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Abstract

Introduction: Sickle cell disease (SCD) is a debilitating inherited disorder that affects millions
worldwide. Four novel SCD therapeutics have been approved, including the hemoglobin (Hb)
modulator voxelotor.

Areas Covered: This review provides an overview of discovery efforts towards modulating Hb
allosteric behavior as a treatment for SCD, with a focus on aromatic aldehydes that increase Hb
oxygen affinity to prevent the primary pathophysiology of hypoxia-induce erythrocyte sickling.

Expert Opinion: The quest to develop small molecules, especially aromatic aldehydes, to
modulate Hb allosteric properties for SCD began in the 1970s; however, early promise was dogged
by concerns that stalled support for research efforts. Persistent efforts eventually culminated in

the discovery of the anti-sickling agent 5-HMF in the 2000s, and reinvigorated interest that led to
the discovery of vanillin analogs, including voxelotor, the first FDA approved Hb modulator for
the treatment of SCD. With burgeoning interest in the field of Hb modulation, there is a growing
landscape of intellectual property, including drug candidates at various stages of preclinical and
clinical investigations. Hb modulators could provide not only the best chance for a highly effective
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oral therapy for SCD, especially in the under-developed world, but also a way to treat a variety of
other human conditions.
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1. Introduction

1.1 The pathophysiology of sickle cell disease

Sickle Cell Disease (SCD) is the most common inherited hematologic disorder affecting
between 80,000 to 100,000 people (mostly of African American origin) in the U.S., and
over 15 million individuals worldwide.[1-4] The World Health Organization (WHO) and
the United Nations (UN) have declared SCD a public health burden with over 300,000
affected live births every year, with the number of affected individuals projected to increase
30% by 2050.[1-4] The abnormal gene that causes sickle cell disease is most prevalent in
sub-Saharan Africa, eastern Saudi Arabia, central India, as well as Caribbean, Central and
South American, and Mediterranean nations.[6,7]

SCD results from a single point mutation in the oxygen carrying protein hemoglobin

(Hb) that is caused by a substitution of polar glutamic acid (8GIu6) in normal Hb to

the hydrophobic valine (gVal6) in sickle Hb (HbS).[8,9] Deoxygenated HbS (deoxyHbS)
polymerizes into long, rigid and insoluble 14-stranded fibers, which distorts red blood cells
(RBCs) into sickled shape (Figure 1).[10] Polymer formation is initiated by a hydrophobic
interaction between the pVal6 residue of one deoxyHbS molecule and a hydrophobic
pocket formed by B,Ala70, p,Phe85, and B,Leu88 of a proximate deoxyHbS molecule.
[11,12] DeoxyHbS polymerization is exacerbated by the inherent high concentrations of 2,3-
diphosphoglycerate (2,3-DPG) and/or sphingosine 1-phosphate (S1P) in sickled red blood
cells (RBCs).[13-15] In addition to the primary binding pocket, key secondary interactions
between adjacent deoxyHbS molecules in the fiber, such as those mediated by aAsn78 or
BAsp73 on a surface-located a.F-helix of Hb, are also required to maintain the integrity of
the polymer.[10,16-18] There are individuals in Sudan and Congo with rare co-inherited
mutations on these secondary contacts that, consequently, demonstrate a reduced tendency
for polymerization and RBC sickling. Individuals with these rare variants, such as Hb
Stanleyville Il or Hb Mobile, have acquired not only the classic (Val6) SCD mutation,
but also a second mutation, a Asn78—Lys (Hb Stanleyville) or BAsp73—Val (Hb Mobile),
on the aF-helix of Hb.[16,17,19] As a result of the reduced tendency for polymerization
with disruption of secondary contacts, these individuals are known to have mild or even

no disease sequelae.[16] In contrast to deoxyHbS, oxygenated HbS (oxyHbS) neither
polymerizes nor incorporates into the polymer fibers since the quaternary conformation

of oxyHbS molecule does not allow for the pathologic interaction between gVal6 and the
hydrophobic acceptor pocket.[11]

Formation of insoluble and rigid sickle RBCs in the micro-vasculature leads to a
downstream cascade of RBC adhesion to tissue endothelium, vaso-occlusion, hypoxia-
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reperfusion injury, and the release of cytokines and micro-infarctions (Figure 1). [1,10]
Reperfusion of ischemic tissues generates free radicals and reactive oxygen species (ROS),
which cause direct damage and also scavenge free nitric oxide (NO). The rigid and brittle
nature of the sickle RBCs results in a chronic hemolytic state with persistent release of

free Hb into plasma, which also contributes to NO scavenging and, consequently, increased
platelet activation and vascular resistance — all part of a chronic vasculopathy (Figure
1).[2,3,20] Additional sequelae of SCD include pulmonary hypertension, cholelithiasis,

leg ulcers, osteonecrosis, acute chest syndrome, priapism and cerebrovascular disease.[21]
Ongoing vasculopathy and inflammation eventually results in progressive damage to vital
organs leading to a multisystem disease, and a reduced life expectancy. By the fifth decade
of life, one half of surviving patients develop some form of irreversible damage to the lungs,
kidneys, brain, retina or bones, as well as other co-morbidities like diabetes and systemic
hypertension, which further affects quality of life.[20,22,23]

1.2 Hemoglobin - A target for drug discovery

Hemoglobin is a tetrameric allosteric protein (Figure 2), which functions in an equilibrium
between its unliganded (deoxyHb), Tense state (T-state) possessing low oxygen affinity
and liganded (oxyHb), Relaxed state (R-state) which has a high oxygen affinity (Figure
3A).[24,25] The tetramer consists of two a-subunits (a; and ay) and two B-subunits (B,
and B,) that interact together, resulting in a large central water cavity, with the a.- and
B-clefts defining the two entry points into the water cavity (Figure 2). For Hb to function
effectively in oxygen transport and delivery, it requires binding of endogenous heterotropic
effectors, such as carbon dioxide (CO5), hydrogen ions (H*), chloride ions (CI7), and 2,3-
bisphosphoglycerate (2,3-BPG), to modulate its oxygen affinity and cooperative behavior.
[25] These effectors bind to Hb at the surface or central water cavity and preferentially
stabilize either the T-state to release oxygen or the R-state to increase oxygen binding
affinity (Figure 3A).[24-32] Stabilization of one state over the other can be measured by the
oxygen equilibrium curve (OEC); agents stabilizing the R-state shift the curve to the left,
whereas those stabilizing the T-state shift the curve to the right (Figure 3B). Notably, the
R-state of Hb consists of an ensemble of relaxed quaternary forms that include the classical
R, R2, R3, RR2, RR3.[24,25,33-39] The classical R-state was the first to be reported by
Max Perutz, followed by the R2-state in 1992 by the Arnone group.[40] The discovery

of these two relaxed states initiated a decades-long controversy as to the most physically
relevant form of R-state Hb. The Safo group discovered the existence of the relaxed states
R3, RR2 and RR3, which provided further structural evidence that Hb function involves an
ensemble of tense and relaxed Hb states, and not only the classical T and R states. [24,25,41]

