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Increased expression of developmentally silenced fetal globin (HBG) reduces the clinical severity
of B-hemoglobinopathies. Benserazide has a relatively benign safety profile having been approved
for 50 years in Europe and Canada for Parkinson’s disease treatment. Benserazide was shown to
activate HBG gene transcription, in a high throughput screen and subsequent studies confirmed
fetal hemoglobin (HbF) induction in erythroid progenitors from hemoglobinopathy patients,
transgenic mice containing the entire human B-globin gene (B-YAC) and anemic baboons. The
goal of this study is to evaluate efficacies and plasma exposure profiles of benserazide racemate
and its enantiomers to select the chemical form for clinical development. Intermittent treatment
with all forms of benserazide in B-YAC mice significantly increased proportions of red blood
cells expressing HbF and HbF protein per cell with similar pharmacokinetic profiles and with no
cytopenia. These data contribute to the regulatory justification for development of the benserazide
racemate. Additionally, dose ranges and frequencies required for HbF induction using racemic
benserazide were explored. Orally administered escalating doses of benserazide in an anemic
baboon induced y-globin mMRNA up to 13-fold and establish an intermittent dose regimen for
clinical studies as a therapeutic candidate for potential treatment of p-hemoglobinopathies.

Keywords

Beta hemoglobinopathies; benserazide; beta YAC transgenic mouse; fetal hemoglobin; anemic
baboon

INTRODUCTION

Increased expression of endogenous silenced fetal globin genes (y-globin, HBG) has been
recognized to reduce anemia and clinical severity of the p-hemoglobinopathies, sickle cell
disease (SCD) and p-thalassemia in a large body of clinical, biochemical, epidemiologic,
genetic, and molecular studies for over > 6 decades, and therapies to increase HbF remain
of interest [1-6]. Benserazide in combination with Levodopa (L-DOPA) has been used for
treatment of Parkinson’s disease for over 50 years. For this indication, the drug inhibits
DOPA decarboxylase and increases plasma levels of L-DOPA, which promotes its transport
into the central nervous system. Benserazide is used in combination formulations to decrease
adverse events associated with L-DOPA administration [7]. Recently, benserazide emerged
as a lead compound in a high throughput screening campaign of approved drugs to

identify HbF inducers to repurpose for the treatment of p-hemoglobinopathies. Screening
was conducted in a cell line stably expressing a y-globin promoter-driven enhanced green
fluorescent protein reporter [8]. Benserazide produced 4-fold induction without cellular
toxicity. Due to its benign safety profile, including lack of cytopenias with long-term
administration in humans, it was considered for further preclinical development as a
potential treatment candidate in the p-hemoglobinopathies [7]. Further studies demonstrated
the ability of benserazide to increase fetal y-globin gene transcription, assessed as 3.5-fold
increase in HbF protein and proportions of cells expressing HbF (F-reticulocytes and F-
cells) in erythroid progenitors from hemoglobinopathy patients [9, 10]. Benserazide was also
evaluated for activity in the classic anemic baboon model (Papio anubis) and demonstrated
increases from baseline in F-reticulocytes and in fetal globin mRNA with intermittent
2-week treatment courses. Similar effects were also observed in B-YAC transgenic mice
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(with increased F-cells and HbF protein levels of approximately twice that of hydroxyurea
(HU) [8]. Molecular mechanisms of benserazide-mediated y-globin activation in erythroid
progenitors was shown to involve displacement and/or suppression of several known
repressors from the -y globin gene promoter including BCL11A, LSD-1, KLF-1, and
HDAC3[3, 5, 9-24].

Benserazide in its racemic form was originally approved in combination with L-DOPA
for use in Europe and Canada in the 1970s. Since then, a new guidance, Development

of New Stereoisomeric Drugs, was issued in 1992 by the United States Food and Drug
Administration (US FDA) [25]. The guidance outlines criteria including having different
pharmacologic effects that could result in characterizing either isomer an active or inactive
impurity. In any such event, the recommendation would be to develop the single, active
on target isomer for human clinical trials. The existing commercial availability of clinical
grade, Good Manufacturing Practice (GMP) active pharmaceutical ingredient (API) of
racemic benserazide presented the opportunity to accelerate development of the single
formulated drug, meeting the recommended criteria outlined by the US FDA guidance on
the development of stereoisomeric drugs.

