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Polymerization and adhesion, dynamic processes that are hall-
marks of sickle cell disease (SCD), have thus far been studied
in vitro only separately. Here, we present quantitative results of
the simultaneous and synergistic effects of adhesion and poly-
merization of deoxygenated sickle hemoglobin (HbS) in the
human red blood cell (RBC) on the mechanisms underlying vaso-
occlusive pain crisis. For this purpose, we employ a specially
developed hypoxic microfluidic platform, which is capable of
inducing sickling and unsickling of RBCs in vitro, to test blood
samples from eight patients with SCD. We supplemented these
experimental results with detailed molecular-level computational
simulations of cytoadherence and biorheology using dissipative
particle dynamics. By recourse to image analysis techniques, we
characterize sickle RBC maturation stages in the following order
of the degree of adhesion susceptibility under hypoxia: sickle
reticulocytes in circulation (SRs) — sickle mature erythrocytes
(SMEs) — irreversibly sickled cells (ISCs). We show that (i) hypoxia
significantly enhances sickle RBC adherence; (ii) HbS polymeriza-
tion enhances sickle cell adherence in SRs and SMEs, but not in
ISCs; (iii) SRs exhibit unique adhesion dynamics where HbS fiber
projections growing outward from the cell surface create multiple
sites of adhesion; and (iv) polymerization stimulates adhesion and
vice versa, thereby establishing the bidirectional coupling be-
tween the two processes. These findings offer insights into possi-
ble mechanistic pathways leading to vasoocclusion crisis. They also
elucidate the processes underlying the onset of occlusion that may
involve circulating reticulocytes, which are more abundant in he-
molytic anemias due to robust compensatory erythropoiesis.

sickle cell adhesion dynamics | dissipative particle dynamics |
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olymerization of deoxygenated sickle hemoglobin (HbS) is the
fundamental component of the complex pathophysiology of
sickle cell disease (SCD). This disease has both hemolytic and
vasoocclusive components, with the latter closely involving abnor-
mal interactions between sickle red blood cells (RBCs) and the
vascular endothelium (1). Unlike healthy RBCs, sickle RBCs in-
herently adhere to human endothelial cells (2, 3). This abnormal
adherence of sickle RBCs with the endothelium can occur even
under normoxic conditions and for different RBC shapes (3), and is
well documented for various endothelia and flow conditions (4).
Adherence of sickle RBCs to the endothelium varies markedly
among SCD patients (2, 3, 5), and the RBC/endothelium adhesion
could likely serve as one of the most important biomarkers that
correlates with the clinical vasoocclusive severity of the patient. To
date, no clinically measured RBC biomarkers, such as RBC indices,
hemoglobin concentration, proportion of irreversibly sickled cells
(ISCs), level of fetal hemoglobin, or reticulocyte count satisfactorily
predict the severity of an individual patient’s clinical experience (5).
The process of vasoocclusion itself depends on enhanced ad-
hesion of sickle RBCs to endothelium, but the underlying mecha-
nisms are not well understood. Microvascular obstruction appears to
be a two-step process, which is dependent on RBC density (6). In
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the postcapillary venules, vessel narrowing is initiated by sickle
RBCs that have the highest propensity for adhesion to the vascular
endothelium, namely, low-density, deformable sickle cells (7). This
process is then followed by entrapment of the least adherent, more
dense, and rigid sickle cells (ISCs and unsickleable dense erythrocytes)
leading to further occlusion (4, 6, 8). Other blood components driven
by inflammatory stimuli also play a role in vasoocclusion (9-11).

In very low-shear stress flow conditions (typically under 0.01-Pa
shear stress, about an order of magnitude lower than normally
found in postcapillary flow), RBC adherence is transport controlled.
In other words, the time for contact between sickle cells and the
endothelium is a more important determinant of adherence than
high-affinity receptor-ligand interactions (12). Hypoxia enhances
RBC adhesion to both macrovascular and microvascular human
endothelial cells, with the adhesive receptor, vascular cell adhesion
molecule (VCAM-1), mediating this process (13).

