trial were in ranges similar to those in the
ESA-untreated trial. In the incident and prevalent DD-CKD trials, both
vadadustat-treated and darbepoetin-treated patients maintained their
serum EPO levels that were slightly increased at baseline compared
with those of patients in the NDD-CKD trials (20-32 mIU/mL)
(Tables 1 and S2).

In all four trials, vadadustat was noninferior to darbepoetin in
achieving and maintaining target hemoglobin concentrations.>>2¢ In
the trial in ESA-untreated NDD-CKD patients, hemoglobin
increased from 9.1 g/dL at baseline to 10.6 g/dL at Week 52 in
vadadustat- and darbepoetin-treatment groups (Table S3). RBCs
increased from 3.1 x 106/pL in both groups at baseline to 3.5 and
3.6 x 10%/uL at Week 52 in the vadadustat- and darbepoetin-
treatment groups, respectively (Table S3 and Figure 1). In ESA-treated
NDD-CKD patients, hemoglobin increased from 10.4 g/dL at baseline to
10.8 g/dL at Week 52 in both vadadustat- and darbepoetin-treatment
groups (Table S3). RBCs were 3.5 x 106/pL at baseline and 3.6 x 10%/
pL at Week 52 in vadadustat- and darbepoetin-treatment groups
(Table S3 and Figure 1).

In incident DD-CKD patients, hemoglobin increased from 9.4
and 9.2 g/dL at baseline to 10.4 and 10.6 g/dL at Week 52 in
the vadadustat- and darbepoetin-treatment groups, respectively
(Table S3). RBCs increased from 3.1 x 106/pL at baseline in both
groups to 3.4 and 3.5 x 10%/uL at Week 52 in the vadadustat-
and darbepoetin-treatment groups, respectively (Table S3 and
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FIGURE 1

Weeks on Study

Red blood cells, reticulocytes, mean corpuscular volume, mean corpuscular hemoglobin, and red cell distribution width of patients

in phase 3 trials evaluating vadadustat versus darbepoetin alfa for treatment of anemia in chronic kidney disease. (A) ESA-untreated NDD-CKD
trial; (B) ESA-treated NDD-CKD trial; (C) incident DD-CKD trial; (D) prevalent DD-CKD trial. DD-CKD, dialysis-dependent chronic kidney disease;
NDD-CKD, non-dialysis-dependent chronic kidney disease; ESA, erythropoiesis-stimulating agent. Data points for vadadustat-treated patients
(solid blue squares) and darbepoetin-treated patients (open red squares) represent means; error bars represent standard error of the mean.
Within-group difference from baseline: *p < .001, **p < .05. Between-group difference: *p < .001, #p < .05

Figure 1). In the prevalent DD-CKD group of patients already
being treated with ESAs, hemoglobin increased from 10.3 and
10.2 g/dL at baseline to 10.5 and 10.6 g/dL at Week 52 in the
vadadustat-
(Table S3).

In both trials in incident and prevalent DD-CKD patients, the

and darbepoetin-treatment groups, respectively

respective achievement and maintenance of hemoglobin were associ-
ated with parallel increases in RBCs/pL (Table S3 and Figure 1). RBCs
increased from 3.3 x 10%/uL at baseline to 3.4 x 10%/uL at Week
52 in both vadadustat- and darbepoetin-treatment groups (Table S3
and Figure 1).

3.2 | Effects on reticulocyte numbers

Absolute reticulocytes were statistically significantly increased by
approximately 10%-20% in the vadadustat-treatment groups
compared with stable absolute reticulocyte numbers in the

darbepoetin-treatment groups at Weeks 4-52 in ESA-untreated

NDD-CKD patients, Weeks 4-52 in the trial in ESA-treated
NDD-CKD patients, Weeks 12 and 28 in incident DD-CKD
patients, and Weeks 12-52 in prevalent DD-CKD patients
(Table S3 and Figure 1). Serum total bilirubin and lactate dehy-
drogenase concentrations were similar in the vadadustat and dar-
bepoetin arms throughout the trials, indicating no increase in rate
of hemolysis in the vadadustat-treatment groups that would
account for the differences in reticulocytes (Figure S3). Further-
more, adverse event reporting provided no evidence for increased
bleeding in the vadadustat- versus the darbepoetin-treatment

group in each trial.