The purpose of this study was to provide a regulatory justification for the proposed
clinical development of the racemate, by evaluating and comparing the efficacies of
(R,S)-benserazide and its individual enantiomers, (R)- and (S)-benserazide as HbF
inducers and to estimate doses suitable for initial clinical trials for HbF induction in
B-hemoglobinopathy patients. Evaluation of the racemate (R, S)-benserazide, compared to
its individual enantiomers was undertaken in a detailed efficacy study utilizing a single
dose of each form of benserazide in the p-YAC mouse model. /n vivo drug exposures in
B-YAC mice for each form of the drug were also determined in plasma samples for drug
concentration measurements at the end of efficacy studies. Evaluations of (R, S)-benserazide
as an HbF inducer initially in anemic baboon and subsequently followed by a comparative
analysis in large numbers of B-YAC mice was performed to identify an active dose and
frequency of administration for this indication, distinct from the four daily doses used in
Parkinson’s disease.

MATERIALS AND METHODS

Anemic Baboon Studies

Under a University of Oklahoma Institutional Animal Care and Use Committee (IACUC)-
approved protocol, in the classic model for globin expression studies, baboons are
phlebotomized daily (~3.7 to 5 mL/kg/day), to achieve and maintain stable anemia with

a total hemoglobin of 7.0 to 7.5 g/dL to simulate the accelerated erythropoiesis that occurs in
SCD and p-thalassemia, as previously described [8, 26]. After stabilization of hemoglobin,
benserazide was administered intravenously (1V) through implanted indwelling vascular
catheters or orally by orogastric administration under light sedation (~ 5mg/kg IV ketamine)
with a wash-out period of 2-3 weeks between doses and treatments to allow y globin mRNA
to return to baseline. Daily oral doses (2 or 3 mg/kg/dose) of the racemic drug ((R,S)-
benserazide) were administered by orogastric tube 2-3 times per week to phlebotomized
anemic baboons. Blood samples were analyzed for -y-globin mRNA by quantitative RT-PCR
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(RT-gPCR). F-reticulocytes were also analyzed by flow cytometry as previously described

[8].

Drug Treatment in B-YAC transgenic mice

The B-YAC transgenic mouse model was established with a 248 kb yeast artificial
chromosome carrying a single copy of the entire human 81 kb B-globin locus bred on

a C57BL genetic background from a single founder [27]. Under an Augusta University
IACUC-approved protocol, 13-18 months old mice (n=4) in an initial study to confirm
earlier findings [8] with the racemate and explore treatment with the enantiomers

were treated with the racemic form, (R,S)-benserazide (EEY) or enantiomers EF2 (R)-
benserazide), or EF3 (S)-benserazide) at a dose of 20 mg/kg by intraperitoneal (IP)
injections, 3 times per week (MWF) for 4 weeks. Two control groups included water (VEH,
a negative control) and hydroxyurea (HU; 100 mg/kg/dose, an established positive control),
5 days a week (M-F) for 4 weeks. A second powered study involving of each of the four
treatment groups consisted of four B-YAC mice (6—8 weeks old) for three independent
experimental replicates (n=12). Mice were weighed weekly and blood collected by tail vein
into EDTA tubes at week 0, 2 and 4 for complete blood count (CBC) with differential, and
flow cytometry for the proportions of red blood cells expressing HbF protein (F-cells) and
mean fluorescent intensity (MFI) to quantify HbF protein per cell as previously described
[8]; F-reticulocytes were assayed by flow cytometry using thiazole orange staining by
published methods [28]. CBC were performed on the ABX Micro S60 machine (HORIBA
Medical, Irvine, CA) as previously published [29]. In a second set of treatments (n=12),
the dose response of (R, S)-benserazide (EEY) was also evaluated in young p-YAC mice
(6-10 weeks old) treated with escalating doses of EEY of 5, 20, or 30 mg/kg/dose (EEY5,
EEY20 and EEY 30 respectively), 3 days per week (MWF) for 4 weeks. Studies involving
benserazide and its enantiomers were conducted in a blinded fashion.

Drugs Administered

Syntheses of (R)- and (S)-benserazide HCI salts were performed at the National Center

for Advancing Translational Sciences (NCATS) by published procedures with minor
modifications (see Supplemental Materials and Methods for details of synthesis). For studies
comparing (R)-, (S)- and (R, S)-benserazide HCI, the racemate was prepared by mixing
equal amounts of (R)- and (S)-benserazide HCI salts in methanol and then recrystallizing
from ethanol. R, S-benserazide HCI for other studies was procured from Sigma Aldrich Cat#
B7183-5G, Lot# BCBL4153V). Hydroxyurea was purchased from Sigma (Cat#H8627-1G).