In the present study, we developed an in vitro hypoxic
microfluidic RBC adherence assay that mimics in vivo sickle cell
adhesion in postcapillary venules (~10-100 pm in diameter).
Our specially designed experimental setup involves an oxygen
pressure-controlled microfluidic device, described in detail in
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ref. 14, which we further optimized and adapted for the present
adhesion study by functionalizing the device wall with fibronectin
(FN) (SI Appendix, Fig. S1). FN is associated with sickle re-
ticulocyte (SR) binding via the ayp; integrin receptor (15), and
the incubation of endothelial cells with anti-FN antibody has
been shown to significantly decrease intrinsic sickle cell adher-
ence by 40% (12).

Sickle cell adherence appears to predominate in postcapillary
venules, where the shear stress near the wall is ~0.1 Pa (4, 16).
Invoking this notion, our microfluidic device was designed to
have an equivalent hydraulic diameter D), of about 30 pm. We
vary the shear stress, 7, near the walls within the range of 0.035-
0.085 Pa to allow RBC adhesion to the wall, but not detachment.
Adherence at microvascular low shear stresses of <0.1 Pa is
hypothesized to be an important factor that can act either in-
dependently or concurrently with acute events to induce adhe-
sive interactions (12).

We also performed computational simulations of cytoadher-
ence in sickle RBCs using a particle-based stochastic model that
accounts for bond formation or dissociation (17, 18). This was
introduced in conjunction with dissipative particle dynamics
(DPD) that models RBCs, blood plasma, and the functionalized
surface. The dynamics of adhesive bond formation and dissoci-
ation are described by the reaction rate k., (or ko), which
strongly depends on the force F between the cell receptors and
the endothelial ligands, representing noncovalent interactions
(19). Our model has been validated in a number of independent
computational studies (20-22), including investigation of the
adhesive behavior of RBCs in Plasmodium falciparum malaria
(20), and hypoxia-induced alterations in adhesion dynamics of
RBCs in SCD (22).

Here, we address the following hitherto-unresolved questions
of pathophysiological importance at the single-cell level: Is
hypoxia-induced adhesion correlated with differences between
sickle cell reticulocytes and more mature erythrocytes? What are
the mechanisms involved in each maturation stage, which could
affect the cell surface contact area and subsequently the pro-
pensity for adhesion during shear flow conditions?

Results

Hypoxia Enhances Sickle Cell Adherence. Normoxic individual sickle
cells show pronounced morphological heterogeneity, and this
variation is considerable even among the same density fraction of
cells. Such sickle cells exhibit even greater variation in adhesion
dynamics under hypoxia.

Fig. 14 shows a snapshot of adherent sickle RBC cascade after
~10 min of flow (~0.05-Pa wall shear stress) on a FN-coated
microchannel wall under steady-state hypoxia (2% O,) in a
fixed field of view (FOV) within the microfluidic device. The
cells were exposed to hypoxic conditions for ~2 min before their
entry into the FOV. As a result, the majority of cells that entered
the FOV had already attained their altered shape under hypoxia.
The adherent cell percentage is calculated as the number of
adhered RBCs divided by the total number of cells that come in
contact with the FN-coated surface during their passage through
the FOV, for 10 min of constant flow rate under steady-state
hypoxia. The morphological heterogeneity of adherent sickle
RBCs in hypoxia is evident (Movie S1).

We categorized sickle cells into the following categories, con-
sistent with the classification from prior literature (23-28) (SI
Appendix, Adherent Sickle Cells and SI Appendix, Fig. S2): (i) sickle
reticulocytes in circulation (SRs), (ii) sickle mature erythrocytes
(SMEs) of any shape, and (iii) ISCs. Using our in vitro adhesion
assay, we found that hypoxia enhances sickle cell adhesion com-
pared with normoxia controls, consistent with independent ob-
servations (13). The table in Fig. 1B shows at least a fourfold
increase of adherent cell percentage in hypoxia, in comparison
with that in normoxia for the same sample. Three patient samples
(Table S1) were tested under comparable shear stress ranges in
normoxia versus hypoxia, and we found up to a 13-fold increase in
the proportion of adherent cells for one of the samples.

