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Sickle cell anemia

© Sickle cell anemia is a genetic blood disorder affecting mainly Americans
of Sub-Saharan African descent

O Inthe United States, about 1 out of 500 African-American children born will
have sickle-cell anemia

O Life expectancy of the patients with sickle cell anemia is around 50 years
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Sickle cell anemia

Physiological background

O Heterogeneous irregular cell shapes: sickle, granular, maple, biconcave, etc.

Oxygenated state Deoxygenated state ,

de-oxygenation

sickle (S52) maple (553/SS4) granular(SS3/554)

Irreversible
sickle cell

biconcave

O Heterogeneous cell membrane rigidities
Oxygenated state Deoxygenated state

SS4 > SS3 > SS2 = Healthy Cell rigidity increases sharply (O(102) to O(10%))

© Vaso-occlusion is the major cause of mortality in patients with sickle cell anemia.

[1] D. K. Kaul and H. Xue, Blood, 77:1353-1361, 1991
[2] D. K. Kaul, M. E. Fabry, etc., Journal of Clinical Investigation, 72(1):22-31, 1983.



Sickle cell anemia - Outline

© Heterogeneous sickle cell morphology

» Molecular interactions, coarse-graining, self-assembly
» Effect of chirality and confinement
»Kinetic model for the growth of the sickle hemoglobin (HbS) polymer

© Rheology of sickle cell suspensions

» A multi-scale model of sickle red blood cell
» Effect of cell rigidity and morphology

© \Vaso-occlusion crisis induced by sickle cell anemia

» Effect of cell-endothelium adhesive interaction
» Interplay of multiple cell groups



Introduction

Dissipative Particle Dynamics
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[1] Hoogerbrugge & Koelman, Europhys Lett, 19:155, 1992
[2] Espanol & Warren, Europhys Lett, 30:191, 1995



Multi-scale Red Blood Cell Model

Main features:

Triangular mesh:

1) each vertex - a DPD particle

2) each edge - a viscoelastic spring
3) bending energy between faces
4) constant surface area (local or

global)
5) constant volume

With Subra Suresh, MIT




General Spectrin-level and Multi-Scale RBC Models
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MS-RBC mechanics: healthy
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Key features of the RBC model

® RBC area and volume are constant

® Membrane elasticity

® Based on the properties of the spectrin network

® Coarse-graining procedure has no fitting parameters

® No temperature dependence (Waugh, 1979; Mills, 2005)
® Membrane viscosity

® Temperature dependent
® Cytosol viscosity (internal DPD fluid)

® Temperature dependent

® @ 25C =9 times more viscous than surrounding fluid
® @ 37C =6 times more viscous than surrounding fluid

® Surrounding DPD fluid

® Temperature dependent viscosity



Introduction: Molecular pathogenesis

L )

Upon de-oxygenation:

Replacement of Glu at 6 with Val results
In hydrophobic interaction (HI) with
another hemoglobin molecule, causing
aggregation into large polymers.

HI is necessary for the formation of polymers

Polymerization of deoxyhemoglobin and
alignment of fibers result in a distortion of
the shape of the RBCs and a marked
decrease in its deformability.

H. F. Bunn, N. Engl. J. Med, 1997, 337, 762



Coarse-grained HbS model
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The packaging of a very high concentration of hemoglobin into RBCs requires

that the protein be extraordinary soluble

Change from charged to neutral amino acid causes aggregation

upon de-oxygenation.



Dissipative Particle Dynamics (DPD) Method

Pairwise additive force : F= Ziij Fijc i FijD T Fin

Conservative: fluid / system dependent F.° =a,0(r)n;
Dissipative: frictional force, represents viscous

resistance within the fluid Fy” ==y ()(ny - vy
Random: stochastic part, makes up for lost degrees of

freedom eliminated after the coarse-grainin y
9 9 F," = ow(r,) At ™n,

Dissipative and random forces form DPD thermostat

o’ =2yk,T



Dissipative Particle Dynamics Method

Vtot :Vbonded +Vnonbonded = (V +Vbend +Vtors ) + (Vvdw +Ves +-- )

str

Bonded interactions:

Hookean spring interaction Vi =kg (r—rg )2 ] control the chain
(A-B and B-B): C rigidity

. : _ 9\ -
Bond-bending interaction (A- Vioend = Koeng (0= 65) Describe the
B-B and B-B-B in same chain): . L

6 -0, chain chirality

FENE interaction (A-B-B Foena = Koena ) )
in different chains): e

Non-bonded interactions:

. 2
. . . . . 1)
Pairwise conservative interaction: Vion-bonded = —7(1— F; / rc)




The self-assembled microstructures
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The self-assembled microstructures
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The self-assembled microstructures

K., =200.0 (A-B-B)
6,=120° (A-B-B)
A6, =030, (A-B-B)

Hydrophobic particles
pack more densely and
form cylindrical micelles

in order to minimize

contact with the solvent

particles.




HbS self-assembly in hard confinement
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Self-assembled microstructures of HbS molecules in cube box with 2D (left) and 3D (right) confinement



HbS self-assembly in hard confinement

Effect of the aspect ratio of the geometry
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Shape deformation of RBC induced by HbS fibers

RBC responses for DPD particles inside the membrane

Strong RBC membrane
fluctuations take place when we
include the HbS molecules into
the RBC.

