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Summary

The hallmark of sickle cell disease is the polymerization of sickle haemoglobin due to a point 

mutation in the β-globin gene (HBB). Under low oxygen saturation, sickle haemoglobin assumes 

the tense (T-state) deoxygenated conformation that can form polymers, leading to rigid 

erythrocytes with impaired blood vessel transit, compounded or initiated by adhesion of 

erythrocytes to endothelium, neutrophils and platelets. This process results in vessel occlusion and 

ischaemia, with consequent acute pain, chronic organ damage, morbidity and mortality. 

Pharmacological agents that stabilize the higher oxygen affinity relaxed state (R-state) and/or 

destabilize the lower oxygen affinity T-state of haemoglobin have the potential to delay the 

sickling of circulating red cells by slowing polymerization kinetics. Relevant classes of agents 

include aromatic aldehydes, thiol derivatives, isothiocyanates and acyl salicylates derivatives. The 

aromatic aldehyde, 5-hydroxymethylfurfural (5-HMF) increases oxygen affinity of sickle 

haemoglobin and reduces hypoxia-induced sickling in vitro and protects sickle cell mice from 

effects of hypoxia. It has completed pre-clinical testing and has entered clinical trials as treatment 

for sickle cell disease. A related molecule, GBT440, has shown R-state stabilization and increased 

oxygen affinity in preclinical testing. Allosteric modifiers of haemoglobin as direct anti-sickling 

agents target the fundamental pathophysiological mechanism of sickle cell disease.
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Oxygen Affinity of Sickle Erythrocytes

Sickle haemoglobin (Hb S) has significantly reduced oxygen affinity as compared to normal 

haemoglobin (Riggs & Wells, 1961; Charache et al, 1970). As indicated by the oxygen 

equilibrium curve (OEC), this reduction is partly due to an increase in the intracellular 

concentration of 2,3-diphosphogyclerate (2,3-DPG) in erythrocytes (MacDonald, 1977). 2,3-

DPG is an intracellular glycolytic intermediate that controls the rate at which haemoglobin 

releases oxygen to the tissues. Binding of 2,3-DPG to the β-cleft of Hb S promotes 

polymerization by stabilizing the low-affinity tense state (T-state), which is more prone to 

polymerize. Decreased oxygen affinity is also reflected as an increase in the partial pressure 

of oxygen required to produce 50% oxygen saturation (P50) (MacDonald, 1977). P50 is a 

measure of oxygen affinity and its increase is described by the Bohr effect (MacDonald, 

1977). P50 and 2,3-DPG levels vary widely among patients with sickle cell disease (SCD), 

but elevated levels appear to decrease Hb S solubility (Poillon et al, 1985, 1986; Poillon & 

Kim, 1990) and increase red cell sickling under hypoxia (Rogers et al, 2013; Jensen, 2009), 

although this has not confirmed by all investigators (Beutler et al, 1971; Swerdlow et al, 
1977).

The Allosteric State of Haemoglobin and Sickle Cell Disease

Normal functional adult haemoglobin (Hb) is composed of 2 α- and 2 β-globin chains 

(α1β1, α2β2) arranged around a 2-fold axis of symmetry to form a central water cavity with 

the α-cleft and β-cleft defining entries into the cavity (Thomas & Lumb, 2012; Safo et al, 
2011). It exists in dynamic equilibrium between a tense (T) state and a relaxed (R) state. 

Allosteric transitions (T ↔ R) occur when one state is preferentially stabilized over the 

other. The T → R allosteric transition is characterized by rotation of the α1β1 dimer relative 

to the α2β2 dimer, which significantly reshapes the central water cavity resulting in several 

differences between the quaternary T and R structures (Safo et al, 2011). The classical 

deoxygenated T-state and liganded R-state structures were used to validate the two-state 

Monod-Wyman-Changeux (MWC) allosteric model (Safo et al, 2011). Since then, liganded 

Hb has been shown to exist as an ensemble of states, including the classical R, R2, R3, RR2, 

RR3, etc., each with a distinct relaxed quaternary conformation (Safo et al, 2011; Jenkins et 
al, 2009). The term “R-state” is used in this article to represent the ensemble of relaxed Hb 

conformations.

Allosteric effectors of Hb preferentially bind to the surface, α-cleft, β-cleft or the middle of 

the central water cavity of T-state or one or multiple of the R-states to modulate Hb 

allosteric activity (Safo et al, 2011). Stabilization of the R-state produces a high-affinity Hb 

that more readily binds oxygen, shifting the OEC to the left. Stabilization of the T-state also 

leads to a right-shift of the OEC, resulting in a low-affinity Hb that readily releases oxygen. 

