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TABLE 1

Inhibitory activity of GSK1278863 against a-KG-dependent iron dioxygenases after a 30-minutes of

enzyme with inhibitor preincubation

K;aPP values were calculated based on the equation: K; = IC5¢/(1 + ([SI/K,,) for a competitive inhibitor (Cheng and Prusoff,

1973).
Enzyme Substrate a-KG K, (nM) ICs¢ = S.D. (nM) K; opp (nM) n Assay Format
PHD1 HIFla CODDD 71 * 12¢ 35+ 0.6 1.8 +0.3 2 FRET
PHD2 HIFla CODDD 188 + 14 222 * 134 73+45 10 FRET
PHD3 HIF2« CODDD 7500 = 2000® 55+ 5.1 1.8+17 10 FRET
FIH HIF-1a (Dygg-Lagge) 32+6 9800 = 7500 3200 = 2500 2 *CO, capture
CP4H  Procollagen peptide 53 =1 >200,000 >63,000 7 HPLC/*CO,

HPLC, high-performance liquid chromatography.
“Reported in Pappalardi et al. (2011).

GSK1278863 is at least 1000-fold selective for PHDs
(Table 1).

The Biology and Pharmacology of GSK1278863

Induction of EPO. The immediate downstream effect of
PHD inhibition in a cellular context is HIFa subunit accumu-
lation. Stabilization of HIF1la and HIF2«a was determined by
Western blot analysis of nuclear protein extracts after
GSK1278863 treatment of Hep3B cells. Western blot analysis
demonstrated that neither HIF1a nor HIF2a was detected in
the vehicle-treated cells, and both HIFla and HIF2a were
visualized in the DFX-positive control-treated cells. Treat-
ment with either 25 or 50 uM GSK1278863 for 6 hours
resulted in the accumulation of both HIFla and HIF2«
subunits (Fig. 5). These results demonstrate that prolyl
hydroxylase inhibition by GSK1278863 treatment of cells
results in the immediate downstream effect of HIFa subunit
stabilization.

Moving from an in vitro context to in vivo context, normal
female B6D2F1 mice were administered a single oral dose of
GSK1278863 at 60 mg/kg, and blood samples were collected at
intervals between 4 and 30 hours after dosing (n = 6 mice/time
point for GSK1278863-treated mice; vehicle-treated mice
were sampled at 6 hours only). After the treatment with
GSK1278863, the EPO protein levels peaked at 12 hours after
dosing (Fig. 6), representing an 11.2-fold increase with a mean
plasma concentration of 1303 pg/ml. Additionally, the EPO
values at all other time points remained elevated by 1.9- to 2.9-
fold relative to the vehicle-treated mice. The VEGF concen-
trations remained generally unchanged across the time course
and were only slightly higher than those of vehicle-treated
mice. These data indicate that a single 60 mg/kg dose of
GSK1278863 results in a significant but transient increase in
circulating levels of EPO, with minimal impact on VEGF
concentrations.

In Vivo Increases in Reticulocyte Count and Hemo-
globin. The pharmacologic consequence of repeated daily
treatment of normal B6D2F1 mice with vehicle or
GSK1278863 (3, 10, or 30 mg/kg per day) for 8 days is shown
in Fig. 7. Approximately 24 hours after the final dose, the mice
were euthanized, and their blood was collected by cardiac
puncture and analyzed on the Advia Blood Analyzer. Statis-
tically significant increases in reticulocytes were observed in
the compound-treated mice (211%, 544%, and 673% over
placebo) administered 3, 10, and 30 mg/kg GSK1278863,
respectively (Fig. TA).

Consistent with the observed reticulocyte increases, the
hemoglobin levels were also found to be significantly elevated

(12%, 17%, and 13%) relative to vehicle-treated mice after
dosing with 3, 10, and 30 mg/kg per day GSK1278863,
respectively (Fig. 7B). Red blood cell counts and hematocrit
were statistically significantly elevated in mice as well.
Similar responses in reticulocytes and red blood cell mass
parameters were evident in rats, beagle dogs, and cynomolgus
monkeys after comparable treatment durations, with re-
sponses progressing as dosing duration became more chronic
(data not shown).

Pharmacokinetics of GSK1278863 in Different Animal
Species

When dosed intravenously, GSK1278863 showed low blood
clearance in the mouse, rat, dog, and monkey [<1% hepatic
blood flow (Qh) in mouse and rat, ~3% Qh in dog, and ~19% Qh
in monkey] (Table 2). The steady-state volume of distribution
(~0.3-0.8 I/kg) was less than or approximately equal to the
total body water in all four preclinical species.

