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• Brief Overview of Sickle Cell Pathophysiology

• Pathophysiologically-based Disease Modifying Therapies



Hemoglobin
• Four globular proteins (globins)

– 2 α-like globins
– 2 β-like globins

• Four heme groups
– One per globin chain
– Reversibly bind O2 (CO2, NO)

• Hb synthesis must be balanced and coordinated
• All components are labile and toxic

– globins, heme, iron 



Globin Genes

Nathan and Oski's Hematology of Infancy and Childhood, 7th Ed.



Globin Protein Synthesis



• HbS is the result of a single 
amino acid substitution (E6V) 
in b globin.

• Deoxygenation results in 
‘relaxation’ of the bS subunits 
and exposure of the 
hydrophobic valine. 

• Valines form non-covalent 
bonds between bS proteins 

• Formation of 14-stranded 
helical polymers.

Sickle Cell - Molecular Pathophysiology



Delay time
• Delay time: period during which hemoglobin is deoxygenated, but not 

yet polymerized
• If passage through the capillaries exceeds the delay time, hemoglobin 

will aggregate, initiate polymerization, and sickling.



Sickle Cell - Cellular Pathophysiology
• Polymerization leads to:

• Distortion of cell shape
• Damage to RBC membrane
• Abnormal permeability
• Irreversible sickling

• Premature hemolysis       =  Anemia
• Impairment of RBC flow  =  Ischemia / Infarction



Cellular Pathophysiology - Beyond the Red Cell 
• Vascular endothelial dysfunction
• Sickle RBC binds endothelium more readily. 
• Dysregulation of vascular tone (NO mediated)

– ↑  red blood cell transit time 
– ↑ oxygen extraction
– ↑ sickling and vaso-occlusion. 

• Role of   - WBC
- Reticulocytes
- Platelets
- Coagulation cascade (Thrombin)



Beyond the Red Cell - Leukocytes

Manwani D and Frenette PS Blood. 2013:122(24):3892-3898



ADP Release

Hemolysis

Beyond the Red Cell – Platelets

Michelson AD. Nat Rev Drug Discov. 2010 Feb;9(2):154-69.



Beyond the Red Cell – Nitric Oxide Consumption

• ↓ NO bioavailability
• Endothelial cell dysfunction



Beyond the Red Cell – Oxidative Stress

Adapted from   Voskou S et al.  Redox Biology. 2015; 6:226–239

1. Hemolysis à free Hb autooxidation à ↑ plasma ROS, Heme, Iron
2. ROS/Heme/Fe à

• damage hematopoietic/endothelial cell membranes
• activate NF-κB à ↑ pro-inflammatory cytokines (IL-1, IL-6, TNFα)
• activate   AP-1 à ↑ endothelial adhesion 

3. Activated leukocytes produce ↑ROS  via their NADPH oxidase
4. Reperfusion ↑ plasma Xanthine oxidase/NADPH oxidase à ↑ROS
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Intra-cellular 
dehydration

Reperfusion Injury
Inflammation
Blood Vessel Activation

Vaso-occlusion

Nitric Oxide 
consumption

Hemolysis
Oxidative 

Stress
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Survival

Platt OS et al. N Engl J Med 1994; 330:1639-1644



HbS Polymerization blocked by HbF

X
• Fetal life and early infancy are 

a “Honeymoon period” for 
sickle cell disease.

• Very few VOC complications 
observed due to Hemoglobin F



“Leaky” Beta globin “Switch” at Birth à HPFH



Survival improved with ↑ HbF %

Platt OS et al. N Engl J Med 1994; 330:1639-1644



• Brief Overview of Sickle Cell Pathophysiology

• Pathophysiologically-based Disease Modifying Therapies



Hydroxyurea – A Fortuitous Observation

Platt OS et al. J Clin Invest. 1984;74(2):652–656

Two patients
Four, 5-day courses 

(50mg/kg/d). 

Pt I    HbF%   7.9 à 12.3%
Pt II   HbF%   5.4 à 7.4%



Hydroxyurea – Adult Clinical Trials
MultiCenter Study of Hydroxyurea (MSH)    (1992-1995)

• ↑ Hemoglobin F;   ↓ Hemolysis & Anemia;  ↓ white blood cells
• ↓ pain crises by 40%;  ↓ acute chest syndrome by 50%;  ↓ transfusions by 50%

MSH Follow-Up                                                  (1996-2001) 
• 40% reduction in mortality after 9 years of follow-up

Laikon Study of Hydroxyurea in Sickle Cell (LaSHS)(1991-2008) 
• after 17 years of follow-up
• ↓ pain crises;  ↓ admissions; ↓ acute chest syndrome; ↓ transfusions

Voskaridou E et al. Blood 2010;115:2354-2363

Charache S et al. N Engl J Med 1995;332:1317-1322.