9474 | www.pnas.org/cgi/doi/10.1073/pnas.1807405115

Adherent Cell Percentage

Hyp. (%) iNorm. (%)
Patient VI:19.8 +6.2: 5.0+ 1.0
Patient VI1:44.4 +8.9: 34+1.2
Patient V 534 + 6.9113.5+4.3

B

Fig. 1. Hypoxia significantly enhances adhesion of sickle RBCs on a FN-
coated microchannel wall. (A) Morphological heterogeneity of adherent
sickle cells under steady-state hypoxia and shear flow in a single FOV over
about 10 min. Examples of cell types: (i) SRs: a and b (white dotted circles);
(i) SMEs: d, g, h, i, and f (green, yellow, and black dotted circles); and
(iif) 15Cs: cell m (blue dotted ellipse). The black arrow denotes the flow direc-
tion. Wall shear stress, ~0.05 Pa. (Scale bar: 10 pm.) Area of FOV, ~5,766 pm2
(Movie S1). (B) Increase in adherent cell percentage in hypoxia compared
with normoxia (see Table S1). The entries here indicate values of mean + SD.

Studies of cell adhesion alone suggest that heterogeneous
cytoadherence among varying cell densities is primarily due to
the differences in cell deformability and shape among multiple
cell groups, and that it is not influenced by changes in the “ad-
hesion potential” (6, 7). This trend also appears to hold in com-
putational simulations of the adhesion of sickle RBCs with different
cell stiffness and morphologies, as in figure 1C in ref. 22, where we
compared three sickle cells in terms of adhesion dynamics, with
identical adhesion potential and shear flow rate but varying shear
moduli (i.e., po, 3 po, and 10 pg) and morphology. The mean flow
velocity of the RBC with the highest stiffness was consistently higher
than the other cells, further validating the hypothesis of heteroge-
neous RBC adhesive dynamics under shear flow.

Adherence and Polymerization of SMEs. To date, there has been
little success in correlating the kinetics of a sickle RBC sub-
population with disease severity (29). While this correlation is
key to elucidating SCD pathogenesis, it is also very difficult to
validate. To overcome this limitation, we establish correlations of
hypoxia-adherent sickle cell classes (as described above) with cell
deformability and polymerization kinetics in an attempt to
identify a cell population as a potential biomarker that could
serve as a predictor of the susceptibility of the patient’s cells
to adhesion.

In our microfluidic flow device, we subjected human sickle
RBCs to normoxia and hypoxia under flow conditions, and
observed that SMEs, following initial adhesion to the FN-
functionalized surface, could develop more adhesion sites
during HbS polymerization. Fig. 2 shows snapshots of SME
adhesion dynamics in hypoxia. The cell enters the FOV already
“sickled.” At the onset of adhesion, the SME develops a pointed
membrane edge (white dotted circle in Fig. 24), which attaches
to the FN-coated microchannel surface. Immediately thereafter,
the cell flips around the main adhesion site to align with the flow
direction and transitions from single-site to multiple-site adhe-
sion after ~2 min of polymerization (Movie S3).

These experiments exhibit the following features:

i) Increase in adhesion sites: Following initial attachment and
alignment with the flow, the cell exhibits an oscillatory mo-
tion under shear flow, indicative of a single initial adhesion
site. After ~2 min, the oscillation ceases and the cell appears
firmly in place, which is a clear indication of the develop-
ment of multiple adhesion sites.

ii) Polymerized HbS fiber projections: While the cell remains
adherent to the FN-coated surface, HbS fibers grow within
the cell (black dotted circles in Fig. 24). Those fiber projec-
tions ostensibly cause an increase in adhesion sites; their
growth appears synchronous with the cessation of cell oscil-
lation (Movie S3).