Like endogenous effectors, several synthetic allosteric effectors of Hb (AEHS) are also
known to bind to the surface, a-cleft or p-cleft, or the middle of the central water cavity

of liganded Hb structure (in the R, R2, or R3 state) and/or unliganded Hb structure (in

the T state) to allosterically modulate protein activity (Figure 4).[24,25] Scientists have
explored the potential of preferentially stabilizing one state over another in the development
of therapeutics. For instance, agents stabilizing the T-state have potential therapeutic
applications in treating ischemia-related cardiovascular diseases, such as angina, myocardial
ischemia, stroke, and trauma, in which more O is needed to heal tissues and organs. [42—
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47] In contrast, effectors that stabilize the R-state increase Hb O, affinity and are potentially
useful for the treatment of sickle cell disease since oxyHbS does not polymerize. [48-62]

1.3 Approved drugs for sickle cell disease

Currently, there are four drugs approved for the treatment of SCD, including

Hydroxyurea (Droxia and Siklos, sold by Bristol-Myers Squibb Co and Addmedica
Laboratories, respectively)[63], L-glutamine (Endari, sold by Emmaus Life Sciences)[64—
66], crizanlizumab (Adakveo, sold by Novartis)[67] and, Voxelotor® (Oxbryta, sold by
Global Blood Therapeutics)[60-62]. Hydroxyurea, has been used for over 2 decades ago
and for a long time was the only approved drug for SCD.[68-70] Hydroxyurea increases
the production of fetal hemoglobin (HbF) to prevent polymerization of HbS and may also
increase free NO.[71,72] L-glutamine, as the name suggests, is an amino acid that was
approved for use in SCD in the US only in 2017.[64,65] L-glutamine increases the amount
of reduced form nicotinamide adenine dinucleotide (NADH) in erythrocytes to reduce
oxidative stress and potentially result in fewer painful crises.[66] Notably, the regulatory
authority in the European Union did not approve L-glutamine for SCD due to lack of
substantial efficacy. Crizanlizumab, which was approved in 2019, is a monoclonal antibody
targeting P-selectin to reduce erythrocyte adhesion and, consequently, reduce the frequency
of VOC crises and complications of SCD.[67] Finally, Voxelotor, an aromatic aldehyde
developed to prevent the primary pathophysiology of hypoxia-induced HbS polymerization
and erythrocyte sickling by increasing Hb O,-affinity, was approved in 2019.[60,61,73]
Voxelotor, a synthetic analogue of vanillin, was developed based on decades of progress

in the design and development of aromatic aldehydes since the 1970s [57], including

early discovery science performed by our group to identify the natural and non-toxic
scaffolds vanillin and 5-hydroxymethyl-2-furfural (5-HMF).[48-51,56,58,59,74,75] The
clinical efficacy of Voxelotor for the treatment of SCD has been assessed based on increased
Hb levels and reduced hemolysis in patients.[60] The most recent data also suggests that
the use of Voxelotor for an extended period of time may reduce the number of VOC events,
with the greatest improvement in VOC rates observed in patients with the largest increase
in Hb.[76] In a 72-week analysis of the results of the Phase 3 HOPE trial, there was a very
modest numerical reduction in the annualized VOC event rate in patients on Voxelotor from
2.8 events per person-year to 2.4 events per person-year. Unexpectedly, the frequency of
VOC events was lowest for individuals with a post-treatment Hb level of 12 to 13.3 g/dL
(drug responders) followed by those with a post-treatment Hb level of 10 to 12 g/dL. The
frequency of VOC events was significantly higher in individuals with a post-treatment Hb
levels of < 10 g/dL. In fact, the frequency of VOC appeared to be indirectly correlated
with achieved Hb levels. In an analysis of 24-week data from the HOPE trial, the greatest
reduction in VOC events also occurred for individuals who had Hb occupancy levels of at
least 20% or higher compared to those with occupancy less than 20% or in the placebo
cohort. While not achieving statistical significance on the clinical endpoint in the trial, the
data is consistent mechanistically with treatment induced inhibition of HbS polymerization
leading to a reduction in propensity for VOC events. This is in direct contrast to previous
SCD drug failures (e.g. Senicapoc) that demonstrated the unmistakable risk for worsening
of VOCs due to a large correction of anemia that increased blood viscosity.[77] In the
landmark trial by Ataga et al, SCD patients receiving the Senicapoc, a drug that inhibited
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potassium efflux through the Gardos channel, demonstrated statistically significant increases
in hemoglobin and hematocrit, as well as hemolysis markers, such as LDH and indirect
bilirubin, suggesting a meaningful reduction in hemolysis. Unlike patients in the Voxelotor
cohort that also experienced reduction in hemolysis, SCD patients in the Senicapoc cohort
demonstrated a statistically significant increase in VOC events (0.41 vs. 0.30 incidence

per year). A paradoxical reduction in VOCs despite higher HbS levels with Voxelotor
suggests that the underlying pathophysiology and secondary downstream effects are directly
mitigated by inhibiting HbS polymerization. The clinical results with Voxelotor to-date
suggest that aromatic aldehydes may have disease-modifying potential that can mitigate
adverse disease effects of RBC sickling in SCD.