Reverse transcription-quantitative PCR (RT-gPCR) analysis

Total RNA was extracted from blood using Trizol (Ambion, Carlsbad CA) and analyzed
by RT-qPCR as previously published by our group [28]. Gene-specific primers were used
to quantify mRNA levels for -y-globin, B-globin, and internal control glyceraldehyde-3-
phosphate dehydrogenase (GAPDH); all mRNA levels were normalized to GAPDH before
statistical analysis.
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Flow Cytometry

Peripheral blood samples were washed in phosphate buffered saline and fixed in 4%
paraformaldehyde for 40 min at 37°C. The cells were incubated for 1 min with ice-cold
acetone/methanol and then incubated with FITC-conjugated anti-y-globin antibody (Abcam,
CAT#ah19365); isotype 1gG was used as control. Stained and unstained cells were analyzed
using a Becton Dickerson (BD) LSR-I1I flow cytometer (BD Bioscience) and the F-cell and
MFI data analyzed with FACS Diva V6.1.3 and FlowJo v.X software as previously published

[8].

Power and Statistical Analyses

Previously published data was used to determine the number of B-YAC mice necessary

to appropriately power the experiments reported in the current work. See Supplemental
Materials and Methods for analysis details which determined that ~5 animals per experiment
was necessary to resolve HbF differences between HU or (R, S)-benserazide and VEH,

and that n=10 animals per experiment was necessary to resolve HbF differences between
(R,S)-benserazide and HU. These predicted animal numbers were used to inform the current
experimental design of n=12 B-YAC mice per group.

For the statistical analyses, one-sample paired student’s t-tests were performed to determine
differences in blood counts, reticulocytes, F-cells, and MFI at week 0 compared to week 2
and 4 within treatment groups (n=12). Baseline normalization was based on 100* [Activity
(therapeutic) — mean activity (neg control)] / [Activity (pos control) — mean activity (neg
control)]. To compare the effect across treatment groups, pairwise comparisons analysis

of variance (ANOVA) was performed to identify the specific pair(s) with significant
differences. The Tukey’s HSD (honest significant difference) test was performed, to adjust
for the multiple pairwise comparisons. A level of p<0.05 was utilized for statistical
significance.

In Vivo Drug Exposure Measurements in B-YAC Transgenic Mice

To evaluate /n vivo exposures in the B-YAC transgenic mice, drug concentrations were
determined after the IP injection of EF3, EF2 and EEY at 20 mg/kg, at what would be the
next scheduled dose administration, but following completion of the efficacy study in now
10-12 weeks old B-YAC mice. Following IP injections, blood samples were collected at 15,
30, 60, and 120 minutes after the last dose. Volumes of 0.5 — 0.6 mL blood was collected
by cardiac puncture from three mice at each time point. Mice are euthanized before cardiac
puncture by inhalation of CO», followed by a secondary method (e.g., cervical dislocation)
if required. Blood was collected in an EDTA tube containing 10-12 pL of 1.0 M ascorbic
acid + 0.1% formic acid solution and immediately placed on ice. Blood samples were
mixed well by inverting the tubes gently, placed on ice, until centrifugation. Samples were
centrifuged at 4° C within 30 minutes of blood collection to harvest the plasma samples
which were then stored at —80 °C until bioanalysis. Sample analysis was performed by a
novel UPLC-MS/MS method.

Briefly, benserazide was extracted from plasma by protein precipitation using methanol/
acetonitrile, with D3-Benserazide as the internal standard (1S). Analyses were carried
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out using a Waters Acquity I-Class UPLC interfaced with a Waters TQ-S mass
spectrometer. The assay LLOQ was 2.50 ng/mL using a 30.0 uL aliquot of mouse

plasma. Pharmacokinetic (PK) parameters for benserazide were calculated using the non-
compartmental method (NCA; Model 200) of the pharmacokinetic software package
Phoenix WinNonlin, version 7.1 (Certara, St. Louis, MO). PK parameters were calculated
with the mean concentrations in three mice at each time point. The area under the plasma
concentration versus time curve (AUC) was calculated using the linear trapezoidal method.
Where warranted, the slope of the apparent terminal phase was estimated by log-linear
regression using at least three data points and the terminal rate constant (A.) was derived
from the slope. AUCy-c0 Was estimated as the sum of the AUCq_; (where t is the time of the
last measurable concentration) and Ci/A. The apparent terminal half-life (t1,) was calculated
as 0.693/A.

Benserazide induces y-globin mRNA in a dose-dependent manner in an anemic baboon.