Pharmacokinetic parameters were also determined for
GSK1278863 after oral suspension administration to rats
(Table 3). Unless otherwise indicated, the rats were fasted
overnight before oral administration of GSK1278863. The
systemic exposure of GSK1278863 was similar in the rat after

GSK1278863< .

DMSO 55" ,M 50 pMm

(- Con)

DFEX
_(+__Con)

HIF1a

Fig. 5. HIFla and HIF2« stabilization in Hep3B cells after treatment
with GSK1278863. Nuclear extracts were prepared from Hep3B cells
treated for 6 hours as indicated, and Western blots were performed to
detect HIF 1o and HIF2«. An equal amount of nuclear lysate was loaded to
each lane for the Western blot analysis. Under normoxic conditions,
HIFla and HIF2a were not present, but both were detected after
treatment with GSK1278863 or DFX, with a possible concentration-
dependent increase of HIF1a.
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Fig. 6. EPO and VEGF in plasma of mice treated with vehicle or a single
oral 60 mg/kg dose of GSK1278863. Normal female B6D2F1 mice (n = 6)
were administered a single oral dose of 60 mg/kg of GSK1278863, and PPP
was collected at the indicated time points. PPP was collected 6 hours after
vehicle treatment. EPO and VEGF were detected by MSD ELISA. The
average and S.E. are depicted.

oral solution dosing (1.6 mg/kg) and oral suspension dosing
(31.1 mg/kg) of crystalline GSK1278863, suggesting a minimal
impact of solubility and dissolution rate on the bioavailability
of the drug molecule. Similar favorable comparisons between
orally dosing a solution versus a suspension of crystalline solid
were observed in both mice and dogs (see Supplemental
Tables 1 and 2).

Toxicology

In screening 14-day oral toxicity studies with once daily
administration to Sprague-Dawley rats, GSK1278863 demon-
strated an acceptable toxicity profile that supported candidate
selection and continued development. In chronic oral toxicity
studies, dose-limiting effects of GSK1278863 were the result
of marked pharmacologically mediated increases in hemato-
crit and consisted of generalized vascular congestion, throm-
bosis, and/or multiorgan pathology. These findings are
considered consequences of compromised blood flow and
vascular perfusion consequent to high hematocrits and
inferred high blood viscosity, and they represent a manage-
able clinical risk via the routine hematology monitoring and
hemoglobin stopping criteria in place in clinical studies of
GSK1278863.

In contrast, four compounds (compounds A, B, C, and D;
Chai et al. (2007), Shaw et al. (2008); see Supplemental Fig. 2)
of similar chemical structure and comparable on-target
potencies induced cardiac valve lesions in oral toxicity studies
in 14-day rats or 28-day mice and dogs. These lesions, which
were observed in right and/or left atrioventricular valves
and/or aortic valves, consisted of a spectrum of changes most
notably including myxomatous thickening characterized by
widened valve leaflets and/or neutrophilic or mixed inflam-
matory cell infiltrates (Fig. 8).

These valve lesions were not associated with an attached
thrombus or thrombosis elsewhere in the heart, as has been
described for the valvulopathy observed in 4-week rat toxicol-
ogy studies conducted with the hyperglycosylated rHUEPO
AMG-114 (Andrews et al., 2014a, Sinclair, 2013). Uncertainty
over the relevance of these findings to humans resulted in an
unfavorable risk assessment for continued development of
these four compounds. Because valvulopathies are commonly
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Fig. 7. Mouse reticulocytes and hemoglobin after eight daily oral doses of
GSK1278863. Normal female B6D2F1 mice (n = 5) were administered
eight daily oral doses of vehicle or GSK1278863at the doses indicated.
Blood was analyzed on an Advia blood analyzer, and the mean and S.E.
are plotted.

associated with several human connective tissue disorders
(e.g., Ehlers Danlos, Marfans) (Glesby and Pyeritz, 1989; Ha
et al., 1994; Myllyharju and Kivirikko, 2001; Lincoln et al.,
2006), which are characterized by mutations in collagens
and/or collagen processing genes, it was hypothesized that
inhibitory activity on the closely related enzyme CP4H may be
contributory. Interestingly, these four compounds demon-
strated moderate inhibitory activity on human CP4H (ICsq
of 2.5-63 uM; PHD:CP4H selectivity of 20- to 1000-fold).
Prioritizing PHD:CP4H selectivity in our compound selec-
tion criteria led to the discovery of GSK1278863 (human
CP4H ICso >200 puM; PHD:CP4H selectivity >9000-fold),

TABLE 2
Summary of the pharmacokinetics of GSK1278863
Values are expressed as mean and S.D. of parameter, where appropriate (n = 3).