2. Body of review

2.1 Historical perspective

Sickle cell disease is one of the few genetic diseases that has been extensively studied

at the genetic, cellular, molecular, and atomic levels. It all begun in 1910 when James
Herrick discovered sickle cell disease after observing the sickled shape of RBCs from

a West Indies student who complained of pain episodes and symptoms of anemia.[78]

In 1949, Linus Pauling characterized the disease on a molecular level.[79,80] Another
landmark discovery that led or contributed to our understanding of the disease on an

atomic level, as well as Hb allostery occurred in 1960s when the Nobel laureate Max

Perutz solved the crystal structure of Hb. [29,81-83] This incredible feat made possible

a new era of Hb targeted drugs that could be rationally designed to target the protein’s
allosteric properties and/or the secondary contacts of polymerization. The first allosteric

Hb effectors were developed in the 1970s, e.g. aromatic aldehydes, aspirin derivatives,

and thiols that form covalent adducts with Hb, stabilizing the high oxygen affinity R-state
Hb.[56,57,84-93]. These compounds directly address the primary cause of the disease by
stabilizing the high-O,-affinity R-state that cannot polymerize. Sunshine et. al.[94] were
among the first to suggest that increasing the O, affinity of Hb by 4 mmHg could lead

to therapeutically significant inhibition of the intracellular polymerization. Non-covalent
Hb binding compounds, e.g. amino acids[95-97], phenoxyacetic/benzyloxyacetic acids,
halogenated/methylated aromatic carboxylic acid derivatives[98], proline-salicylates,[99]
urea- and amino acid-based derivatives[100-102], oligo-peptides[96], natural products and
analogs thereof[103,104], carbohydrate derivatives[105], and aromatic alcohols[96,106,107]
were also studied as anti-sickling agents. However, these molecules, unlike the covalent
binders, showed weak Hb affinity due to the shallowness of the surface binding cavities.
[108] Much of the early discovery research for SCD was performed by Max Perutz, Don
Abraham, and Irvine Klotz, and this work laid an important foundation for subsequent drug
discovery and development. Don Abraham was a pioneer in the use of molecular modeling
and/or X-ray Crystallography to design compounds that bind covalently to Hb.[55,84,109—
111] Abraham was also the first to use compounds with non-covalent interactions to directly
inhibit the binding of Hb tetramers by designing agents that fit hydrophobic surface cavities
on the surface of the protein.[55,84,93,109,111,112]
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Although Klotz was the first to draw attention to aromatic aldehydes, including the non-
toxic vanillin as potential antisickling agents in 1977,[57] it was not until the 1990s when
Abraham’s landmark study with vanillin actually highlighted the potential of aromatic
aldehyde as SCD therapeutics,[56] as well as established vanillin as a lead for the discovery
of several derivatives with improved pharmacologic effects. Synthetic analogues of vanillin,
including Voxelotor, are currently the most promising candidates for the treatment of
SCDJ[49,50,52,53,59,61]. This review article is dedicated to Don Abraham, an incredible
scientist who requires credit for being a pioneer in targeting Hb for drug discovery.

2.2 Early development of aromatic aldehydes as anti-sickling agents

The primary pathophysiology of sickle cell disease involves polymerization of deoxyHbS
within RBCs, leading RBC sickling. Certain classes of aromatic aldehydes can bind to Hb
and stabilize the high oxygen affinity state of the protein to prevent RBC sickling. This
allosteric mechanism centers around the aldehyde moiety that forms a reversible covalent
Schiff-base interaction with the N-termini a'Vall amines of the two Hb a.-chains (Figure
5A). Klotz and coworkers in the late 1970s were the first to report anti-sickling aromatic
aldehydes, e.g. vanillin, (Figure 5B) [57], and although some of these compounds show
promising anti-sickling activity in vitro, none were advanced beyond simple academic
studies to determine their potential as drug therapeutics. Abraham revisited the anti-sickling
compound vanillin (Figure 5B), and found that in addition to its primary mechanism

of increasing Hb affinity for oxygen, vanillin also exhibited direct inhibition of HbS
polymerization by binding to the surface of Hb, close to one of the several secondary contact
sites in the polymer.[56] However, Abraham uncovered a key obstacle in the preclinical
studies; the aldehyde moiety which is key for bioactivity was rapidly metabolized /in vivo
into the inactive acid analog, vanillic acid.[75] Consequently, many promising natural and
early synthetic vanillin analogue candidates were plagued by a short half-life and limited
bioavailability.

Based on the anticipated Schiff-base interaction of aromatic aldehydes at the a-cleft of Hb,
Geoffery Keen and Burroughs Wellcome designed several synthetic aromatic aldehyde-acid
effectors of Hb.[110,113] The group postulated that one molecule would bind to classical
R-state Hb to crosslink the two a-subunits. Specifically, the aldehyde would form a Schiff-
base interaction with the aVall amine of one a-subunit and the acid moiety would form

a hydrogen-bond interaction with the opposite a'Vall amine of the second a-subunit to
stabilize the R-state relative to the T-state, which was expected to increase Hb affinity

for oxygen.[110,113] Unexpectedly, a subsequent crystallographic study by Abraham with
Valeresol showed that these compounds bind to Hb in 2:1 ratio, with each molecule forming
a Schiff-base interaction with each of the two a-subunit aVall amine.[55] Subsequent study
by the Safo group validated Abraham’s original finding that Hb binds two molecules of
aromatic aldehyde.[48] The compounds developed by Keen and Burroughs Wellcome were
protected by a composition of matter patent filed in 1985 (US 4,535,185).[114] This patent
was likely the first intended to disclose drug candidates targeting Hb for sickle cell disease
drug discovery. Two of the most notable compounds were Valeresol and Tucaresol (Figure
5B), which showed significant potency in increasing Hb affinity for oxygen and preventing
RBC sickling. [113,115] They were subsequently studied in various clinical trials for the
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treatment of SCD. Valeresol underwent phase I clinical study in 1985 but was terminated
due to poor bioavailability.[116,117] Tucaresol showed even more potent activity, and more
importantly was resistant to oxidative metabolism, resulting in improved oral bioavailability
and pharmacokinetics. Unfortunately, Tucaresol caused immune-mediated toxicity in phase-
Il clinical studies, and was therefore terminated.[75,115,118]

With an understanding of the metabolic instability of vanillin, a prodrug of vanillin,
thiazovanillin (MX1520) (Figure 5B), in which L-cysteine protected the aldehyde group
by forming a thiazolidine complex, was synthesized and studied.[119] Although MX1520
showed improved oral pharmacokinetic properties compared to vanillin, it was not studied
in the clinic presumably due to its weak potency. Nonetheless, the discovery shed light

on a viable strategy to improve pharmacokinetics and oral bioavailability of aromatic
aldehydes as potential anti-sickling drugs. There were no US or international patent filings
for MX1520.