Papageorgiou et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807405115/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1807405115/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807405115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807405115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807405115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807405115/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1807405115/video-3
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1807405115/video-3
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1807405115/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807405115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1807405115

1\

| —O0— Number of binding sites

FI ~ssociation [l Dissociation
I I 1

) N | I |
0 30 60 90 120 150
Time (s)

Adhesion sites/Cell _,

o N L » o (=]
g
m]

(]

Fig. 2. SME adherence and polymerization: From single-site to multiple-site adhesion. (A) Experiment: cell g of Fig. 1A. (t = 0) The cell adheres on the surface
(white dotted circle) while forming a pointed membrane edge (slow-motion Movie S2). (1.5 s < t < 34 s) The cell revolves around the adhesion site and
oscillates under flow. (t = 2 min) Such oscillatory motion ceases and the cell becomes firmly adherent. The dotted black circles indicate polymerized HbS fiber
bundles growing within the cell membrane (Movie S3). The black arrow denotes the direction of flow. Wall shear stress, ~0.05 Pa. FN-coated microchannel
wall. (Scale bar: 5 um.) Area of FOV, ~450 um?. (B) Simulation results: Adhesion dynamics of an SME at t = 0, 15, 65, and 130 s (Movie S4). Wall shear stress,
~0.04 Pa. The green dots in the background matrix represent an array of ligands that simulate a FN-coated adhesion surface, and the dotted circles cor-
respond to effective adhesion binding sites between cell receptors and surface ligands. Initially, the cell has only one adhesion site (white dotted circle); then
additional adhesion sites are formed over time (colored dotted circles). (C) Number of adhesion sites per cell as a function of time. Instantaneous number of
adhesion bond formation (black column) and bond dissociation (red column). Inset shows a diagram of the adhesion interaction between the cell and coated

surface, where the blue lines represent the adhesion binding sites.

iii) Irregular membrane contour line: The adherent cell’s mem-
brane appears more irregular and wavy after 2 min of poly-
merization than it was at the onset of attachment. The latter
is evident at the cell contour from the formation of small
menisci, which could also suggest more adhesion sites at the
periphery. This can also be indicative of membrane-bound
HbS polymerization and simultaneous adhesion on the sur-
face (30). The hypoxic shape is highly irregular, suggesting
that there are multiple polymer fibers emerging from the
cell that stretch the cell in different directions. These pe-
ripheral adhesion sites tend to be strong as they preserve
adhesive contact even after reoxygenation (SI Appendix,
Fig. S7).

Fig. 2B shows that under shear flow the SME first undergoes a
revolving motion around the adhesion site, which serves as an
axis of rotation. This is followed by the formation and dissocia-
tion of adhesion binding sites between the cell membrane and
the ligands on the wall (colored dotted circles in Fig. 2B). The
total number of adhesion binding sites depends on the cell wall
contact area and the bond reaction rate (k",,), which may vary in
time (SI Appendix, Simulation Model and Method). For instance,
for identical reaction rates, cells of high deformability exhibit
large cell wall contact area, hence creating a greater number of
adhesion binding sites with time, as shown in Fig. 2C (22). We
note that an adhesion site corresponds to a bundle of bonds,
which can break or form dynamically in the stochastic adhesive
dynamics models. Following our previous computational studies
(17, 19), the ligands are uniformly distributed on the substrate as
a square lattice with lattice length of 1 pm. The cell wall receptor
and ligand densities in simulations may be different from those in
experiments and correspond to effective cell-to-wall adhesive in-
teractions. However, the intrinsic variability and the stochastic na-
ture of the adhesion process does not alter any of the observations
and conclusions of this work.

Regarding the hypoxia shape of the RBCs, it is computa-
tionally prohibitive to model polymerization at the molecular
level in shear flow. Hence, we directly model the distortion of
RBCs induced by the HbS polymers by applying “effective surface
tension” on the cell membrane to transform an oxygenated normal
(AA) discocyte-shaped RBC into a shape that matches (to a degree
possible) the experimental observations (see ref. 22 for details).

In hypoxia alone, the area of adhesive contact varies signifi-
cantly among cells with different polymerization kinetics. Hence,
the combined hypoxia and subsequent normoxia cell adher-
ence images (SI Appendix, Fig. S2) may reveal the patient’s
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susceptibility to adhesion via RBC morphological shape change.
To this end, we classify adherent SMEs under hypoxia into two
categories according to their shape changes compared with their
reference shapes under normoxia: (i) class I SMEs (SMEls),
which exhibit significant morphological shape change under
hypoxia, such as Fig. 1, g and h (green dotted circles); and (i)
class II mature sickle cells (SME2s), which largely maintain their
normoxia shape even under hypoxia (i.e., minimal morphological
change) even with irregular surface contour, as shown in Fig. 1, i
and f (yellow dotted circles) (SI Appendix, Adherent Sickle Cells).