For example, increased endogenous H+ or 2,3-DPG concentration favours the T-
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conformation with concomitant increased release of oxygen (Thomas & Lumb, 2012). 

Loading red blood cells (RBCs) with an allosteric effector of Hb can reduce RBC sickling.

Allosteric Effectors of Haemoglobin as Potential Anti-sickling agents

Various synthetic allosteric effectors have also been identified that affect the oxygen affinity 

of haemoglobin. Historically, several have been studied as potential antisickling candidate 

drugs, based on the combination of known haemoglobin allosteric properties and the early 

observations of chemical modification of haemoglobin by glucose in the blood (Bookchin 

and Gallop 1968, Holmquist and Schroeder 1966). In-vitro proof-of-concept studies 

confirmed this observation (Abdella, et al 1977, Bunn, et al 1975, Haney and Bunn 1976), 

and helped lay the foundation for subsequent investigations on the potential of this approach 

to counter sickling of SS RBCs. Initial studies by Zaugg et al (1977) established that when 

incubated with SS RBCs, certain carbonyl compounds, including vanillin and its analogues, 

formed Schiff-base adducts with Hb S and increased the oxygen affinity. Several follow-up 

studies, in vitro, in healthy volunteers or in SCD patients, established this principle using 

experimental molecules (Beddell, et al, 1984, Fitzharris et al, 1985, Keidan et al, 1986 & 

1989, Merrett et al, 1986, Abraham et al, 1991). Tucaresol, a newer synthetic molecule, was 

also extensively studied (Rolan et al, 1993, 1995; Arya et al, 1996). While ultimately none 

of the studies resulted in a clinically useful antisickling drug, they established a firm 

principle and foundation for future follow-up investigations, and provided insights to the 

unique challenges that hamper this approach. Subsequent, more recent studies have 

investigated newer compounds: 5-hydroxymethylfurfural (5-HMF), pyridyl derivatives of 

vanillin, GBT440 and triazol sulfide, the findings from which are summarized in this review.

Development of Allosteric Modifiers of Haemoglobin to Treat Sickle Cell 

Disease

5-Hydroxymethylfurfural

5-hydroxymethylfurfural (5-HMF; Figure 1), furfural (FUF), 5-methyl-2-furfural (5-MF), 

and 5-ethyl-2-furfural (5-EF) are naturally-occurring, analogous 5-membered heterocyclic 

aldehydes that were investigated, along with the previously known anti-sickling agent 

(vanillin; Figure 1) for their haemoglobin modification properties, which would translate to 

increased oxygen affinity, and consequently, sickling inhibition properties (Safo et al, 2004; 

Safo et al, 2011). The results of detailed structural studies (complexed with haemoglobin) 

and preliminary biochemical studies suggested that all of the compounds exhibited superior 

properties to vanillin, and furthermore established 5-HMF as the most potent and promising. 

Currently, 5-HMF (Aes-103; Bax-555) is a clinical research stage anti-sickling agent. It 

binds to the N-terminal valine (and possibly lysine) residues of the α-globin chains of Hb S, 

forming a Schiff-base adduct which stabilizes the R-state and/or destabilizes the T-state 

(Figure 1), shifting the OEC to the left and increasing haemoglobin oxygen affinity 

(Abdulmalik et al, 2005; Safo et al, 2004). 5-HMF increases oxygen affinity in sickle 

erythrocytes and inhibits hypoxia-induced sickling in a concentration-dependent manner 

(Abdulmalik et al, 2005); this effect is augmented when combined with hydroxycarbamide 

(Stern et al, 2012). 5-HMF had no detectable adverse effects on erythrocytes; Hb S 
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incubated with 5-HMF did not cause haemolysis, oxidation or denaturation (Abdulmalik et 
al, 2005); in fact, 5-HMF inhibited haemolysis under shear stress in vitro (Mendelsohn et al, 

2013). Plasma and tissue proteins do not appear to inhibit binding of 5-HMF in Hb S and 5-

HMF does not appear to bind with serum albumin, myoglobin, or immunoglobulins 

(Abdulmalik et al, 2005). In vivo, it protects sickle mice against hypoxia-induced death 

(Abdulmalik et al, 2005). Single oral doses of 5-HMF given to healthy normal volunteers 

were well-tolerated, rapidly absorbed, and preferentially taken up into RBCs relative to 

plasma (Stern et al, 2012; Kato et al, 2013; Mendelsohn et al, 2013). Similarly, in a phase 1, 

double-blind, placebo-controlled, dose-escalation trial in adult patients with sickle cell 

anaemia, Aes-103 was safely tolerated without severe or recurrently observed complications 

over a 13-fold range of oral doses (Kato et al, 2013).