The failure to advance early candidate aromatic aldehyde compounds for the treatment of
SCD had a chilling effect on enthusiasm for this class of compounds. There were justifiable
concerns that the large amount of drug necessary to therapeutically modify one of the most
abundant human proteins, Hb (5 mmol) would likely exceed toxicity thresholds, and also the
use of R-state Hb stabilizers that inhibit O, release could cause tissue hypoxia. While we
know now that these obstacles can be overcome with clinical evidence with the most recent
candidates, skepticism was pervasive after early failures. Nonetheless, these early failures
paved the way for innovations that eventually led to the first successful clinical candidates
and now more next generation candidates to follow.

2.3 5-hydroxymethyl-2-furfural (5SHMF) — a bridge between early aromatic aldehydes and
modern aromatic aldehyde anti-sickling agents

Although research into Hb modifiers for treating SCD slowed down in the mid 1990s to
mid 2000s as a result of high-profile failures and other concerns about the viability of

this approach, Safo and Abraham saw the potential utility of this therapeutic option and
persisted with a focus in this area of research with a focus on natural aromatic aldehydes

in the diet with metabolic stability and good toxicity profile. One of the compound studied
is 5-HMF, a natural decomposition/dehydration product of sugar, which turned out to be

a highly promising candidate (Figure 6).[48,58] 5-HMF is found naturally in all sugar
containing foods, including fruits, honey, and caramel.[120,121] 5-HMF showed no /in vitro
cytotoxic effects on RBCs and exhibited several fold more potent anti-sickling activity
compared to vanillin.[48,58,74,75,122,123] A single oral dose of 100 mg/kg of 5-HMF
protected transgenic sickle mice from death from acute pulmonary sequestration of sickled
cells after a hypoxic challenge[58], and chronic administration was well tolerated for 2 years
in rodents at doses of up to 375 mg/kg/day.[124] Unlike vanillin, 5-HMF demonstrated oral
bioavailability, although oxidative metabolism still rapidly transformed the aldehyde into its
inactivated acid counterpart, 5-hydroxymethyl-2-furoic acid (HMFA). 5-HMF and several
of its furfural analogs, as well as their thiazolidine aldehyde protected derivatives, were
patented in 2006 (US 7,119,208 B2), 2007 (US 7,160,910 B2), and 2020 (US 10,875,834
B2).
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5-HMF was licensed to AesRx LLC, a small company located in Massachusetts, which
advanced the drug candidate through pre-clinical development and initial first-in-human
clinical trials in close collaboration with scientists from academia and NIH, a prime example
of a translational collaboration between academic and start-up company in the research and
development of a potentially lifesaving SCD drug therapy. 5-HMF, which was renamed
Aes-103, was one of the first molecules to enter the NIH Therapeutics for Rare and
Neglected Diseases program. The NIH committed greater than $5 million to support the
pre-clinical studies, clinical manufacture, and the initiation of Phase I/l human trials of
Aes-103. In Phase I clinical studies, 5-HMF was well tolerated with no safety signals in both
normal volunteers and SCD patients (ClinicalTrials.gov identifier NCT01597401),[125], and
patients had significant improvements in pain, decreased RBC hemolysis, improved diastolic
blood pressures, and increased blood oxygen saturation.[75] Despite the promising phase

I results, a phase 11 study conducted by Baxalta, a company that had acquired the rights

to AesRx, was terminated due, in part, to unblinding between the study drug and placebo
groups.[126] Moreover, the lead investigators questioned the viability of the drug due to the
rapid oxidative metabolism of the key aldehyde in light of newer compounds with potential
for prolonged pharmacologic effects.

Although it was known that the allosteric effects of aromatic aldehydes relied on Schiff-base
interactions with aVall amines of Hb, a more complete understanding of the allosteric
effects that lead to increased Hb oxygen affinity became only clear following seminal work
on 5-HMF by Safo and Abraham.[48] Peter Goodford had previously proposed that the
allosteric activity of aromatic aldehydes occurs due to binding of the compounds to the
classical liganded R-state Hb based on in silico model[110]; however, this viewpoint was
later countered by x-ray crystallography performed by Abraham who showed that aromatic
aldehydes rather bind to deoxygenated Hb to destabilize the T-state and shift the allosteric
equilibrium to the high-O,-affinity R-state. The true nature of the interaction was later
uncovered by Safo and Abraham in the study of 5-HMF. The scientists showed that the
primary target was R2-state Hb (and not the classical R-state Hb as proposed by Peter
Goodford), and to a certain extent T-state Hb. As first shown with 5-HMF and subsequently
several other aromatic aldehydes, two of these compounds bind in a symmetrical fashion

at the a-cleft of R2-state Hb, forming Schiff base adducts with a'Vall nitrogen atoms of

the two a-subunits, as well as hydrogen-bond and/or hydrophobic interactions with the
protein.[48,53,58,59,127] These interactions lock the two a-subunits together in the R2-state
conformation, restricting the transition from the R-state to the T-state. It was also shown that
aromatic aldehydes bind to the a-cleft of deoxygenated T-state Hb, although this interaction
is weaker than that with R2-state Hb.[48] Binding to the deoxygenated T-state disrupted

a water-mediated bridge between aVall and the opposite subunit residue aArg141, thus
shifting the allosteric equilibrium to the R-state. These findings were a major discovery
given that only the classical R-state and T-state structures were known when Peter Goodford
and Don Abraham proposed their original binding models.

Although 5-HMF did not advance to licensure, the promising effects of the compound

in clinical studies jumpstarted innovation around aromatic aldehydes, more specifically
the structure-based approach to improving potency and pharmacokinetics to discover next
generation synthetic drug candidates. This renewed interest also brought in scientists
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from academia and even big pharmaceutical companies looking to identify improved

drug candidates. The growth in scientific interest is demonstrated by the large increase

in publications on aromatic aldehydes both in medical chemistry and clinical journals.[50—
53,59,61,62,127]

2.4 Derivatizing 5-HMF to improve its pharmacologic properties

With 5-HMF established as a lead, Safo and collaborators using structure-based drug
discovery developed several 5-HMF derivatives where the alcohol moiety was derivatized as
ester or ether (Figure 6). [59,127,128] These derivatives were designed to make increased
interactions with the protein that was expected to increase their potency and potentially
improve their PK properties. Several of these derivatives, e.g. VZHEO004, VZHEQ06,
VZHEQO05, VZHEOQ15, and 5-PMFC exhibited increased potency, nonetheless none showed
any significant improvement in the PK properties.[59,127,128] A patent has been filed for
these compounds in 2018 (WO 2018/018035 Al).