3.3 | Effects on erythrocyte indices

MCV and MCH values were within the population reference range
(MCV 79-98 fL; MCH 26-34 pg/cell), although mean MCV and
mean MCH were consistently higher in patients randomized to

vadadustat compared with those randomized to darbepoetin at
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Weeks on Study

FIGURE 2 Serum total iron binding capacity, serum iron, transferrin saturation, serum hepcidin, and serum ferritin of patients in phase 3 trials
evaluating vadadustat versus darbepoetin alfa for treatment of anemia in chronic kidney disease. (A) ESA-untreated NDD-CKD trial; (B) ESA-treated
NDD-CKD trial; (C) incident DD-CKD trial; (D) prevalent DD-CKD trial. DD-CKD, dialysis-dependent chronic kidney disease; NDD-CKD, non-dialysis-
dependent chronic kidney disease; ESA, erythropoiesis-stimulating agent. Data points for vadadustat-treated patients (solid blue squares) and
darbepoetin-treated patients (open red squares) represent means; error bars represent standard error of the mean. Within-group difference from
baseline: *p < .001, **p < .05. Between-group difference: #p < .001, #p < .05

each time point in all four trials (Table S3 and Figure 1). The
increased MCV with vadadustat treatment was uniformly seen
across the four trials, as demonstrated by decreased RDW with
vadadustat treatment compared with darbepoetin treatment
(Table S3 and Figure 1). Across each trial, the MCV of non-
reticulocytes in the RBC population at Weeks 28 and 52 showed
the same MCV relationships as shown for the total RBC population
(Table S4).

3.4 | Effects on TIBC, serum iron, and TSAT

In all four trials, serum transferrin concentrations as measured by
mean TIBC were significantly increased over baseline at all times in
patients randomized to vadadustat relative to those in patients ran-
domized to darbepoetin (Figure 2 and Table S5). Mean baseline
TIBC concentrations in all groups were below the lower limits of

the population reference range (250-425 pg/dL),%”

and patients
with NDD-CKD randomized to vadadustat had increases in TIBC

concentrations to within the (lower) population reference range. In

patients randomized to vadadustat, mean serum iron concentra-
tions were increased from baseline in the primary (Weeks 24-36)
and secondary (Weeks 40-52) efficacy evaluation periods, except
in the prevalent DD-CKD group where it remained unchanged
(Figure 2 and Table S5). Over the course of both PRO,TECT trials
and the trial in prevalent DD-CKD, serum iron was significantly
higher in the vadadustat-treated group compared with the
darbepoetin-treated groups (Figure 2 and Table S5). Before the pri-
mary evaluation period, serum iron was significantly higher in the
vadadustat-treated group compared with the darbepoetin-treated
group in the trial in incident DD-CKD patients (Figure 2 and
Table S5).

Across all four trials, the generalized increases in TIBC in
vadadustat-treated groups resulted in a pattern of decreased mean
TSAT in the early weeks of each trial followed by recovery of mean
TSAT only in the incident DD-CKD trial (Figure 2 and Table S5). In
darbepoetin-treated groups, across all four trials, mean TSAT tran-
siently decreased followed by a recovery of mean TSAT toward base-
line, although this recovery was more limited in the prevalent DD-
CKOD trial (Figure 2 and Table S5).
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3.5 | Effect on serum hepcidin and ferritin