Reports of multiple, independent investigations on 5-HMF have suggested additional 

benefits, either directly in SCD, or in related (or non-related) disorders. For example, 5-

HMF has been shown to prevent dehydration of sickle RBCs during deoxygenation, 

inhibiting two of the main cation pathways that contribute to dehydration, the 

deoxygenation-induced cation conductance (Psickle) and the Gardos channel (Hannemann, et 
al 2014). Another, more recent study reported that 5-HMF dose-dependently ameliorated 

hypoxia-induced veno-occlusive crisis decrease in microvascular liver perfusion in the 

Townes mouse model of SCD (Wright et al, 2015). Additionally, Fens et al (2011) reported 

that 5-HMF increased the capacity of RBCs to generate nitric oxide to promote vasodilation 

and blood flow, as a hypothetical, added benefit to reducing the rate of Hb polymerization. 

Two other studies in 2011 demonstrated that 5-HMF markedly increases survival of wild-

type mice under hypoxic stress by increasing blood oxygen levels (SpO2)(Li et al, 2011a); 

and attenuates late stage hypoxia-induced cell necrosis and apoptosis in treated ECV304 

cells (Li et al, 2011b). Treatment with 5-HMF improved microvascular function during 

resuscitation from haemorrhagic shock in a hamster window chamber model (Villela et al, 
2009), provided haemodynamics and oxygenation benefits during hypoxia: maintenance of 

blood pressure and heart rate; preservation of microvascular blood flow; threefold increase 

in perivascular pO2; and a reduction in heart and brain hypoxia areas in mice (Yalcin & 

Cabrales, 2012). 5-HMF has also been shown to protect from oxidative stress and provide 

broad antioxidant effects, as evidenced by scavenging free-radical species, reduction of 

reactive oxidant species and membrane protein oxidation, as well as upregulation of genes 

implicated in enzymatic antioxidant defence and DNA repair (Li et al, 2009; Zhao et al, 
2013).

Pyridyl Derivatives of Vanillin

Based on the original investigations on the anti-sickling properties of two attractive food-

based and non-toxic chemotypes, vanillin and 5-HMF (Abdulmalik et al, 2005; Abraham et 
al, 1991), Safo et al designed and synthesized several novel derivatives of vanillin 

(designated International Nonproprietary Name [INN] derivatives e.g. INN-312; Figure 1) 

that exhibited significantly enhanced potency (Abdulmalik et al, 2011; Nnamani et al, 2008). 

This generation of compounds, in addition to the primary mode of action (i.e., increased 

oxygen affinity of Hb), also directly destabilized polymer contacts by making hydrophobic 

contact with the surface located F-helix on Hb (Figure 1) (Abdulmalik et al, 2011). The αF-
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helix – residue Asn78 in particular – has been shown to be critical in polymer stabilization, 

as exemplified by the Hb variant Stanleyville (αAsn78 ↔ αLsy78), which inhibits Hb S 

gelation (Bunn & Forget, 1986). Further structural modifications of the INN compounds 

have led to the development of a third generation of anti-sickling agents (TD derivatives) 

that remarkably showed pharmacological properties superior to the INN compounds in vitro, 

particularly, a sustained duration of action and enhanced anti-polymerization properties at 

significantly lower doses (Abdulmalik et al, 2014). A representative of this group of 

compounds, TD-7 is currently undergoing preclinical investigations.

GBT440

The proof of concept piloted by 5-HMF has led to investigations by researchers in both 

academia and industry on other molecules that share the same general mechanism of action. 

One series of compounds includes GTx011 (or GBT440). Although publicly reported details 

in the literature are limited, GTx011 also appears to be an orally bioavailable small molecule 

that modifies haemoglobin oxygen affinity by binding to the N-terminal α-chain of Hb and 

forming a reversible Schiff base (Hutchaleelaha et al, 2015). Binding of the compound is 

also proposed to allosterically influence the intra-dimer interface of Hb (Hisα122 and 

Hisα103) and the distal valine surrounding haem pockets of both the α and β chains (Patel 

et al, 2014). This mechanism forms a solution phase structure that improves oxygen affinity 

without sterically blocking the release of oxygen (Patel et al, 2014).

GTx011 dose-dependently inhibits in vitro Hb S polymerization by maintaining a fraction of 

oxygenated Hb S under hypoxic conditions (Patel et al, 2014; Dufu et al, 2013, 2014). 