Recently, Safo and group also derivatized 5-HMF by replacing the aldehyde moiety with
Michael Addition reactive center that is expected to improve the compounds’ metabolic
profile. These new derivatives (MMA-compounds, Figure 6), unlike 5SHMF bind covalently
to Hb through a Michael addition reaction with fCys93 and stabilize the R-state of Hb.[129]
It is also expected that these compounds by binding to the BCys93, which is located on the
surface of Hb, would directly destabilize polymer formation. Some of the compounds, e.g.,
MMA-409 showed comparable anti-sickling potency as 5-HMF. Notably, and as expected
the in vitro time-dependent OEC with MMA-409 using whole blood showed the biological
activity of MMA-4009 to persist longer than 5-HMF.[129] A patent titled ‘Metabolically
stable 5-HMF derivatives for the treatment of hypoxia’ protecting these compounds was
issued in 2020 (US 10,836,729 B1).

2.5 Modern aromatic aldehyde drug discovery - pyridyl-derivatives of vanillin

Based on the atomic interactions between Hb and vanillin or 5-HMF, several pyridyl
derivatives of vanillin and its analogs were designed by Safo and Abraham.[50,51,54] These
compounds (designated as INN and SAJ, Figure 7) like vanillin bind to the aVall of Hb

to form Schiff-base adducts, which in addition to other protein interactions tie the two a-
subunits together to stabilize the R-state and increase Hb oxygen affinity to prevent RBC
sickling (Figure 8). The compounds exhibit as much as 2.5-90-fold more potency when
compared to vanillin or SHMF.[50,51,54] As also noted before, these compounds bind to
deoxygenated Hb but unlike the R2-state Hb binding, manifest as diffused density.[50,51,54]
Interestingly, some of the compounds, INN-312 and SAJ-310 showed inhibition of polymer
formation in anoxia (absence of oxygen), an anti-sickling mechanism that is independent

of the primary O,-dependent anti-sickling mechanism of aromatic aldehydes.[51] This
innovative concept for direct polymer-destabilizing aromatic aldehydes was conceived by
crystallographic observation of vanillin binding in close-proximity to the polymer stabilizing
aF-helix (~5A). The investigators surmised that this observation offered a direct polymer-
inhibitory potential of perturbing key secondary contacts on the a.F-helix of HbS that

is well-known based on sentinel work performed by Rhoda et al,[16] as well as other
biochemical studies demonstrating markedly reduced gelation and propensity to polymerize.
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[130-132] By rationally substituting a methoxypyridine ortho to the aldehyde moiety of
vanillin and several of its analogs, several compounds were created that were expected to
make interaction between the methoxypyridine and the aF-helix.[50,51,54] Indeed structural
studies showed that these compounds, e.g. INN-312 and SAJ-310 when bound at the a-cleft
dispose their methoxypyridine toward the surface of the Hb tetramer to make hydrophobic
contacts (>3.3 A) with residues of the aF-helix (Figure 8).[50,51] Structure activity

studies demonstrated that these first generation pyridyl derivatives of vanillin, unlike earlier
aromatic aldehydes could inhibit polymerization and sickling in complete anoxia (oxygen-
independent anti-sickling effect), albeit weak. Nonetheless, the finding suggested a potential
novel dual therapeutic approach involving the design of compounds that stereospecifically
inhibit deoxy-HbS polymer formation while increasing the oxygen affinity of Hb. Based on
this novel concept and adopting the structure-based design approach, a second generation
of pyridyl derivatives of vanillin with either methylhydroxyl on the pyridine ring (e.g.
TD-7[49,133,134] and VZHE-039[52], or ester on the pyridine ring (e.g. PP-6, PP-10 or
PP-14) [53,135,136] (Figure 7) were developed to introduce potentially stronger contacts
with the protein and aF-helix. All compounds as expected showed significant improvement
of biological activity (increase in Hb oxygen affinity, anti-sickling effect under hypoxia)
over vanillin, but comparable or slightly better than SAJ-301 or INN-312. Most importantly,
while VZHE-039, and the PP compounds demonstrated highly potent anti-sickling effect

in anoxia, TD-7 showed only marginal effect, while Voxelotor, which was studied as

a comparator appears to completely lose activity under anoxia.[52,53] Structural studies
confirmed close interactions between the methylhydroxyl of VZHE-039 or the ester of

PP-6 or PP-10 and PP-14 with the aF-helix (Figure 8), while, interestingly, in TD-7 the
methylhydroxyl has rotated away from making any interaction with the aF-helix although
the pyridine ring still makes weak hydrophobic interaction with the aF-helix (Figure 8).
[49,52,53] Voxelotor, with only one molecule bound per tetramer (see below) makes no
significant interaction with the a.F-helix (Figure 8).[61]

It is notable to point out that TD-7 underwent significant metabolism leading to short
duration of biological activity.[49] On the other hand, VZHE-039 or the PP compounds,
with the ortho-hydroxy group (relative to the aldehyde moiety) protecting the aldehyde
pharmacophore, demonstrated resistance to oxidative metabolism inside the RBC, leading to
sustained and improved pharmacologic activities both /n vitroand in vivo.[52,53,133,134]
Similar metabolic protective behavior by a hydroxy moiety has been previously reported
with Tucaresol,[115-118,137] which was also incorporated into Voxelotor to improve these
compounds PK properties.[138] The compounds also showed no significant inhibition

of several CYPs, as well as exhibiting high GI permeability indicating acceptable oral
bioavailability, absent limitations from GI solubility and/or first-pass metabolism.[52,53]
VZHE-039 also demonstrated high partitioning (85%) from whole blood into RBCs, which
was made possible by the substituted pyridine.[52] Superior partitioning of candidate
molecules into the RBC compartment is critical to minimize possible off-target effects,
which may likely have derailed clinical development of Tucaresol.[139]
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2.6 Development of aromatic aldehydes by Global Blood Therapeutics — First in kind as a