Species cLb Viss Te MRT Oral F (%)
mliminlkg kg h h

Mouse® 0.7 0.3 ND 7.8 88

Rat 0.2+0.02 04=01 335+6.2 367=47 ~100°

Dog 09 = 0.2 05+01 66*21 88=*27 46=*6

Monkey 84 +02 08+01 19+01 16+01 34+8

CL, clearance; MRT, mean residence time; ND, not determined; Vg, steady-state
volume of distribution.

“Composite sampling design (n = 3 animals per time point).

®Noncrossover design, data estimated from mean i.v. data.
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TABLE 3

Mean oral pharmacokinetic parameters of GSK1278863 in the rat
Values are expressed as mean and S.D. of parameter, where appropriate (n = 3); serial sampling design in male Sprague-

Dawley rats.

Dose Chnax Tax” AUCq 241 AUC_.. DNAUC(_o4n
mg/kg ng/ml h ng.h/ml pg.himl pg.himl/mglkg
1.6 2.86 = 0.51 4.0 46.61 + 8.95 106.63 = 19.97 29.13
31.1¢4 62.40 = 3.78 2.0 941.02 + 68.91 ND 30.26

AUC( 241, area under the plasma concentration-time curve within 0 to 24 hours; AUC_.., area under the plasma
concentration-time curve from time 0 to infinity; DNAUCO0-24h, dose-normalized area under the plasma concentration-
time curve within 0 to 24 hours; ND, not determined since % extrapolated AUC,_.. was high.

¢ Tmax expressed as median.

® Solution in 2% DMSO, 20% (w/v) Captisol in water, pH~7.0.

¢ Suspension in 1% methylcellulose.
@ Animals were not fasted overnight before dosing.

which did not cause valvulopathy in 14- or 28-day rat oral
toxicity studies or in dog or monkey studies of up to 9 months
duration when dosed to maximum tolerated doses. In 3- and/or
6-month mouse and/or rat oral toxicity studies, a few
GSK1278863-treated animals presented with thrombi in atria
or ventricles that resulted in minimal secondary valve lesions
in adjacent structures. Thromboses in these cases were
considered complications from polycythemia. The resultant
valvular changes were morphologically distinct in character
and severity from those observed in studies with compounds
A through D and were typical of those often observed in
association with cardiac thrombosis.

Inlight of the implication of 5HT-2B receptor agonism in the
pathogenesis of fenfluramine-induced valvulopathy in hu-
mans (Connolly et al., 1997), we tested GSK1278863 and
compounds A through D for antagonism of 5HT-2A, -2B, and
-2C receptors and for agonism of 5HT-2B and -2C receptors.
Activities were mild (XCso > 10 uM) and comparable for all
compounds, suggesting serotonergic receptor-mediated mech-
anisms as an unlikely factor.

Importantly, GSK1278863 and two subsequent candidates
(compounds E and F; human CP4H IC5¢s >200 uM) that did
not cause valvulopathy in screening 14-day rat oral toxicity
studies increased hematocrits to magnitudes comparable to
those induced by the four compounds that induced cardiac
valve lesions (compounds A through D). This suggests that
polycythemia and assumed increased blood viscosity were not
significant or the sole contributing factors in the valvulopathy
observed in short-term studies, especially given the absence of
valvular or cardiac thromboses. Thus, our experience suggests
a plausible association between CP4H inhibitory activity and
the cardiac valve lesions observed with several nonselective
HIF-prolyl-hydroxylase inhibitors in 14- or 28-day dog and/or
rodent oral toxicity studies.