Escalating doses were evaluated to establish a basis for initial human equivalent doses for
the new activity of inducing -y-globin expression. Shown in Figure 1 are representative
results for RT-gPCR analysis of y-globin mRNA with increasing doses of benserazide

in an anemic baboon following intervals without drug to allow wash-out and a return to
baseline. A single intravenous (IV) dose of the drug given at 2 mg/kg produced a peak
18-fold increase in y-globin mRNA at 4-5 days after dosing, consistent with the time course
of erythroid maturation to reticulocytes in the baboon. After wash-out periods between
doses, following benserazide given orally at 2 mg/kg/dose twice per week, y-globin mRNA
increased by a peak of 6-fold over pre-treatment levels, and to 8-fold when administered

5 days/week, which lasted for approximately one week. Treatment with benserazide at 3
mg/kg/dose twice/week for 2 weeks induced y-globin mRNA by a peak of 13-fold, with
elevated levels observed for 2 weeks’ duration. These results demonstrated a dose-dependent
increase in y-globin mMRNA levels with racemic benserazide administered intermittently
over 14 weeks. F-reticulocytes also increased 2 to 3-fold with 2 mg/kg doses given 2 days/
week from 15% to 30%, increasing further to 45% with treatment given 5 days/week, and to
55% following 3 mg/kg doses, 2 days/week, without returning to baseline levels following
wash-out periods (data not shown). No adverse safety effects were observed on behavior,
appetite, activity, chemistry panels, or hematologic counts; the only change was a rise in
total hemoglobin of 1.2 grams/dl despite ongoing phlebotomy (data not shown). Based on
metabolic differences between these juvenile non-human primates and humans, projections
based on these brief courses for standard human dose equivalence are 1-1.5 mg/kg as
starting doses for a dose-escalating clinical trial.

Benserazide and enantiomers activate HbF in B-YAC transgenic mice.

To achieve our study goal, age and sex matched controls were used for each treatment
group to address the question about efficacy of benserazide enantiomers and to conduct
pharmacokinetic studies, which required large numbers of transgenic mice. Therefore,
we chose B-YAC mice as a preclinical model established by our group where we
observed HbF induction by 5-azacytidine and a butyrate analog, which correlated with
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subsequent responses in sickle cell patients. Other single agents, including scriptaid [30] and
tranylcypromine, [20] were reported to induce HbF in B-YAC. More recently, we reported
HbF induction by a conjugate molecule AN-233 comprised of 5-aminolevulinic acid and
butyrate, using this model [28] Collectively, these data demonstrate the p-YAC transgenic
mouse containing the entire human ABB locus are a proven preclinical model to identify
potential therapeutic agents for clinical trials.

To compare the efficacy of (R,S)-benserazide (EEY) and its enantiomers, (/)-benserazide
(EF3) and (S)-benserazide (EF2) in vivo, B-YAC transgenic mice ranging from 13-18
months old were initially treated at a dose of 20 mg/kg, 3 days per week (MWF), using

4 mice per treatment group. The positive and negative controls used in the study were

HU (100 mg/kg) and the corresponding volume of water vehicle (VEH) respectively,
administered daily, 5 days per week (M-F). Shown in Fig. 2A and 2B is the flow cytometry
data generated for percent of F-cells with fold change after 2 and 4 weeks of treatment
compared to baseline (week 0). In these mice, we observed a time-dependent increase in
F-cells with a maximal 17-fold (p<0.001) increase by EEY (R, S)-benserazide) and 4-fold
(p<0.01) and 7-fold (p<0.001) increase respectively for EF2 (R)-benserazide) and EF3
(S)-benserazide), after 4 weeks of dosing. At the 2-week time point, HbF levels were not
significantly increased for any of the drugs tested. Of note, the positive control HU treatment
at the dose and frequency administered increased F-cells 4-fold (p<0.05) at week 4. HbF
protein level per cell displayed as mean fluorescence intensity (MFI) (Fig. 2C and 2D),
demonstrated a 3- to 4-fold increase for all benserazide formulations, with EEY (p<0.05)
and EF2 (p<0.05) maximal at 4 weeks; the positive control, HU produced a 10-fold (p<0.05)
increase in HbF protein at 4 weeks. Notably, at two weeks, a modest but significant increase
was also observed for the two enantiomers of benserazide and positive control, HU. Taken
together, these data confirm previously published [8] efficacious induction of HbF protein
by racemic benserazide and now, in this study, its individual enantiomers /n vivoin 16 to
18-month old (adult stage) B-YAC mice.

A subsequent study was conducted in younger B-YAC mice 6-8 weeks old, an age range
when fetal to beta globin switching is in progress and human fetal globin is being repressed.
In this larger sample size (n=12) with equal sex distribution per treatment group, EEY,

EF2, and EF3 given at 20 mg/kg, MWF for 4 weeks, weight gain remained normal and

no apparent toxicity was observed (data not shown). Analysis of the complete blood counts
demonstrated that all three drug forms resulted in a significantly increased MCV and/or
hematocrit and Hb levels (Supplemental Materials Figure S1).