SCD drug

Based on the groundwork laid down by the development of vanillin and the INN
compounds, a series of bicyclic aryl derivatives of vanillin have been developed by Global
Blood Therapeutics, Inc and protected with several patents, including 2017 (US 9,802,900
B2), 2018 (US 10,017,491 B2), 2018 (US 9,957,250 B2), 2019 (US 10,450,269 B1),

2019 (US 10,266,551 B2), 2020 (US 10,806,733 B2), 2020 (US 10,858,317 B2), 2020
(US 10,822,326 B2).[140-147] These compounds like previous aromatic aldehydes form
Schiff-base interaction with the a'\VVal1 amines of Hb and prevents hypoxia-induced HbS
polymerization and RBC sickling.[61] Voxelotor (Figure 7), which eventually became
approved for the treatment of SCD in 2019, showed significant biological potency even

at low drug concentrations.[148] /n vivo preclinical studies showed Voxelotor to be safe
and effective in preventing RBC sickling. It also showed high oral bioavailability, sustained
exposure and dramatic RBC partitioning when administered orally.[148-152] As noted
above, Voxelotor anti-sickling effect, unlike VZHE-039 was due solely to increasing Hb
oxygen affinity. Under anoxic condition, Voxelotor does not show any sickling inhibition,
consistent of the structural studies that show the compound to not make significant
interaction with the aF-helix.[62] Phase 1/2 randomized, placebo-controlled, double-blind,
single and multiple ascending dose study of the tolerability and pharmacokinetics of
Voxelotor in healthy subjects and patients with SCD resulted in a favorable benefit-risk
profile of Voxelotor for the treatment of SCD.[118,138,153,154] It was well tolerated at
doses up to 1000 mg for 28 days and 900 mg up to 6 months. The linear, dose-proportional
PK and long half-life of supported once-daily dosing. It demonstrated rapid, sustained, and
clinically meaningful improvement in anemia, sickling, and clinical laboratory markers

of hemolysis. Most adverse events were mild and there were no deaths or adverse

events related to tissue hypoxia. In phase 3 randomized, placebo-controlled trial involving
participants with SCD, significantly high percentage showed a Hb-response treatment with
1500mg Voxelotor as compared to placebo. At week 24, the 1500mg Voxelotor group
showed significant reductions in the indirect bilirubin level and percentage of reticulocytes
than the placebo group. Although adverse events of at least grade 3 occurred in ~25% of
the participants they were not related to the trial drug or placebo, as determined by the
investigators.[60] The FDA granted fast track (2015), orphan drug (2015), rare pediatric
disease (2017), and breakthrough therapy designations (2018) to Voxelotor as a result of
preliminary clinical evidence demonstrating its potential for substantial improvement over
available therapies. The priority review designation was granted on August 22, 2019, and
the drug received accelerated approval for the treatment of SCD on November 25, 2019,
based on data from the phase 3 Hemoglobin Oxygen Affinity Modulation to Inhibit HbS
Polymerization (HOPE) trial that demonstrated efficacy and safety of Voxelotor, compared
with placebo, in patients aged =12 years with SCD.[5,155] It is also the first in the aromatic
aldehydes class of drugs to receive FDA approval.

Unlike previous aromatic aldehydes, e.g., VZHE-039 that bind covalently to Hb in a 2:1
stoichiometry, Voxelotor binds Hb with a 1:1 stoichiometry (Figure 8).[61] The increased
steric bulk due to the isopropyl-pyrazole substitution on the pyridine ring precluded

two molecules from occupying the a-cleft at the same time. It has been suggested
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that 1:1 binding as observed with Voxelotor with Hb would be more suitable than 2:1
adducts as observed in VZHE-039 because the former compounds can be administered at
effective doses that are lower and potentially safer compared to their counterparts.[61,156]
Nonetheless, /n vivoit is likely that compounds like VZHE-039 that exhibit dual anti-
sickling activity may perform better. The key to understanding the potential of dual anti-
sickling drugs /n vivois to recognize the limitations of allosteric hemoglobin modification.
There is a limit to increasing the oxygen affinity of Hb, where excessive increase could
prevent O, release, and consequently lead to tissue hypoxia and anaerobic metabolism.
Moreover, since the efficacy of anti-sickling drugs depends on the capacity to delay
polymerization Kinetics just long enough for the RBCs to pass through the circulation back
to the lung, polymer-destabilization is potentially a more efficient anti-sickling mechanism
because incorporation of a drug-bound tetramer can actually destabilize a growing chain
instead of just reducing the number of deoxyHbS tetramers that are available to enter a fiber.
Finally, allosteric modification depends on oxygen, and therefore compounds that solely rely
on this mechanism to prevent RBC sickling unlike direct polymer destabilizers would not
work in areas of tissue hypoxia.

Since the discovery of Voxelotor, several other classes of aromatic aldehydes have been
discovered by Global Therapeutics, which have been protected in various patents. These
include 2020 (US 10,695,330 B2) and 2020 (WO 2020/072377 Al). The second patent
filed in 2020 claimed a series of di-aldehydes derivatives.[157] One notable compound
claimed in this patent (compound 2, Figure 7), when administered orally (10 mg/kg) in rats
showed a half-life of 187 h and a very high blood/plasma ratio. Crystallographic structure
of liganded Hb in complex compound 2 revealed a single compound crosslinking the two
a-subunits with each aldehyde group forming Schiff-base interaction with one of the aVall
amines.[157]

Based on the aromatic aldehyde pharmacophore and adopting a similar approach as Global
Blood Therapeutics; FronThera U.S. Pharmaceuticals, LLC (San Diego) recently reported
several compounds as potential therapeutic agents to treat SCD.[158] Examples of these
compounds are 27b, 29e and 38 (Figure 7). Dose- and time-dependent OEC studies with
whole blood at 0.2 mM and 0.5 mM concentrations revealed that most of the compounds
showed similar increase in the Hb-O5, affinity as Voxelotor. The compounds also showed
comparable anti-sickling effect as, low plasma-protein binding, partitioned efficiently in the
RBCs, showed low CYP inhibition and comparable liver microsomal stability in rats and
humans as Voxelotor.[158] This invention has been reported in a patent titled ‘Hemoglobin
modifier compounds and uses thereof” in 2020 (US 10,787,430 B2).