Discussion

Our search for novel and potent HIF prolyl hydroxylase
inhibitors began using the validated principle of molecular
mimicry. N-Oxalylglycine has long been used as an unreactive
substrate mimetic to inhibit «-KG-utilizing enzymes such as
the prolyl 4-hydroxylases (Fig. 2) (Cunliffe et al., 1992; Mole
et al.,, 2003; Hausinger, 2004). Extending this principle,
several heteroaryl-glycinamides have been discovered as
inhibitors of @-KG-utilizing dioxygenases using a heterocyclic
ring nitrogen atom to form a five-membered chelate with the
enzyme-bound iron (e.g., {[(4-hydroxy-8-iodoisoquinolin-3-yl)
carbonyl]amino}acetic acid) (McDonough et al., 2006). We
postulated that an inhibitor with the potential to form a six-
membered chelate would form a strong interaction with the
PHDs and result in potent inhibitors of this class of enzyme.
As shown in Fig. 2, GSK1278863 (a pyrimidinetrione-
glycinamide) mimics the binding of N-oxalylglycine, chelating
the catalytic iron through the glycinamide carbonyl and an
acidic ring hydroxyl group in a six-membered chelate. The
specific ring substitutions on the pyrimidine nucleus of
GSK1278863 were derived through an extensive lead-
optimization campaign and provided an inhibitor with opti-
mized biologic profile and pharmaceutic properties for
progression into clinical trials (Johnson et al., 2014;
Brigandi et al., 2016; Holdstock et al., 2016; Akizawa et al.,
2017); a full description of this campaign is outside the scope
of the present discussion.

GSK1278863 is a novel small molecule agent that stimu-
lates erythropoiesis through inhibition of PHDs. GSK1278863
is a potent inhibitor of all three HIF prolyl hydroxylase
isozymes, PHD1, PHD2, and PHD3, with K; apparents in the
single-digit nanomolar range. Inhibition of the HIF-regulatory
prolyl hydroxylases causes the accumulation of HIF« transcrip-
tion factors, resulting in increased transcription of HIF-responsive

Fig. 8. Representative photomicrographs of Movat’s pen-
tachrome-stained heart sections from 28-day mouse oral
toxicity study. Compound A shows myxomatous thickening
(asterisks) of the aortic valve primarily due to increased
proteoglycan matrix (blue staining). (A) Control mouse, (B)
treated mouse; a, aortic wall.
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genes. The downstream physiologic consequences of this
altered gene expression essentially simulate the body’s natu-
ral adaptive response to hypoxia.

GSK1278863 is highly selective for the HIF-prolyl hy-
droxylases compared with related oxygen-dependent,
a-KG-utilizing metalloenzymes such as FIH and CP4H.
GSK1278863 treatment of Hep3B cells induces downstream
effects of HIF-prolyl hydroxylase inhibition, including stabili-
zation of HIF1la and HIF2«, and induction of EPO. A single
oral dose of GSK1278863 leads to peak plasma EPO concen-
trations in mice within 12 hours; daily dosing of GSK1278863
in preclinical species (see Supplemental Data) leads to a
robust pharmacodynamic response, resulting in a significant
increase in hemoglobin and associated erythroid parameters
within 7-14 days.

In toxicity studies, GSK1278863 has demonstrated an
acceptable safety profile and therapeutic window, supporting
clinical progression into phase 3. Importantly, with several
precandidate compounds, we observed an association between
CP4H inhibitory potency and development of dog and/or
rodent cardiac valve lesions. Although further work would
be required to investigate this association, it seems plausible
as CP4H plays a key role in collagen synthesis and triple-helix
formation, which, ifimpaired, could impact the organization of
extracellular matrix.

For example, it has been reported that interference with
fibroblast/interstitial cell-mediated matrix turnover can im-
pact the integrity and repair of cardiac valves (Jaffe et al.,
1981; Glesby and Pyeritz, 1989; Gamulescu et al., 2006;
Hinton et al., 2006; Hakuno et al., 2009). This is exemplified
by the observation that an activin receptor-like kinase 5 (Alk5)
inhibitor, a potent antifibrosis agent, causes severe and
irreversible cardiac valve lesions in rats (Anderton et al.,
2011). Also, Andrews et al. (2014a,b) have reported on
valvulopathy related to erythropoiesis-stimulating agent in
rats administered AMG-114 and several other recombinant
human erythropoietins. The AMG-114-related rat valvulop-
athy was often accompanied by an attached thrombus. This
was not the case for the four GSK PHD compounds that
induced valvulopathy in short-term studies. The Andrews
et al. article suggests increased hematocrit as a predisposing
factor in erythropoiesis-stimulating agent-related rat toxic-
ities, including valvulopathy. Our experiences with several
PHD inhibitors that caused valvulopathy in dogs and/or
rodents point to a plausible association with off-target in-
hibitory activity on the closely related enzyme CP4H. Impor-
tantly, GSK1278863A, the molecule in clinical trials,
is >9000-fold selective for PHDs over CP4H.