Modifying Hb S by 10–30% was sufficient to achieve an improvement in blood 

hyperviscosity; 300 μM concentration in whole blood was sufficient to prevent cell sickling 

(Patel et al, 2014). GTx011 elicits a two-fold improvement in Hb oxygen affinity even at 

substoichiometric concentrations (GTx011:Hb 1:3) (Patel et al, 2013). Townes’ sickle mice 

chronically dosed with GTx011 exhibited a prolongation of RBC half-life from 2.4 days to 

3.8 days, along with a marked decrease in reticulocyte count, suggesting decreased 

haemolysis (Patel et al, 2014).

Renamed GBT440, this novel small molecule Hb modifier has been subjected to further 

investigations (Lehrer-Graiwer et al, 2015). It has been reported to be a potent and direct 

anti-sickling agent with high specificity for Hb; estimated Hb modification of 10–30% was 

safe in animal studies and effective at preventing Hb S polymerization. Pharmacokinetics 

studies conducted in 4 animal species (mouse, rat, dog, monkey) demonstrated that GBT440 

is well absorbed following IV and oral administration, quickly partitions in to the RBC with 

a small fraction re-distributed into the plasma (Hutchaleelaha et al, 2015). In male rats, it 

distributes into Hb, blood, spleen, liver and bone marrow (Hutchaleelaha et al, 2015). 

Despite its high affinity binding toward Hb, it could be completely released and eliminated 

in faeces and urine; the major route of elimination was via both Phase I and Phase II 

pathways (Hutchaleelaha et al, 2015). There is good correlation between blood 

concentration and changes in P50, eliciting an ex vivo dose-dependent increase in Hb oxygen 

affinity following increasing dosage in mice (Hutchaleelaha et al, 2015). In a prospective, 

randomized, placebo-controlled, double blind, parallel group phase I/II study in healthy 
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volunteers and SCD patients, GBT440 was well tolerated across a wide dose range and 

demonstrated dose proportional and predictable pharmacokinetics and pharmacodynamics 

(Lehrer-Graiwer et al, 2015). Most adverse events were mild and there were no deaths or 

adverse events related to tissue hypoxia. GBT440 showed a dose-dependent increase in Hb 

oxygen affinity without causing tissue hypoxia. In SCD patients, it rapidly reduced RBC 

haemolysis and reportedly improved oxygen delivery to tissues. A phase 1 study is currently 

underway to investigate the absorption, metabolism, and excretion of GBT440 after 

establishment of steady state in healthy male subjects (clinicaltrials.gov, NCT02497924).

Triazole Sulfide

Sequential high-throughput screening of small molecules based, first on their binding 

properties with Hb, and then on their propensity to modulate oxygen affinity, identified a 

novel allosteric effector of Hb. This novel thiol molecule, di(5-(2,3-dihydro-1,4-

benzodioxin-2-yl)-4H-1,2,4-triazol-3-yl) disulfide (triazole disulfide; TD-1) induced a 

greater increase in oxygen affinity than 5-HMF, N-ethylmaleimide, or diformamidine 

disulfide (Nakagawa et al, 2014). Importantly, lower concentrations of TD-1 (2 mM) are 

required for near complete inhibition of hypoxia-induced erythrocyte sickling in vitro. 

Structural analysis indicated that TD-1 binds covalently to βCys93 and βCys112, as well as 

non-covalently to the central water cavity of the Hb tetramer, stabilizing the relaxed (R3) 

state), and, by sterically preventing the salt-bridge interaction between βHis146 and βAsp94, 

destabilizing the T-state (Nakagawa et al, 2014). Additionally, the triazole ring lends high 

reactivity for covalent binding to Hb, so the sum of the interactions may produce more 

sustained increases in oxygen affinity than other non-covalently bound allosteric effectors 

(Nakagawa et al, 2014). This may be of critical importance in vivo when dosing regimens 

are considered, as potentially less frequent dosing may elicit desirable therapeutic effects. In 
vitro, TD-1 dose-dependently shifts the OEC to the left, markedly reducing P50 even when 

the molar ratio of compound to Hb was 1:1. These effects were conserved in both intact 

RBCs and Hb lysates, further validating specificity for Hb that was observed during the 

initial high-throughput screening (Nakagawa et al, 2014). Remarkably, no adverse effects on 

RBCs or Hb were observed at the effective concentrations. Studies are currently ongoing to 

test these findings in an animal model. Based on the preliminary data and multiple modes of 

eliciting anti-sickling effects, positive in vivo findings would make TD-1 a very promising 

therapeutic candidate for SCD, warranting further detailed investigations, and possibly 

human clinical trials.