2.7 Non-aromatic aldehyde Hb covalent modifiers as potential therapeutic agents

Aromatic aldehydes were one of the first class of compounds to be studied for treating SCD,
and for over 2 decades have been the primary focus for SCD drug discovery as it appears

to offer the best option in terms of toxicity and efficacy. Nonetheless, other covalent Hb
binding compounds have also been studied over the years for the treatment of SCD; some
dating as far back as four decades,[84-91,93,112] while others quite recently in response

to aromatic aldehyde drawbacks, most notably their metabolic instability and/or relatively
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weak binding affinity due to reversibility of the Schiff-base covalent interaction.[129,159—
163] One of the earliest covalent Hb modifiers was ethacrynic acid (ECA) (Figure 9A),

a commercially marketed diuretic compound developed by Merck, for its potential as an
anti-sickling agent.[93,164] Abraham and Max Perutz demonstrated that ECA increases the
Hb affinity for oxygen and also causes direct polymer inhibition via interaction with the
surface-located BCys93 residue of Hb (Figure 9A).[111] However, ECA was too toxic in
concentration needed to treat the large amount of HbS. Structural studies of ECA and Hb
suggest that small molecules that could form a covalent bond with the BCys93 side chain
thiol eliminate a T-state stabilizing salt bridge between BAsp94 and BHis146,[111] resulting
in allosteric equilibrium shift to the high O,-affinity Hb that does not polymerize.

Based on the initial studies with ECA, Safo, Abdelsattar Omar and Moustafa EI-Araby
designed a new series of Michael Addition molecules (KAUS compounds, Figure 9B) that
were hypothesized to bind covalently to BCys93 of Hb and inhibit RBC sickling, and
importantly be more metabolically stable than aromatic aldehydes [163]. These compounds
surprisingly showed even weaker allosteric and anti-sickling properties compared to ECA.
[163] X-ray studies of Hb in complex with these compounds revealed an unanticipated
mode of Michael addition between the B-unsaturated carbon and the N-terminal aVall
nitrogen at the a-cleft of hemoglobin, with no observable interaction with fCys93.[163]
However, a disulfide exchange reaction suggested low level interaction between the KAUS
compounds and BCys93,[163] likely explaining why the KAUS compounds were not
observed crystallographically at the BCys93 binding site.

Following, a second generation of KAUS-compounds were designed by the group by
removing the carboxylate group from the compounds to allow the compounds to bind
exclusively or preferentially at BCys93 while preventing binding in the central water
cavity.[162,165] The new derivatives (e.g. KAUS-33 and KAUS-38 Figure 9B) with

the expected binding to BCys93, exhibited improvement /in vitro Hb-O, affinity and

RBC sickling inhibition over the first generation KAUS compounds.[162] However,

the compounds showed limited solubility, and their potency was still significantly less

than aromatic aldehydes.[162] To improve upon the pharmacologic profiles, the group
modified the non-carboxylate azolylacryloyl derivatives to a third generation of compounds
(MMA-compounds, Figure 9B), which as expected bind to BCys93.[161] Although these
compounds showed significant anti-sickling potency, none showed significant sustained
activity when compared to aromatic aldehydes.[161] The compounds have been patented in
2020 (US 10,836,729 B1).

Other class of covalent Hb modifiers are the cyanates and isothiocyanates[88]. Aliphatic
isothiocyanates (Figure 9C) form adducts with Hb by binding covalently to fCys93 to
disrupt the native T-state salt-bridge interaction between BAsp94 and BHis146 similar to
ECA. Aromatic isothiocyanates (Figure 9C) react at the amino terminal amine on the
a-chain of Hb to increase the oxygen affinity of Hb similar to aromatic aldehydes.[88]
Although isothiocyanates can be administered at low doses and less frequently, like other
permanent covalent binders, their lack of specificity could lead to toxicity. Due to these
reasons, studies on this class of compounds are limited. Some of the early studies on these
compounds have been claimed in 1974 (US 3,833,724).
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Another series of compounds that engage in a covalent bond with the surface-located
residue BCys93 of Hb to increase Hb affinity for oxygen are thiols; some of the recent
compounds developed by the Zapol group at the Massachusetts General Hospital and
Harvard Medical School.[159] One of the compounds di(5-(2,3-dihydro-1,4-benzodioxin-2-
yl)-4H-1,2,4-triazol-3-yl)disulfide (TD-1, Figure 9D) was identified via a throughput
screening of 38,700 compounds for their ability to modulate the Hb-O2 affinity. It was
observed that TD-1 induced a greater increase in Hb-O2 affinity compared to 5-HMF and
inhibited /n vitro hypoxia-induced sickling of RBC without causing hemolysis.[160] TD-1
was claimed in the patent titled ‘heteroaryl disulfide compounds as allosteric effectors for
increasing the oxygen binding affinity of hemoglobin’ in 2020 (US 10,758,569 B2).[166]
Using X-ray crystallography, the group showed the compounds are capable of forming
covalent interactions with BCys93 of the T-state, R-state and/or R3-state Hb to shift the
allosteric equilibrium to the high O,-affinity R-state.[159]

2.8 A rare non-covalent Hb allosteric effector

As noted in the introduction, small molecule non-covalent effectors of Hb were studied
during the early years of SCD drug discovery. These compounds were mostly designed to
target surface cavities of HbS and directly destabilize polymer formation. Examples of these
molecules include amino acids and their derivatives [95-97, 100-102], alcohols [96, 106,
107], halogenated/methylated aromatic carboxylic acid derivatives [98], proline salicylates
[99], natural products and analogs thereof [103, 104], and carbohydrate derivatives [105].
Unlike covalent binders, e.g., aromatic aldehydes, thiols or isothiocyanates, that bind to
well defined binding pockets via covalent interaction, the non-covalent compounds on

the other hand bind reversibly to shallow cavities on the surface of the protein with low
affinity, explaining their ineffectiveness in blocking polymer formation.[108] Although
not universally true, covalent binders, because of their transient or permanent covalent
interaction with the protein, provide pharmacological advantages over the non-covalent
binders including enhanced potency, selectivity, and prolonged duration of action.