PHDs and CP4H belong to a growing enzyme superfamily of
iron and a-ketoglutarate-dependent dioxygenases. The mem-
bers of this enzyme superfamily play critical roles in hypoxic
signaling, DNA repair, stress response mechanisms, lipid and
growth factor metabolism, and epigenetic modifications
(Aravind and Koonin, 2001; Falnes et al., 2002; Chen et al.,
2008; Yang et al., 2009; Aik et al., 2013; Johansson et al., 2014;
Ichiyama et al., 2015). Among them, many are important
targets for drug discovery and development. As most of the
inhibitors of these enzymes are designed to mimic the binding
of N-oxalylglycine involving chelation of the catalytic iron and
competing for a-ketoglutarate binding (Joberty et al., 2016),
our finding cautions that CP4H inhibition might be an
undesirable off-target activity.
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In summary, we have described the preclinical development
of the PHD inhibitor GSK1278863. It is a potent and selective
inhibitor, demonstrating ~600- to 2800-fold selectivity against
FIH and >9000-fold selectivity against CP4H. GSK1278863
stabilized HIFla and HIF2« in Hep3B cells and led to
production of EPO and subsequent increases in reticulocytes
and hemoglobin in vivo. The therapeutic window provided by
the demonstrated efficacy and acceptable safety margin sup-
ported the progression of GSK1278863 (daprodustat) into the
clinic, where it has been evaluated in phase I (NCT00750256,
NCT01319006, NCT01376232, NCT01673555, NCT02348372)
and phase II (NCT01047397), and is in ongoing phase III
clinical trials (NCT02876835, NCT02879305) for the treat-
ment of anemia of chronic kidney disease.
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Supplementary Figure 1: Mode of inhibition against PHD2 (left) where GSK 1278863 ICs, values were
plotted as a function of [a-KG]/K,"** and fit to an equation for competitive inhibition. Determination of
the dissociation half-life value (t;2) for GSK1278863 from PHD2 by rapid dilution method (right). The

yellow squares show the enzyme activity after dilution and was fit to an equation to determine the
observed rate of recovery (Kops). Control reactions at 10x I1Cs (filled diamonds) and 0.1x ICsy (open

squares) represent enzyme activity prior to dilution and after dilution if the compound was rapidly
reversible.
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Supplementary Figure 2: Structures of Compounds A-F. Prepared as described in (Chai et al., 2007),
(Shaw et al., 2008)
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Supplementary Table 1: Mean oral pharmacokinetic parameters of GSK1278863in the dog”

Dose Version, Cra | AUCoan | AUCows | DNAUCww® | O
(mg/kg) formulation (pg/mL) | (ug.h/mL) | (ug.h/mL) | (ng.n/mL/mg/kg) (%)
c . . 2.54 + 21.45+ 28.38 +
32 Free acid, solution 0.09 4.60 6.80 8.76 46+ 6
af . 2.72 + 24.65 +
5 Free acid, capsule 0.25 24.09 436 4.90 25

"Mean and standard deviation of parameter, where appropriate (n = 3). ® Dose-normalized AUC(0-inf). °Solution in 2%
DMSO, 20% (w/v) Captisol” in water, pH~8.0. “Crystalline free acid in gelatin capsule. “Non-crossover bioavailability
estimation. "Average estimation from n=2 dogs since data from 24 h sample not available for third dog.
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Supplementary Table 2: Mean oral pharmacokinetic parameters of GSK 1278863 in the mouse

Dose C nax AUCqoun | DNAUC) 241"
Tmax hours

(markg) | (ug/mL) (hours) | (ugvmL) | (ug.hmLimgikg)

1.9%¢ 4.86 1.0 22.12 11.64

3.9% 5.60 2.0 71.43 18.31

30 31.50 6.0 427.27 14.24

“Composite sampling design (n = 3 animals per time point) in male CD-1 mice. "Dose-normalized AUC(0-24 h).
“Solution in 2% DMSO, 20% (w/v) Captisol® in water, pH ~ 7-7.5. “Solution in 50% PEG-500, 10% ethanol and 40% of
40% (w/v) Encapsin in water. “Composite sampling design (n=3 animals per time point) in female B6D2F1/Crl mice.

'Suspension in 1% methylcellulose. Animals were not fasted overnight prior to dosing.