On the basis of cell density fractionation results (31) and ad-
herent cell statistics, we note that SMELs are prevalent in the low
cell density fractions (~50% of the total cells) (SI Appendix,
Adherent Sickle Cells). SMEls are also cells of high average
deformability as measured previously via membrane fluctuations
for patients III and IV (31). In contrast, SME2s largely maintain
their normoxia shape and consist of ~25% of the total adherent
cells in the highest cell density fraction, which is suggestive of less
deformability than the adherent SME1s (SI Appendix, Fig. S3C).

On the basis of the foregoing observations, SME1ls may be
considered cells of low density and high deformability that are
more likely to develop multiple adhesion sites while adherent
under hypoxia compared with SME2s and ISCs. They are also
more susceptible to adhesion as shown in Fig. 2C, consistent with
existing evidence (7, 10). These considerations reveal that an
assay offering statistics of the most adherent RBCs (i.e., SME1
subpopulation) under hypoxia with respect to the other cell
populations could lead to potential correlations with SCD pa-
tients’ pain crises (SI Appendix, Fig. S3B).

Adherence of ISCs Under Hypoxia. Sickle cell blood samples contain
a subpopulation of abnormally dense cells compared with more
uniformly distributed healthy RBCs. Among patients, the dense
cell fraction varies greatly in size, from 5 to more than 50% of
the total cell population. ISCs are an important constituent of
the subpopulation of the abnormally dense cells, and are dehy-
drated cells with elevated mean cell hemoglobin concentration
(2, 32). However, the propensity of ISCs for adhesion to endo-
thelium is less than that of other dense RBCs (3, 33).

Our results show that ISCs adhere relatively rarely (less than
4% of the total adherent cells; ST Appendix, Fig. S3B) on the FN-
coated microchannel wall. In addition, computational simula-
tions reveal that the ISC area involved in adhesive contact re-
mains constant. Furthermore, in contrast to the SMEs (Fig. 2)
the ISCs exhibit a relatively low propensity to develop multiple
adhesion sites while adherent, as shown in Fig. 3.
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ISC adhesive dynamics. (A) Experiment: successive snapshots of the ISC adherence (cell m, Fig. 1). (t = 0) Onset of cell adhesion on the surface, with the

adhesion site marked within a white dotted circle in all cases. (t = 6 s) The cell flips around the adhesion site to align with the flow direction (Movie S8). (6 s <
t < 4 min) The cell exhibits an oscillatory motion due to shear flow. (t = 5 min) Reoxygenation: the cell recovers its normoxia shape and maintains its surface
adhesion site even after reoxygenation (without detachment). Wall shear stress, ~0.05 Pa. The black arrow denotes the flow direction. (Scale bars: 5 pm.) Area
of FOV, ~255 um?. (B) Simulation: quantitative characterization of the ISC adhesion dynamics with snapshots at t = 0, 10, 60, and 115 s (Movie 59). The dotted
circles indicate receptor/ligand binding sites. (C) Average number of adhesion sites/cell as a function of time, from the simulation, for SMEs and ISCs at
different bond formation rates, where k%, is an equilibrium rate defined in S/ Appendix, Eq. S1.

Fig. 3 shows the evolution of the adhesion dynamics of ISCs
under hypoxia and shear flow. The initial attachment site of an
ISC is depicted within the white circle in all snapshots. The cell
initially adheres to the FN surface following its transformation
into hypoxia shape; it subsequently rotates around the attach-
ment point to align with the flow direction. In response to con-
tinuous shear flow, the cell exhibits an oscillatory motion around
the initial adhesion site for more than 4 min. Following reox-
ygenation, the cell recovers its normoxia shape and remains at-
tached to the surface at the initial adhesion site (Movie S8). To
further investigate the adhesion dynamics of ISCs, we conducted
companion simulations for ISCs with an adhesion potential and
all other relevant input parameters similar to those employed for
SMEs (SI Appendix, Simulation Model and Method) (22).