Mean serum hepcidin concentrations decreased in both treatment
groups in each trial, with more prominent decreases in patients ran-
domized to vadadustat than in those randomized to darbepoetin
(Figure 2 and Table S5). Baseline mean serum concentrations of ferri-
tin, the major intracellular iron storage protein, were at or above the
upper limits of the population reference range (10-380 ng/mL) in all tri-
als (Figure 2 and Table S5), but serum ferritin decreased at Weeks 4 and
12, when erythropoiesis was induced in the NDD-CKD trials and the
incident DD-CKD trial (Figure 2 and Table S5). By the primary evaluation
period at Weeks 24-36 and secondary evaluation period at Weeks
40-52, mean serum ferritin had increased over the earlier nadirs at
Weeks 4 and 12 in both NDD-CKD trials to slightly less than baseline
concentrations (Figure 2 and Table S5). In the incident DD-CKD trial, the
slight decreases in mean serum ferritin of the darbepoetin-treated group
and no change in the vadadustat-treated group at Weeks 4 and 12 were
followed by increases at Weeks 28 and 52, so that both arms had con-
centrations at or above baseline (Figure 2 and Table S5). The prevalent
DD-CKD group, which had extremely high baseline mean serum ferritin,
showed little change throughout the trial in patients receiving darbepoe-
tin, and a sustained decrease in mean serum ferritin beginning at Week
20 in the group receiving vadadustat (Figure 2). As inflammation induces
hepcidin, CRP was measured, and the mean CRP was slightly to moder-
ately elevated in the 7-11 mg/L range at baseline (CRP population refer-
ence range: 0.0-4.9 mg/L)*® in all groups and remained in this range at

all time points (Figure S3).

4 | DISCUSSION

As reported previously, vadadustat was noninferior to darbepoetin alfa
with respect to hematological efficacy in the PRO,TECT and INNO,.
VATE phase 3 clinical trials.®>3¢ The prespecified noninferiority safety
outcomes in terms of MACE were met in the INNO,VATE trials but
not in the PRO,TECT trials.>>3 Time to CKD progression in the PRO,.
TECT trials was similar in the vadadustat- and darbepoetin-treatment
groups.®® Patients randomized to vadadustat had increased endoge-
nous EPO, which through its ability to increase marrow erythroid pro-
genitors, led to increased numbers of circulating RBCs. In addition to
these EPO-mediated effects, the present data provide evidence that
vadadustat induced additional erythropoietic stimulation and other
beneficial effects. Compared with patients randomized to darbepoetin,
patients randomized to vadadustat had larger erythrocytes (MCV) that
contained more hemoglobin (MCH), and also had increased numbers of
reticulocytes (absolute reticulocyte count). These erythropoietic effects
most likely result from the activity of vadadustat in the kidneys, liver,
and bone marrow (Figure 3) in stimulating RBC production.

HIF-2a regulates EPO gene transcription and subsequent EPO
production.®?=%! In ESA-untreated patients with NDD-CKD, vadadu-
stat increased endogenous EPO production, with mean serum EPO
concentrations between 16 and 21 mlU/mL, which is at, or slightly

above, the upper limit of the range for healthy individuals

(3.3-16.6 mlU/mL) and consistent with earlier results with vadadu-
stat.3®3* Vadadustat likely induces HIF-2a in renal cortical myofibro-
blasts, which can produce EPO in response to decreased HIF-PHD
activity in diseased kidneys.*? Vadadustat can also induce EPO in the
liver,**> most likely in hepatocytes, which are the main hepatic
EPO-producing cells.**

Patients randomized to vadadustat achieved and maintained tar-
get range hemoglobin concentrations during the primary and second-
ary evaluation periods in all four trials. The slightly above-population
reference range of serum EPO concentrations in both vadadustat-
treated and darbepoetin-treated patients indicate that their EPO con-
centrations were sufficient for achieving the target hemoglobin range
but not for achievement of a normal hemoglobin range. The patients'
marrow erythroid cells likely had decreased EPO responsiveness com-
pared with healthy individuals. Inflammatory cytokines can directly
inhibit proliferation and survival of erythropoietic cells in the

1045 and both vadadustat-treated and darbepoetin-treated

marrow,
groups had similar slight-to-moderate elevations of mean CRP con-
centrations during the trials, indicating that inflammation may have
suppressed EPO responsiveness of the erythroid cells.