Steinberg MH et al  JAMA. 2003;289(13):1645-1651



Voskaridou E et al. Blood 2010;115:2354-2363

LaSHS

10-year overall survival : 86% versus 65%



Hydroxyurea – Pediatric Clinical Trials
HUG-KIDS (1994-1996)

• Children 5-15 y.o. with severe disease.

• Similar laboratory and clinical results as MSH

HU-SOFT (1996-2001) 
• Age >2 y.o.   Good Laboratory & Clinical effect.  

• Normal growth/development.

Baby HUG (2003-2007) 
• Age 9–18months. 

• Dose limited to 20 mg/kg/day for 2 years.

Kinney TR et al. Blood 1999 94:1550-1554

Hankins JS et al. Blood. 2005 Oct 1;106(7):2269-75.

Wang WC et al.  Lancet. 2011 377(9778):1663-72.



Baby HUG

Wang WC et al., Lancet 2011 377:1663 - 1672



Fetal Hemoglobin Induction
FDA granted Hydroxyurea: 

• New Drug Application accepted 
• Indication:  to reduce the frequency of painful crises and the need for 

blood transfusions in patients with sickle cell anemia with recurrent 
moderate to severe painful crises.

– 03/04/1998 Adults
– 12/21/2017    Pediatric patients >2 years
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Who should get Hydroxyurea? 2021
Indications:  
a) Frequent pain crises?
b) Acute chest syndrome?
c) ?? age HbSS, HbSβ0 + ?? HbSC.



Anti-oxidant Therapy L-glutamine

• Oxidative stress damage is believed to be involved in the 
pathophysiology of SCD. Sickle RBCs are more susceptible to oxidative 
damage than normal RBCs.

• L-glutamine is an amino acid and precursor for the synthesis of essential 
metabolic redox cofactors. 

• L-glutamine utilization in SCD exceeds the ability to produce it and its 
depletion played a role in oxidative stress.



L-glutamine Phase 3 Study Design (NCT01179217)
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L-glutamine Summary (NCT01179217)

Emmaus FDA ODAC Meeting Presentation May 24, 2017



L-glutamine - Times to the 1st and 2nd Pain Crises

Niihara Y et al et al. NEJM. 2018 Jul 19;379(3):226-235. 

Median time to the first pain crisis was 84 days (95% CI, 62 to 109) in the L-glutamine group, as compared with 
54 days (95% CI, 31 to 73) in the placebo group.    (Hazard Ratio, 0.69; 95% CI, 0.52 to 0.93; P=0.02)



Patient Disposition (NCT01179217)

Emmaus FDA ODAC Meeting Presentation May 24, 2017
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• Sites: 31 in USA 
• Enrollment: 230
• Randomization: 2 : 1

• Start Date: May 2010
• Completion: March 2014



Anti-oxidant Therapy
FDA granted L-glutamine: 

• Orphan Drug designation 
• Rare Pediatric Disease designation.
• New Drug Application accepted (7/7/2017)
• Indication:  to reduce the acute complications of sickle cell disease in 

adult and pediatric patients > 5 years of age.
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Hemoglobins with altered oxygen affinity

P50
• P50 describes the affinity 

of a given Hb for oxygen. 
• P50 is the PO2 at which the 

Hb is 50% saturated with 
oxygen. 

• As the P50 ↓, 
oxygen affinity ↑. 

• Hb A   26.5 mmHg 
• Hb F      20  mmHg 
• Hb S      34  mmHg



Manipulation of Oxygen Binding

Voxelotor
• A rationally designed small molecule.
• Stabilizes Hb in the oxygen bound formation.
• Dose-dependent increase in oxygen binding.
• Highly selective for alpha globin.
• Oral, once daily.

• Prevents RBC sickling and prolongs RBC half-life in a mouse model of 
sickle cell disease.



Manipulation of Oxygen Binding

Lehrer-Graiwer J et al. EHA 2016



Voxelotor – Phase 2 Study Design (NCT03036813)

• Phase 2 Randomized, placebo-controlled, double blind, parallel group, 
multicenter study of Voxelotor Administered Orally to Patients With 
Sickle Cell Disease. 