Challenges to Development of Anti-sickling Agents

Stoichiometry of Binding Sites

Scientific and logistical hurdles have slowed the development of anti-sickling agents. The 

binding target of the agents, haemoglobin, exists in far greater number in the body (250 

million molecules per RBC) than the targets of other conventional drugs, such as enzymes or 

cell surface receptors (thousands per cell). This means that saturation of haemoglobin with 

any drug requires high concentrations, and this partly explains the millimolar concentrations 

that are optimal for activity of 5-HMF in vitro (Abdulmalik, et al., 2005). This has 

dampened the enthusiasm of many researchers and funding agencies. Conceptually, sickle 
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haemoglobin polymerization is a kinetic process, and slowing the kinetics even slightly can 

have a big effect upon sickling (Ferrone, 2015). 5-HMF has now been a promising lead drug 

that has provided some proof of principle, and the newer generation 5-HMF analogues 

appear to have greater potency and longer half-life (Lehrer-Graiwer et al., 2015; Omar et al., 

2015). In contemporary drug development approaches, such optimization from promising 

lead drugs is much more rapid than in years past (Hughes et al., 2011).

The Effects of Funding and Business Priorities

Historically, large, well-funded pharmaceutical companies have not focused on drug 

development in rare diseases, such as SCD. Academic researchers and small pharmaceutical 

businesses depended upon often-lean government funding, and one small company 

developing 5-HMF went bankrupt (Perampaladas et al., 2010), idling its commercial drug 

development for many years. Recent years have seen a dramatic increase in commercial 

interest in developing drugs for rare diseases (Gibson at al., 2015), and SCD is a beneficiary 

of this interest. In this new business climate, anti-sickling drugs are garnering renewed 

attention and robust commercial industry activity from both start-up and large 

pharmaceutical companies.

Conclusions

Although polymerization of Hb S is the fundamental pathology in SCD, the development of 

agents to counter this process has remained challenging for decades, despite significant 

efforts. The chief challenge largely remains the high concentration of circulating 

intracellular pathological Hb S present in patients, perhaps requiring high (millimolar) 

concentrations of allosteric modifiers to elicit direct therapeutic benefits. Consequently, 

efficacious doses may be hard to achieve and/or sustained. This has been further complicated 

by the fact that the majority of candidate molecules exhibit short plasma/blood half-life 

values. Emerging data from targeted drug design has led to an overall reduction in 

theoretical doses required to mitigate disease pathophysiology under experimental 

conditions (Abdulmalik et al, 2011); while the most recent reports on GBT440 suggests a 

significantly improved (2-fold reduction) drug:Hb stoichiometry, as well as superior 

partitioning of the drug into the RBC compartment (Hutchaleelaha, et al, 2015; Lehrer-

Graiwer, et al, 2015), further lowering the potential efficacious doses. Another important 

question that continues to confound investigators developing pharmacological therapies – as 

well as those developing gene therapy and transplantation approaches for SCD – is the 

threshold of candidate therapeutics required to mitigate disease pathophysiology. We believe 

outcomes of the novel, ongoing diverse lines of investigations will provide valuable 

actionable information that may ultimately lead to a universally acceptable (patient- or sub-

phenotype-specific) algorithm. Despite these challenges, recent increased government 

support, expanded advocacy and a shifting business climate for pharmaceutical companies 

have collectively accelerated the entire drug development process for SCD (Gibson et al, 

2015). Additionally, improvements in drug design, synthesis and novel screening 

methodologies, as well as encouraging pilot studies on anti-polymerization compounds, have 

moved the field forward and led to greater scientific and business competitiveness. The 

prospects for new drugs for patients with SCD grow significantly stronger each year.
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Figure 1. 
Chemical structures of aromatic aldehydes and their complexes with liganded haemoglobin. 

(A) Structures of aromatic aldehydes. (B) Binding of 5-hydroxymethylfurfural (5-HMF; 

orange) in a symmetry-related fashion at the α-cleft of liganded Hb, and through a series of 

inter-subunit hydrogen-bond and/or hydrophobic interactions, stabilize the R-state 

conformation. (C) Binding of a pyridyl derivative of vanillin, INN-312 (orange) in a 
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symmetry-related fashion at the α-cleft of liganded Hb, which leads to stabilization of the 

relaxed state conformation. Additionally, the pyridine moiety of INN-312 makes 

hydrophobic interactions with the F-helix, perturbing the inter-strand polymer contact 

involving Asn78, and contributing to the anti-sickling activity of the compound.
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