We examined the ability of benserazide to induce HbF in young B-YAC mice, which

have higher baseline -y-globin gene expression than older mice and are in the process of
switching-off human -y-globin gene expression. We first performed RT-gPCR and observed
increases in y-globin mRNA by week 4 for the racemate EEY, which was significant

and for the EF2 derivative (Supplemental Materials Figure S2). These data confirm the
ability of racemic benserazide to activate y-globin transcription in young p-YAC mice. Flow
cytometry analysis was also used to quantify the percentage of F-cells and HbF protein

per cell (See Materials and Methods). A significant 2 to 2.5-fold increase in F-cells was
observed for all benserazide derivatives at 4 weeks of treatment (Fig. 3A and 3B). Similarly,
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a significant, up to 4-fold increase in HbF protein (by MFI) was produced by EEY, EF2 and
EF3 after 2-weeks of intermittent dosing and a further 7.5-fold induction after 4 weeks of
treatment was observed for all forms of benserazide (Fig. 3C and 3D). These results support
the ability of benserazide enantiomers (EF2 and EF3) to induce HbF levels comparable to
the racemate (EEY) in B-YAC mice of different age groups.

To address the recommendations of the FDA regulatory guidance on the development

of stereoisomeric drugs [25] and provide a justification for continued development of
commercially available GMP product of (R, S)-benserazide, further analysis of variance
(ANOVA) was conducted on the parameters of the efficacy data. The objective was to
determine whether any differences in the efficacy response for HbF induction between the
benserazide racemate and its enantiomers occur that could cause regulatory consequences.
The results obtained showed that in the younger mice, while the multiple comparison
analyses yielded individual adjusted p-values of p<0.05 for each form of the drug compared
to the vehicle control at week 4 for the MFI parameter, the individual comparisons

between all forms yielded individual adjusted p-values >0.05. This confirmed that while
the magnitude of the efficacy readout was significantly different from vehicle for each form
of the drug, the magnitude of efficacy was not significantly different between groups of
B-YAC mice treated with the benserazide racemate or its enantiomers. This data indicates
similar efficacious responses, and that neither enantiomer could be considered an impurity,
eliminating any requirement for developing a new synthetic scheme to manufacture a single
enantiomeric API. Of note, in the older mice, the results by ANOVA were similar for

the F-cell parameter. Therefore, these results provided sufficient justification for continued
development of racemic benserazide to support clinical evaluation.

To evaluate /7 vivo exposures of benserazide and its enantiomers, the same B-YAC
transgenic mice from the efficacy study were dosed at 20 mg/kg following the established
dosing schedule. The average plasma concentrations of benserazide following the IP doses
and related PK parameters are presented in Supplemental Materials Tables S1 and Table
S2, respectively. It is noticed that there were large variations in plasma drug concentrations,
especially for early time points, as indicated by relative high SD values (Table S1). The
mean Cpax Values were 6810, 1640 and 5030 ng/mL for EEY, EF2 and EF3, respectively, at
the first sample collection point of 0.25 h. The corresponding mean AUCO0_ values were
2030, 566 and 1680 ng-hr/mL for EEY, EF2 and EF3, respectively. The terminal plasma

ty, was 0.3 hrs for all forms of benserazide in this study. Plasma concentration versus time
curves is shown in Figure 4.

(R,S)-Benserazide produces a dose-dependent increase in HbF expression.

To further evaluate (~/,S)-benserazide for clinical development, identification of active
doses for HbF induction without bone marrow toxicity was needed, preferably by a single
daily dose. A dose-response study was conducted, using doses projected from anemic
baboon study treatments, which induced HbF without significant bone marrow toxicity,
tachyphylaxis, cytopenias, or any other adverse side effects. Using the same experimental
design, young B-YAC mice (610 weeks old; undergoing y-globin gene silencing) of equal

Blood Cells Mol Dis. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pace et al.

Page 9

sex distribution were treated (n=12) with increasing concentrations of EEY at 5, 20 and 30
mg/kg/dose (EEY5, EEY20 and EEY 30 respectively), 3 days per week, MWF.

In general, EEY did not produce significant changes in complete blood counts with
differential although mild increase in MCV (EEY20), hematocrit (EEY30) and hemoglobin
(EEEY30) were observed as shown in Supplemental Materials Figure S3. A detailed
analysis of reticulocyte counts showed a slight but significant decrease for the EEY at 30
mg/kg dose. (Supplemental Materials Figure S4).