Nearly two-thirds of total body reticulocytes are normally in the
marrow,*® but phlebotomy-induced blood loss physiologically results
in early release of reticulocytes from the marrow into the blood that
can be detected at 24 and 36 h after phlebotomy,*” well before EPO-
mediated expansion of erythroid progenitors can supply additional cir-
culating reticulocytes. EPO may mediate some early reticulocyte
release,*®*? but consistently increased absolute reticulocytes in
patients randomized to vadadustat compared with those randomized
to darbepoetin indicate that another HIF-mediated mechanism may
be involved. Marrow reticulocytes pass through the endothelial cells
of marrow venous sinuses to enter the blood,’® and early reticulocyte
release is associated with changes in these marrow endothelial cells.>!
HIFs with the potential to affect marrow endothelial cells are pro-
duced in the marrow by hematopoietic, stromal, and endothelial

cells,>27>%

and may be involved with vadadustat-mediated increases in
absolute reticulocyte counts.

In the present clinical trials with predetermined target hemoglobin
concentrations and nonextensive blood loss, the increased reticulo-
cytes in patients randomized to vadadustat represented 10%-20% of
circulating reticulocytes and 0.3% of total circulating erythrocytes,
thereby contributing only slightly to the increased mean MCV and
MCH. MCVs of non-reticulocytes in the RBC population of each study
at Weeks 28 and 52 (Table S4) show the same MCV relationships as
shown for the total RBC population (Table S3), further indicating that
reticulocytes contributed very slightly to the MCV results. Compared
with patients randomized to darbepoetin, those randomized to vada-
dustat produced uniformly larger erythrocytes (increased MCV with
decreased RDW), with each cell containing more hemoglobin
(increased MCH) and slightly fewer RBCs with relatively decreased
RDWs despite achieving and maintaining similar hemoglobin concen-
trations.>>3¢ Similar results for these erythrocyte indices were
reported in other phase 3 trials comparing vadadustat with darbepoe-

tin in patients with CKD.>>>¢
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FIGURE 3 Vadadustat effects on erythropoiesis. Vadadustat pharmacologically increases hypoxia-inducible factor (HIF) and transcription of HIF
target genes. In the kidneys and liver, vadadustat improves production of endogenous erythropoietin (EPO), which is insufficient in chronic kidney
disease. EPO increases survival and differentiation of marrow erythroid progenitors (colony-forming units erythroid/proerythroblasts), thereby
expanding red blood cell (RBC) production. In the liver, vadadustat increases production of transferrin, the plasma iron carrier, and decreases production
of hepcidin, the negative regulator of ferroportin, which exports iron from duodenal enterocytes (where iron is absorbed) and hepatocytes and
macrophages (where iron is stored). Increased iron availability and its delivery by transferrin to marrow erythroblasts increases RBC size and
hemoglobin content. In the marrow, vadadustat increases release of reticulocytes compared with ESA administration. The red color intensity of

erythroid cells indicates respective hemoglobin concentrations at each stage

These increases in erythrocyte size and hemoglobin content in
the patients randomized to vadadustat compared with those random-
ized to darbepoetin are most consistent with improved iron delivery
to erythroblasts, where increased intracellular iron enhances heme
synthesis that, in turn, increases hemoglobin accumulation and cell
size.>” Erythroblasts of vadadustat-treated patients should contain
increased heme due to HIF increasing transcription of the erythroid-
specific ALAS-2 gene>® and iron-regulatory protein increasing transla-
tion of ALAS-2 mRNAs.>? Increased erythroblast heme, in turn,
induces enhanced heme-regulated inhibitor-controlled synthesis of
globins and other proteins,®” leading to production of larger erythro-
cytes containing more hemoglobin (i.e., increased mean MCV and
MCH) as observed in patients randomized to vadadustat compared
with those randomized to darbepoetin.