As shown in Fig. 3B, stochastic bond formation and dissocia-
tion occur after the cell rotates around the firm adhesion site.
The number of total adhesion sites for ISCs (which are in the
range of 1-2) is less than those for SMEs with identical reaction
rate (k%), due to the lower cell wall contact area caused by low
ISC deformability. Through parametric studies for the ISCs, we
observed that the total number of adhesion binding sites does
not depend strongly on k®o, (Fig. 3C). In contrast, SMEs show a
51gn1f1cant increase in the number of adhesion bmdmg sites with
higher &’ values (Fig. 3C). This result is consistent with prior
simulation findings showing that, compared with SMEs, ISCs
yield a smaller cell wall contact area, leading to a lower proba-
bility to develop adhesion binding sites and thus weaker adhesion
(22). Furthermore, in SI Appendix, Fig. S4 (SI Appendix, Simu-
lation Model and Method), we extended our computational sen-
sitivity studies to explore the shape effect of SMEs with respect
to the adhesion binding sites. We modeled SMEs of granular,
discoid, and elongated shapes, which have comparable cell wall
contact areas, and set different values of the bond reaction rate
(0.1-10 &°,,,). We found that the number of adhesion binding sites
is not so sensitive to the SME shapes for the same k%, value.
These findings, therefore, suggest that the probability of cell ad-
hesion is directly correlated with the cell type (which classifies cell
maturity) rather than with the number of adhesion binding sites.

Adhesion Favors Polymerization in Sickle RBCs. Adhesion prolongs
the residence time of sickle RBCs in hypoxia before the mor-
phological sickling event, while sickling occurs instantaneously.
Fig. 4 shows snapshots of the intermediate or transitional stages
of adhesion dynamics of SMEs under hypoxia. The cells attach to
the wall having their normoxia shape even though they have been
exposed to hypoxia for ~2 min before attachment. The cells
retain their normoxia shape while adherent for about 6 min
(under hypoxia and shear flow). During this time, localized area
darkening is taken to be indicative of the accumulation of Hb
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polymer within the cell. The cells finally attain their hypoxia
shape, which also reveals underlying adhesion sites. This is ac-
companied by the formation of a polymerization front (SI Ap-
pendix, Fig. S5).

The transitional stages described in Fig. 4 for SMEs from the
onset of sickling are similar to those of SME1s described pre-
viously. The key difference is the significantly increased delay time
in morphological sickling events. However, how RBC membrane
influences polymerization is not fully understood. RBC morpho-
logical sickling depends strongly on the Hb concentration, the
proportion of Hb that is irreversibly associated with the membrane
and the amounts of free heme (34, 35). Our observations suggest
that, even before the morphological sickling event, sickle RBCs are
still prone to adhesion and that, while adherent for long periods,
they can experience morphological sickling. The latter trend sug-
gests that adhesion indirectly promotes polymerization by increasing
the residence time of the adherent RBCs and strongly points to the
bidirectional coupling between adhesion and polymerization.

Polymerization Favors Adhesion in SRs. We isolated SRs to further
explore their unique polymerization kinetics (SI Appendix, Ad-
herent Sickle Cells). The adhesive dynamics and simultaneous
polymerization of an SR are presented in Fig. 5 and SI Appendix,