Finally, flow cytometry analysis demonstrated the proportions of F-cells increased in a
dose-dependent manner by 1.4-fold, 1.7-fold, and 2.2-fold over baselines with three times
weekly treatments for EEY5, EEY20, and EEY 30 respectively (Fig. 5A and 5B). Although
MFI levels were initially variable in dose response at the 2-week time point, by week 4

of treatment, the dose response was evident and significant 1.5-fold, 2.1-fold and 2.6-fold
increases were observed with EEY5, EE20 and EE30 respectively (Fig. 5C and 5D).

DISCUSSION

The B-globin disorders are an important global health burden, and cause multi-system
disease only after the fetal globin genes are developmentally repressed [1, 31]. Fetal
hemoglobin is expressed during development /n utero, and the -y-globin genes are largely
silenced by 12 months of age in children with normal hemoglobin production. However,
in the B-hemoglobinopathies, hemoglobin switching occurs later with average 4-5% HbF
levels persisting in adults with SCD, partly due to selective survival of red blood cells
expressing HbF [32]. In children with SCD, as the level of hemoglobin S (HbS) rises, red
cells with predominantly HbS and low HbF levels undergo hemoglobin polymerization with
repeated cycles of deoxygenation and oxidant stress, developing abnormalities in nearly
every structure and function of the red cells [33]. This results in hemolytic anemia and
markedly reduced red cell lifespan, adhesion to endothelium, vaso-occlusive events, and
other widespread clinical complications with consequent long-term morbidity and early
mortality [34].

Many decades of biochemical, epidemiologic, clinical, genetic, and in vitro research have
demonstrated the benefit of any incremental increase of HbF expression in patients with
SCD. In phenotypes of B-thalassemia syndromes, small changes associated with minor
genetic polymorphisms which reduce deficiency of non-alpha globin chains and globin
chain imbalance can increase total Hb by 1 gram [11, 14, 35]. Survival in SCD is
normalized at HbF levels =8.6% [13, 34, 36]. Higher proportions of both F-cells and HbF
levels are important for ameliorating these anemias and reducing clinical complications of
both conditions, and intracellular levels of HbF required for complete inhibition of HbS
polymerization have been projected [1, 32, 37-42]. Augmentation of HbF has been shown
to be particularly beneficial when HU treatment begins early, when baseline HbF levels are
high [43-45]. Lower responses in adults are considered related to intolerance for optimal
doses, hypothesized to be due to less active erythroid kinetics and lower marrow reserve
related to prior infarcts [26, 46, 47]. Long-term follow-up strongly suggests that organ
damage is reduced when HU therapy is begun in early childhood. Combination therapies
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with agents that act through different complimentary mechanisms are desirable for optimal
HbF inducing treatment of these diseases [48].

The goal of this study was to evaluate the efficacy of (R,S)-benserazide compared to

its enantiomers to identify an optimal form for eventual clinical development for the
B-hemoglobinopathies including p-thalassemia and SCD. Doses of benserazide that induce
HbF without toxicity /n vivo were identified, and there were no consequential differences

in the efficacious response for HbF induction between the benserazide racemate and

its individual enantiomers. Therefore, the data indicate it was unlikely that a potential
regulatory concern would arise for either enantiomer being classified as inactive, and
therefore an impurity, requiring its exclusion from the drug product. Similarly, the plasma
elimination half-lives of all three forms of the drug were determined to be similar. Therefore,
the results provide support for future clinical studies leveraging a commercially available
GMP API of the racemate for evaluation for HbF induction. This affords a significant time
and cost savings for therapeutic development efforts compared to the daunting prospect of
developing a new synthetic process for scale-up manufacturing of a single enantiomeric API.

Preclinical studies in B-YAC mice demonstrated tolerability and safety profiles for racemic
(R,S)-benserazide, the form in long-term clinical use for Parkinson’s disease, as well as

its enantiomers (R)-, and (S)-benserazide. We observed similar HbF induction by all forms
that were well-tolerated by B-YAC mice, from 6-8 weeks of age to older animals at 13—

18 months of age, long after hemoglobin switching is complete. Subsequent dose range
studies of racemic benserazide, demonstrated increasing HbF induction from 5 to 30 mg/kg
treatments, without an upper dose limit found for toxicity. /nn vivo exposure showed a
similar plasma half-life across the three drug forms. Target doses estimated for producing
in vivo activity in patients are projected to be 1.0 to 4.3 mg/kg from calculations of human
equivalent doses from these and prior studies in transgenic mice and juvenile baboons.