The HbS molecules cannot self-
assemble intfo elongated HbS
fiber inside the RBC.
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Shape deformation of RBC induced by HbS fibers

|:str — kstr (Iref o I)

poz_target o pO2

p02 __target

Hb3 growth

Biconcave shape Holly leaf shape Sickle shape
Shape deformation of RBC induced by the growth of HbS fiber in DPD simulation



Summary

Self-assembled complex microstructures are obtained from HbS in 3D DPD

simulations;

Hydrophobic interactions are demonstrated to be necessary with chirality

being the main driver for the formation of HbS fibers;

Linear elongation and bond-bending interactions of HbS fibers lead to sickle-

shaped cells.



Penetration and destruction of the RBC membrane

Unexposed
transmembrane
segment

Exposed
transmembrane segment

Sickled erythrocyte -
f‘l

Transmembrane
protein

Abnormal cell
membrane

Normal cell
membrane

Spectrin

Membrane

Cytoskeleton

Alteration of the RBC membrane by polymerization of sickle hemoglobin. The
membrane is penetrated and destroyed by the intracellular formation of sickle
hemoglobin polymers, resulting in spicule formation.

P. S. Frenette and G. F. Atweh. J. Clin. Invest. 117:850-858 (2007)



Penetration and destruction of the RBC membrane

M Lipid bilayer

B Hemoglobin fiber
B Spectrin

__ Glycophorin C

| Band 3 and Ankyrin
W Actin (not modeled)

Statius van Eps, L.W. 1999.
Sickle cell disease. In Atlas of
diseases of the kidney.

DPDsimIation -



Penetration and destruction of the RBC membrane




Sickle cell morphology

Intracellular HbS polymer domain
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[1] F. A. Ferrone, J. Hofrichter, and W. A. Eaton, Journal of Molecular Biology, 183, 611, 1985.
[2] G. W. Christoph, J. Hofrichter, and W. A. Eaton, Biophysical Journal, 88, 1371, 2005.
[3] H. Lei and G. E. Karniadakis, Soft Matter, vol. 8, p. 4507, 2012.



Sickle cell morphology

Intracellular aligned HbS polymer

O Model of the aligned HbS polymer
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[1] C. S. Peskin, G. M. Odell, and G. F. Oster, Biophysical Journal, 65:316-324, 1993.



Sickle cell morphology

Effect of the aligned polymer configuration
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Sickle cell morphology

3D and 2D structural factors CSF = 47 area/(perimeter)?
ELSF = D,/D,.
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Sickle cell morphology

Remarks

O Heterogeneous sickle cell morphologies observed in experiments are successfully
predicted by a coarse-grained model of aligned sickle hemoglobin polymers.

O SS-RBCs are primarily determined by the angular width of the aligned hemoglobin
polymer domain, but it also depends, to a lesser degree, on the polymer growth
rate and the cell rigidity.

© In in vivo microcirculation, the cell morphology is a dynamic process, which is
further influenced by the hypoxic conditions in blood vessel, adhesive interaction
with endothelium cell, and is often accompanied with vaso-occlusion crisis.



Rheology of sickle cell suspension

Shear viscosity
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Rheology of sickle cell suspension

Hemodynamics in pipe flow
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Rheology of sickle cell suspension

Remarks

O The present model captures the major rheological properties of
sickle cell suspension.

O Cell morphology affects the shear viscosity and flow resistance.

O In pipe flow, the flow resistance measured by simulation results
is lower than the experimental measurements.
» effect of the cell adhesion?



Vaso-occlusion induced by sickle cell anemia
Physiological Background
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Vaso-occlusion crisis

Physiological Background

O In post capillaries, a specific pattern
(adherent SS2+ trapped SS4) appears
in occluded sites.

O Why the SS2 groups are more
adherent than ISC (S54) groups?

O Most occlusion sites occur in post-
capillary with diameter less than 10
micrometers.

O Adherent Leukocytes also contribute to
the vaso-occlusion in venular flow.
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Vaso-occlusion
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Vaso-occlusion
Pipe flow (SS2 + SS4)





Vaso-occlusion
Pipe flow (SS2 + SS4)

| Transient adhesion /
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Vaso-occlusion
Pipe flow (SS2 + healthy)

Adhesive interaction only applied to
the SS2 sickle cells (blue)




Vaso-occlusion

Second paradigm : inflammation activated Leukocytes

WBC and Sickle cell interaction:

Uns (’.r‘) = DE_[EQ?G{TG_T) - 265(?‘0—7‘)]

[1] A. Turhan, L. A. Weiss, N. Mohandas, B. S. Coller and P. S.Frenette, PNAS, 99, 3047 , 2002





Vaso-occlusion

Multiple-step process







Vaso-occlusion

Remarks

O Sickle cells groups exhibit heterogeneous adhesive characteristics in post-capillaries
due to the heterogeneous membrane rigidity and cell morphology.

O Deformable SS2 cell group exhibits larger adhesive interaction in post-capillary, which
may trap the ISC group with larger stiffness and more irregular shape, resulting in the

specific cell pattern in occluded sites.

O For post-capillaries of diameter larger than 10um, the combination of SS2 and ISC cells
results in sluggish flow while full occlusion is not observed. However, in venular flow
of larger diameter, the inflammation activated leukocytes may result in vaso-occlusion

states.
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