Fig. 4. Adhesion stimulates polymerization in SMEs under hypoxia through
a variety of transition mechanisms and residence times. (A) (t = 0) Initial cell
attachment on the FN-coated wall surface. Localized area darkening is
interpreted as regional accumulation of Hb within the cell. (t = 450 s) Cell
morphology at the onset of transition; slight intracellular Hb content re-
organization is evident. (t = 480 s) Bulk polymerized part of the cell is
revealed. (t = 540 s) The cell attains its hypoxia shape (cell d in Movie S1).
Wall shear stress, ~0.05 Pa. Area of FOV, ~102 pmz. (B) (t = 0) Initial cell
attachment on the FN-coated wall surface. (t = 390 s) Cell morphology at the
onset of transition. (t = 420 s) Apparent snap-through transition. (t = 480 s)
The cell attains its hypoxia shape, and underlying adhesion sites are revealed
(SI Appendix, Fig. S5). Wall shear stress, ~0.08 Pa. Area of FOV, ~120 pm?2.
Black arrows denote flow direction. (Scale bars: 2.5 um.)
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Fig. 5. Simultaneous adhesion and polymerization in SRs under hypoxia
and shear flow (cell b in Fig. 1), observed at different time points (A-F). (t =
0) The cell adheres on the surface. (9 s < t < 1.8 min) Gradual protrusion of
polymerized HbS fibers (white pointers) and apparent increase of the overall
projected bulk cell surface area. (54 s < t < 7.9 min) Fiber bundles continue to
grow outward of the bulk of the cell (white pointers) (Movie S5). The black
arrow denotes the flow direction. Wall shear stress, ~0.05 Pa. FN-coated
microchannel wall. (Scale bar: 5 um.) Area of FOV, ~290 |.1m2.

Fig. S6 for experimental conditions identical to those described
previously, that is, conditions involving cell attachment to a FN-
coated microchannel wall under steady-state hypoxia and shear
flow. The main observations are as follows: (i) Multiple HbS
polymer fibers grow from the cell bulk irrespectively of the flow
direction: HbS fiber projections attach onto the surface while
gradually (12 s < ¢ < 7.9 min) growing outward of the cell in
random directions (white pointers in Fig. 5). (if) Significant in-
crease of the projected cell surface area: Following initial ad-
hesion and concurrently with polymerization (~8 min), the cell
stretches in different directions on the surface, driven by the out-
ward growth of fibers. The apparent increase of the cell’s contact
area between Fig. 5 A and F is estimated to be more than twice that
of the initial projected surface area (SI Appendix, Fig. S6A).

Subsequent reoxygenation of SRs—while still adherent to the
surface—reveals residual posthypoxia adhesion sites. Specifi-
cally, Fig. 6 shows adherent SR1s (least mature marrow reticu-
locytes; Fig. 5 and SI Appendix, Fig. S6) and an SR2 (more mature
marrow reticulocyte with asymmetric morphology; ST Appendix, Fig.
S7 and Movie S12) during a hypoxia-to-reoxygenation cycle (SI
Appendix, Adherent Sickle Cells).

Time-lapse images are shown in Fig. 6 for SRs adherent under
hypoxia for 7-9 min, following which they were reoxygenated.
During this hypoxia-to-reoxygenation cycle, the following ob-
servations were made: (i) The polymerized HbS fibers that
protrude from the initial cell boundary retract into the cell upon
reoxygenation (Fig. 6, II). This result provides clear indication
that the cells did not experience lysis and that the lipid bilayer
also stretches following the contact line of the fiber projections
(Fig. 6, I). (if) Residual posthypoxia adhesion sites are evident in
SR1 (dotted green circles in Fig. 6 A, II). Residual posthypoxia
adhesion sites are also very common in the SME1 population (S/
Appendix, Fig. S7).

Although the membrane of the SR1 contains folds (23), it is a
continuous structure. Our observations suggest that the SR1
membrane can be stretched to allow HbS polymer fibers to
protrude outward from initial cell boundary. Furthermore, all
adherent cells under hypoxia remain adherent to the surface
even after subsequent reoxygenation.

Discussion and Concluding Remarks

Systemic vasoocclusive pain crisis is the predominant patho-
physiology in SCD patients, caused by HbS polymerization that
leads to abnormal sickle RBC rheology and premature hemolysis
(36). Hemolytic anemia is a common occurrence in SCD patients
due to the presence of mechanically fragile RBCs that are prone
to lysis. The resulting anemia prompts the bone marrow to
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compensate and increase red cell production. As a result, sig-
nificantly elevated levels of SRs have been reported for patients
with different types of anemia (23, 37). Elevated numbers of
reticulocytes have also been reported (37) in peripheral blood
due to increased chronic erythropoietic stress. As indicated in S/
Appendix, Fig. S3, we also observe a relatively large proportion of
adherent reticulocytes in all patient samples tested (more than
10% of the total adherent population in some cases).