Hydroxyurea, the first disease-modifying therapeutic, was clearly proven to reduce the
frequency of painful episodes and acute chest syndrome in adult patients with sickle cell
anemia in the Multicenter Study of Hydroxyurea [49], which justified US FDA approval in
1998. When taken daily at the recommended dose, primary effects of HU are increases in
HbF, by a mean of approximately 3% above baseline in adult subjects, total hemoglobin,
and in MCV, with dilution of HbS and consequent decreases in vascular adhesion [37].
Subsequent clinical study of HU showed safety and efficacy in children with a decrease

in vaso-occlusive events and was subsequently FDA-approved for children >2 years old in
2017 [43, 44]. Long-term follow up of adults treated with HU documented the prevention
of acute vaso-occlusive events, and improved survival in those patients in whom HbF

is increased, although whether HU prevents chronic organ damage at doses which are
suboptimal when adjusted for cytopenias is unknown [13]. It has been demonstrated that
children are more responsive to HU therapy, perhaps related to increased marrow cellularity
and proliferation Kinetics, and as the y-globin gene are not as suppressed compared to adults
[42, 44, 46]. Hydroxyurea produced higher HbF protein per cell by MFI, in B-YAC mice.
Both effects are beneficial in B-hemoglobinopathies. [32, 37-39] [10]
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It is important to note that active erythroid proliferation, in contrast to low erythropoietic
proliferation rates in non-anemic subjects, and select timing of exposure to erythroid
progenitors, or intermittent exposure, is required for activity of many HbF inducers, [46,
50-53] and other regimens than 3 times weekly dosing may require exploration. Intermittent
exposure or exposure at specific times has been shown to be required for HbF induction

by other candidates /n vitro [52] and pulsed dosing of other candidates has been shown

to induce higher HbF and total Hb in p-thalassemia and sickle cell patients than has daily
dosing with the same agent [51-53]

Previous studies have identified mechanisms by which benserazide induces HbF expression.
Studies by Perrine and colleagues demonstrated loss of four important repressor proteins
[10, 11, 14-20] binding to the -y-globin gene promoter and new histone acetylation and
methylation patterns consistent with gene activation in erythroid progenitors treated with
benserazide [9]. Benserazide has not demonstrated any hematologic toxicity in Parkinson’s
disease patients treated for many years or in animal toxicology studies administering very
high doses [7]. As added F-cell effects have been observed in progenitors of SCD patients
treated with HU compared to progenitors of untreated SCD subjects [10], benserazide may
well have additive activity with HU and with recently approved therapeutics which act
through different mechanisms to improve red cell health.

Recently, after more than 20 years without a second drug approval, three therapeutics,
Endari™ (L-glutamine), Adakveo® (crizanlizumab), and Oxbryta® (voxelotor) were US
FDA-approved for the treatment of SCD in 2017 and 2019, respectively. Endari™

improves clinical symptoms of SCD by reducing oxidative stress in red blood cells with
resulting decreased adhesion of sickle red cells to endothelial cells [54, 55]. Oxbryta®
inhibits hemoglobin S polymerization through increased oxygen affinity and increases

total hemoglobin levels [56]. Adakveo® (crizanlizumab), a monoclonal antibody, binds to
P-selectin on the surface of activated endothelial cells and platelets, [57] reduces interactions
among endothelial cells and blood components. No single agent eliminates all clinical events
and hematologic abnormalities. A HbF inducing agent without overlapping toxicities could
be combined with any or all of these agents for greater efficacy in reducing progressive
organ damage [47, 48].

Benserazide is attracting attention in repurposing work due to its considered benign safety,
negative mutagenicity profiles, and as it is reported to be well-tolerated at doses as high as
700-1300 mg/day in Parkinson’s disease patients [7, 58]. Based on these findings, extended
toxicology studies, and with almost 50 years of patient use in the EU, Canada, and other
countries, a clinical supply was acquired and manufactured as a single formulation without
L-DOPA. A Phase 1b clinical trial (NCT04432623) has been initiated to identify doses that
safely increase F-cells and HbF/cell initially in patients with p-thalassemia intermedia, with
expansion to patients with SCD if indicated.

CONCLUSION

Studies described herein confirm that racemic benserazide modulates /n7 vivo HbF
expression and merits clinical evaluation in patients with g-hemoglobinopathies. The studies

Blood Cells Mol Dis. Author manuscript; available in PMC 2022 July 01.


https://clinicaltrials.gov/ct2/show/NCT04432623

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pace et al. Page 12

determined that neither enantiomer, (/)- or (S)-benserazide, can be characterized as an
impurity, providing justification for further clinical development of (R, S)-benserazide. This
therapeutic offers the potential to be developed as a repurposed non-chemotherapy agent
and/or combined with HU or decitabine to increase the magnitude of HbF and proportions
of F-cells through complimentary mechanisms. Furthermore, benserazide should produce
additive effects without myelosuppression, and could be combined with other therapies
which act on red cell oxidant stress, oxygenation, energy levels, or inhibition of vascular
adhesion [47, 48, 54-58].
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Highlights
. Fetal hemoglobin induction via pharmacologic approaches remains the most

feasible treatment for most individuals living with sickle cell disease.