• Age: 12 to 65 years 
• 62 sites
• HbSS, HbSC, HbSβ0- and HbSβ+-thalassemia.
• 274 subjects randomized.

• 1º endpoint - % subjects Hb rise > 1.0g/dL
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Voxelotor – Effect on Anemia

Adapted from Vichinsky E et al. NEJM 2019;381:509-519.



Voxelotor – Effect on Anemia

Adapted from Vichinsky E et al. NEJM 2019;381:509-519.



Voxelotor - Pain

Vichinsky E et al. NEJM 2019;381:509-519.



Voxelotor - Adverse Events

Predominantly GI adverse events
Diarrhea usually resolves in days/weeks

Vichinsky E et al. NEJM 2019;381:509-519.



Manipulation of Oxygen Binding
FDA granted Voxelotor: 

• Breakthrough Therapy designation
• Fast Track designations 
• Orphan Drug designation 
• Rare Pediatric Disease designation.
• New Drug Application accepted (9/5/19)
• Indication: for the “treatment of sickle cell disease” in age > 12 

y.o. Accelerated approval based on increase in hemoglobin (Hb). Contingent 
upon verification and description of clinical benefit in confirmatory trial(s)

Coming Soon !
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Oxygen Affinity and PK activation

↑ 2,3 DPG
↓ pH
↑ Temperature

↓ 2,3 DPG 
↑ pH
↓ Temperature

Embden Meyerhoff
glycolytic pathway

Rapoport Luebering
shunt

Pyruvate Kinase 
activators
• AG-348 

(Mitapivat)
• FT-4202 

(Etavopivat)



White Blood Cell / Selectin Biology



Crizanlizumab - White Blood Cell / Selectin blocking

• A humanized antibody 
that binds to human         
P-selectin and blocks the 
interactions with its 
binding partners. 



Crizanlizumab - Phase 2 Trial Design (NCT01895361)

Phase 2, multicenter, randomized, placebo-controlled, double-blind, Study 
to Assess Safety and Efficacy of SelG1 With or Without Hydroxyurea 
Therapy in Sickle Cell Disease Patients with Sickle Cell-Related Pain Crises.

• 198 randomized subjects 
• 60 sites 

• US (151), Brazil (40), and Jamaica (7)
• Age 16 - 65 years 
• HbSS, HbSC, HbSβ0- and HbSβ+-thalassemia.

• Administered IV over 30 min. followed by 60 min. monitoring.
• Loading Dose: Day 1 and Day 15 ± 3 days 
• Maintenance Dose: continuing every 4 weeks. 



Crizanlizumab - Annual Rates of Sickle Cell Pain

Ataga KI et al. N Engl J Med 2017; 376:429-439. 



Crizanlizumab - Times to the 1st and 2nd Pain Crises

Ataga KI et al. N Engl J Med 2017; 376:429-439. 



Adverse Events

Ataga KI et al. N Engl J Med 2017; 376:429-439. 

Infusion-related reactions (IRRs) were observed in 3 patients 
(2.7%), neither of which was serious or required 
discontinuation.

Post-marketing IRR cases, including severe pain events. 
• Majority occurring during the 1st and 2nd infusion. 

• Secondary complications such as ACS / fat embolism, 
particularly those treated with steroids. 

Patients should be monitored for IRR.
In the event of a severe IRR, discontinue infusion, supportive 
care, and caution with corticosteroids unless clinically indicated 
(e.g. anaphylaxis).

https://www.report.novartis.com



Selectin Blockade
FDA granted Crizanlizumab: 

• Breakthrough Therapy designation
• Orphan Drug designation 
• Priority Review designation

• New Drug Application accepted (11/15/19)
• Indication: reduce the frequency of VOCs in patients aged > 16 y.o. 

with sickle cell disease.
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Crizanlizumab SENTRY Program
STEADFAST
• A Phase II, Multicenter, Randomized, Open Label Two Arm Study Comparing the 

Effect of Crizanlizumab + Standard of Care to Standard of Care Alone on Renal 
Function in Sickle Cell Disease Patients ≥ 16 Years With Chronic Kidney Disease Due 
to Sickle Cell Nephropathy

SPARTAN
• A Prospective Phase II, Open-Label, Single-arm, Multicenter, Study to Assess Efficacy 

and Safety of SEG101 (crizanlizumab), in Sickle Cell Disease Patients with Priapism

NCT04053764

NCT03938454
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