Most iron supplied to erythroblasts is recycled from the degraded
hemoglobin of senescent erythrocytes that have been phagocytosed
by macrophages in a process that is not directly affected by HIF.%°
The increased availability of iron with vadadustat versus darbepoetin
was associated with increases in serum transferrin (measured as TIBC)
and decreases in TSAT, with decreases in serum hepcidin and ferritin.
Similar changes in these iron-related proteins have been reported pre-
viously with other HIF-PHD inhibitors as well as vadadustat.>%°¢:61-63
Hepcidin expression can be downregulated directly by HIF in iron
deficiency,®* but hepcidin is indirectly downregulated by hypoxia®®
during EPO-mediated expansion of marrow erythroid cells®®”
through their production of erythroferrone (ERFE), a hormone that
suppresses liver hepcidin production.®® Hepcidin is also downregu-
lated by a mechanism that does not involve ERFE when erythroid
populations are not expanding®® and, in the case of vadadustat stimu-
lation of erythropoiesis, ERFE is not required for hepcidin
downregulation.*®

ERFE from stimulated erythropoiesis may have contributed to
decreased serum hepcidin in the first few months after initiating both
vadadustat and darbepoetin treatments. At later times in the trials,
however, persistent decreases in hepcidin for vadadustat-treated and
darbepoetin-treated patients, and the relatively more prominent
decreases in hepcidin with vadadustat treatment compared with dar-
bepoetin treatment indicate a role for non-ERFE-mediated effects. In
this regard, vadadustat resulted in more pronounced increases in TIBC
than darbepoetin at all times in each trial, suggesting that vadadustat
induced the transferrin gene, a known transcriptional target of HIF-
1a,”° although other mechanisms may be involved with this increased
TIBC.*® The decreased TSAT associated with increased transferrin, in
turn, increases unsaturated and monosaturated transferrin, both of
which decrease hepcidin production.”*~7# Thus, our data indicate that
vadadustat increases total transferrin while decreasing its saturation
with iron. This increase in desaturated transferrin decreases liver pro-
duction of hepcidin which, in turn, allows improved mobilization of
stored iron as shown by deceased serum ferritin.

Like most patients with CKD, participants in the INNO,VATE and
PRO,TECT trials had elevated baseline serum ferritin and CRP con-
centrations due to inflammation and oral or intravenous iron supple-
mentation. Furthermore, patients in the trials received oral and/or
intravenous iron supplementation to maintain serum ferritin 2100 ng/
mL or TSAT 220%, as is common in the care of patients with CKD.
Oral or intravenous iron use was similar in the two treatment groups
throughout both studies. The serum CRP remaining stable in the
7-11 mg/L range in all four trials suggests that increasing serum ferri-
tin at later times in both NDD-CKD trials and the incident DD-CKD
trial was likely due to iron administrations rather than changes in
inflammation. Because of this ongoing iron supplementation, the
effects of vadadustat on oral iron absorption could not be determined.
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However, HIF-2a plays key roles in duodenal iron absorption,”> and
vadadustat upregulates HIF target genes encoding cytochrome B
reductase, divalent metal transporter 1, and ferroportin in duodenal
enterocytes.*® These changes combined with decreased hepcidin in
vadadustat-treated patients suggest that vadadustat likely increases
iron absorption. Indeed, two other phase 3 trials demonstrated that
vadadustat was noninferior to darbepoetin with respect to hemato-
logic efficacy in patients with NDD-CKD and DD-CKD who had nor-
mal range serum ferritin concentrations.”>>® However, clinical trials
are needed to test whether vadadustat combined with oral iron sup-
plementation can achieve and maintain target hemoglobin concentra-
tions in CKD patients while reducing or eliminating intravenous iron
administration.

In conclusion, results from four large phase 3 trials comparing the
investigational drug vadadustat with an ESA, darbepoetin, demon-
strated that vadadustat can increase endogenous EPO production,
improve erythroblast iron availability, and increase circulating reticulo-
cytes in patients with CKD and anemia. Although the underlying phys-
iological mechanisms of these present results were not directly
investigated, they are likely due to vadadustat effects on the kidneys,

liver, and bone marrow (Figure 3).
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