. Racemate (R, S)-Benserazide and its enantiomers induce fetal hemoglobin
expression /n vivo in B-YAC transgenic mice dosed three times weekly
without myelosuppression.

. A clinical trial to determine the safety and efficacy of Benserazide is in
progress in patients with thalassemia and sickle cell disease.
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Fig. 1. Increasing doses of racemic benserazide administered to an anemic baboon.
Fetal (-y)-globin mRNA levels relative to baseline in a baboon treated sequentially with

racemic (R,S)-benserazide administered at an 1V dose and at oral doses and regimens as
shown above each peak. Baseline was assessed immediately before each dose regimen,
following wash-out periods from the prior regimen. The increases in y-globin mRNA
compared to baseline were observed beginning at 3—4 days after oral dosing began; the
maximal increase is noted above each peak. The duration of response is shown in width of
each response. The highest peak followed the regimen of 3 mg/kg/dose orally and persisted
for 2 weeks.
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Fig. 2. Benserazide increases HbF in older adult B-YAC mice.
B-YAC mice (13-18 months old) were treated with water (Veh) and hydroxyurea (HU)

controls and (R, S)-benserazide HCL (EEY), (R)-benserazide HCL (EF2) or (S)-benserazide
HCL (EF3) test formulations (n=4). Blood was collected for flow cytometry analysis (See
Methods). A) Shown are raw data for F-cells percentage (%) at week 0 (W0), week 2 (W2)
and week 4 (W4). B) Shown are the fold changes in F-cells over time quantified by flow
cytometry. C) To quantify fetal hemoglobin level per cell, the mean fluorescence intensity
(MFI) was collected by flow cytometry. Shown are the MFI means over time. D) Shown is
the fold change in MFI over time. For all data analysis significance was set at p<0.01 (*) or
p<0.001 (**)
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Fig. 3. Benserazide increases HbF in young B-YAC mice.
B-YAC mice (6-8 weeks old) were treated with water (Veh) and hydroxyurea (HU)

controls and the racemic (R, S)-benserazide HCL (EEY), (R)-benserazide HCL (EF2) and
(5)-benserazide HCL (EF3) drug formulations. Three treatment replicates (n=12) were
combined and analyzed as described and blood collected for flow cytometry analysis (See
Methods). A) Shown are raw data for the F-cells percent (%) at week 0 (WO0), week 2 (W2)
and week 4 (W4). B) Shown is the fold change in F-cells over same time-period. C) To
guantify mean fluorescence intensity (MFI) was quantified. Shown are the MFI mean over
same time-period. D) Shown are fold changes in MFI. Statistical analysis as described in
Fig. 1.
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Figure 4. Similar plasma exposure profile exhibited by racemic benserazide and its enantiomers.
After completion of the efficacy portion of the study, the assigned -YAC mice now 10—

12 weeks old were treated 2 days later with a single 20 mg/kg dose of the racemic
(R,S)-benserazide HCL (EEY), (R)-benserazide HCL (EF2) and (S)-benserazide HCL
(EF3) drug formulations. Blood samples were collected at designated timepoints and
drug concentrations were analyzed as described (See Methods). Shown are the drug
concentration-time curves for animals administered the (R)-, (S)-and (R, S)-benserazide.
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Fig. 5. Racemic benserazide increases F-cells in a dose-dependent manner.
B-YAC mice (6-8 weeks old) were treated with water (Veh) and hydroxyurea (HU) controls

and racemic (R, S)-benserazide HCL at 5, 20 and 30 mg/kg/dose (EEY5, EEY20, EEY30
respectively). Three treatment replicates (n=12) were combined and analyzed as described
and blood collected for flow cytometry analysis (See Methods). Blood was collected for
flow cytometry analysis. A) Shown are the raw data for the F-cells percent (%) at week

0 (WO0), week 2 (W2) and week 4 (W4). B) Shown are fold changes in F-cells over same
time-period. C) To quantify fetal hemoglobin level MFI was performed. Shown are MFI
means over same time-period. D) Shown are fold changes in MFI over same time-period.
Statistical analysis as described in Fig. 1; p<0.001 (***).
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