Interestingly, scientists at Pfizer recently published a series of pyrazole containing non-
covalent compounds that bind to the a-cleft of Hb to increase its affinity for oxygen with
potential for anti-sickling effects. [167,168] This is the first report of compounds with a
non-covalent binding mode that attempts to recapitulate the biological activity seen from the
covalent interactions of aromatic aldehyde with the a-cleft aVall amine. These pyrazole
containing compounds have been reported in a patent titled ‘Chemical Compounds’ in
2021(US 11,014,908 B2).[167] A lack of /n vitro and ex vivo data using standardized assays
makes it quiet challenging to comparatively assess the compounds. But our interpretation of
the publicly available data suggests that these compounds, although significantly improved
over the previously studied non-covalent Hb binders, may not be as potent as the latest
generation of aromatic aldehydes. One of these compounds, PF-07059013, was evaluated

in Townes mice at steady state blood concentrations that should have been sufficient

to completely occupy the Hb tetramers in RBCs. Nevertheless, the level of anti-sickling
activity was similar to that achieved with aromatic aldehydes at lower occupancy levels.
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3. Expert opinion

Sickle cell disease is one of the earliest characterized genetic disorders and is still

broadly categorized as a ‘rare disease’ by multiple health agencies and organizations.

Since its discovery in 1910 by James Herrick, only four drugs, including Hydroxyurea,[68]
L-glutamine,[65] Crizanlizumab[67], and the aromatic aldehyde, Voxelotor[5] have been
approved to treat SCD. Although the molecular basis of SCD has been very well established,
the development of Hb target therapies to treat SCD has been a challenge over the years,
underlying the complex nature of the disease, coupled with the fact that historically, large,
well-funded pharmaceutical companies have not focused on drug development in SCD.
Nonetheless, recent years have seen a dramatic increase in commercial interest in developing
drugs for SCD both academia and pharmaceutical companies, although new composition

of matter patents on SCD therapeutics still appear to be mainstays of academia and small
pharmaceutical businesses. These drug-discovery efforts have contributed to the plethora of
information in treating SCD and associated symptoms. A wide range of new therapeutic
options to treat SCD is under development; one of these is focused on targeting the primary
pathophysiology using aromatic aldehydes that bind to HbS and allosterically shift the
oxygen equilibrium to the R-state and consequently increase HbS O, affinity to inhibit HbS
polymerization, and/or directly inhibit interactions between deoxyHbS tetramers. With the
FDA approval of Voxelotor,[5] the first small molecule directly targeting Hb, the prospects
for new drugs for patients with SCD seems to be growing significantly stronger each

year. While non-specific binding and off-target effects are potential liabilities associated
with covalent Hb binders, aromatic aldehydes are generally well tolerated /n vivo when
administered at therapeutically efficacious doses,[169] due in part to their reversible binding
nature under physiological conditions, and when unbound easily metabolized to acids for
excretion. In the opinion of these authors, aromatic aldehydes thus provide the highest
chance of clinical success of any Hb binding agent. These molecules hold great promise that
will provide realistic therapeutic options for individuals with SCD. Even though aromatic
aldehydes target the primary pathophysiology of the disease and provide realistic therapeutic
options for individuals with SCD, ultimately, clinicians may find that combination therapies
that involve aromatic aldehydes and other compounds, e.g., HU or Crizanlizumab may
provide the best outcomes for addressing the many pathophysiological effects associated
with the disease. This will depend on a variety of criteria such as age, frequency of crisis,
medication tolerability, and degree of SCD-mediated physical deterioration.
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Article Highlights

Sickle cell disease (SCD), the most common inherited hematologic disorder,
occurs because of a single point mutation of Glu6 in normal hemoglobin
(HbA) to pVal6 in sickle hemoglobin (HbS).

SCD is characterized by polymerization of HbS and sickling of red blood
cells (RBCs), leading to several other pathophysiologies, including vaso-
occlusion, hemolytic anemia, stroke, pain crisis, and organ damage.

Much of the early drug discovery research for SCD was performed by Max
Perutz, Don Abraham, and Irvine Klotz, which laid important foundation for
subsequent drug discovery and development.

Aromatic aldehydes are promising new clinical candidates that directly
prevent the primary pathophysiology of hypoxia-induced HbS polymerization
and erythrocyte sickling by increasing Hb oxygen affinity. One such
compound, Voxelotor was recently approved for SCD treatment.

In the opinion of these authors, Hb modulators, such as aromatic aldehydes
could provide not only the best chance for a highly effective oral therapy
for SCD, especially in the under-developed world, but also a way to treat a
variety of other human conditions.
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Figure 1.
Pathophysiology of sickle cell disease.
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Central
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Figure 2.
Crystal structure of normal deoxygenated (T-state) Hb (PDB code: 2DN2). (A) Structure

showing the characteristic large central water cavity formed by the heterotetramer. (B) A
90° orientation of the structure in (A) showing access into the central water cavity through
the a-cleft and B-cleft. The al-subunit (cyan), a2-subunit (magenta), p1-subunit (grey) and
[2-subunit (green) are shown in ribbons, and the hemes in sticks.
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Sickle cell disease

T

Increase O,
affinity
\ -0
Ho e ABH yp 2
High affinity R (R) 0,
Figure 3.

Hypoxia
Ischemia

Decrease O,
affinity

AEH /

Hb —==Hb

(T) Low affinity T

Page 28

40 60 80 100
pO, (mmHg)

A) Modulation of Hb allosteric activity with synthetic allosteric effectors of Hb (AEHS) and,
B) Oxygen equilibrium curve (OEC) of Hb showing Psq (the partial pressure at which 50%
of Hb is saturated with oxygen) in black curve. Increasing Hb oxygen affinity with AEH
shifts the OEC to the left (red curve) while decreasing it shifts the curve to the right (cyan

curve).
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Endogenous and synthetic effectors targeting various allosteric sites of Hb for different

therapeutic potential
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Figure 5.
A) Schiff-base adduct formation of aromatic aldehydes with Hb; B) Examples of early

aromatic aldehydes as AEHS.
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5-HMF and its derivatives
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Figure 7.
Pyridyl derivatives of vanillin
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Vall

Figure 8.
A) Mechanism of binding of ECA to Hb; B) ECA and its derivatives as AEHS; C)

Representative examples of alkyl and aryl isothiocyanates as AEHSs; D) Heteroaryl disulfide
compounds as AEHS.
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Figure 9.
A) Mechanism of binding of ECA to Hb; B) ECA and its derivatives as AEHS; C)

Representative examples of alkyl and aryl isothiocyanates as AEHSs; D) Heteroaryl disulfide
compounds as AEHS.
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