In addition, HbS fiber projections, expressed in SRs and
SMETs, could lead to points of adhesion. High-resolution mi-
croscopy studies (9, 38) also reveal that neutrophils and platelets
form similar protrusions. The termini of these “slings” serve as
points of adhesion involving P-selectin.

In SCD patients, up to 25% of SRs express the oyf;-integrin
complex that is broadly distributed within the cell membrane,
and this complex mediates both cell-cell and cell-matrix inter-
actions. By contrast, the overall concentration of a4f;-expressing
healthy erythrocytes is less than 5%. In particular, the expression
of VCAM-1 on vascular endothelium provides a ligand for bind-
ing of asP;-integrin-expressing SRs that mediate cell binding to
cytokine-activated endothelium (39, 40). Moreover, binding of
SRs in a4P; activated by phorbol ester or chemokine IL-8 to
endothelial cell-associated FN has also been reported (41).
Last, hypoxia up-regulates both the expression of VCAM-1 and
ICAM-1 in endothelial cells themselves, and the least dense
sickle cells containing CD36" and VLA-4* reticulocytes show
significantly increased binding compared with the normoxia con-
trols, via the adhesive receptor combination VCAM-1-VLA-4
(13). Therefore, it is likely that HbS projections adherent to FN
involve the oyP;-integrin pathway.

Our results also suggest that the cell membrane structure of
SRs may play an additional role in mediating adhesion, in
that SRs have more membrane available to be able to form
projections. Moreover, any dissociations between the lipid
bilayer and cytoskeleton (vertical interaction), or within the
cytoskeleton (horizontal interaction) or both, could play a
role in membrane stretching and in influencing how the po-
lymerized HbS fiber bundles grow outward of the initial cell
boundary (42).

One notable distinction between SRs and any other cell cat-
egory examined in this work is that, in SRs, the HbS projections

Fig. 6. Reoxygenation in SR1s (A and B) and SR2 (C) reticulocytes; poly-
merized HbS fiber bundles retract after reoxygenation. (/) Adherent cells
under hypoxia for up to 9 min; onset of reoxygenation (/) after 2 min of
reoxygenation. (A) SR1 of Fig. 5: (t = 9.9 min) The polymerized HbS fibers
retract back to the cell bulk. The green dotted circles indicate residual ad-
hesion sites (Movie S10). (B) SR1 of S/ Appendix, Fig. S6: (t = 10.7 min) The
polymerized HbS fibers retract back to the cell bulk (Movie S11). (C) SR2 of
Movie S12: HbS polymer projections (white pointers) have grown outside of
the cell’s ring. (t = 9 min) Reoxygenation shows that the SR2 recovers the
“deep-dish” morphology. The white dotted circles show the visible granules
within the refractile ring. Wall shear stress, ~0.05 Pa. The black arrows de-
note flow direction. (Scale bars: 2.5 pm.)
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grow and protrude outward of the initial membrane/cell boundary.
This leads to a significant increase of the cell-to-wall contact
area, and hence the probability for adhesion increases, as in-
dicated by our simulations.

The energy to dissociate lipid bilayer from cytoskeleton of SRs
can be four times smaller than SMEs (43), suggesting that the
interactions between the cytoskeleton and the lipid bilayer are
weaker. In SMEs, however, the stronger lipid bilayer—cytoskel-
eton cohesion is associated with less pronounced fiber growth
within the cell membrane. The latter is consistent with our ob-
servations, which is a very distinct attribute of membrane
remodeling during maturation.

In conclusion, we have shown that hypoxia significantly en-
hances the sickle RBC cytoadherence compared with normoxia
controls under low shear stress (typically smaller than 0.1 Pa).
Our results reveal cell-level consequences of simultaneous po-
lymerization, cytoadherence, and cell maturation. We find that
hypoxia enhances the adhesion of SMEs and SRs to surfaces. In
particular, SR1s grow HbS projections, uniquely stretching the
cell outward while simultaneously adhering onto the surface. The
propensity for adhesion is seen to rank with sickle cell matura-
tion stage as follows: SRs - SMEls - SME2s — ISCs. Our
computational simulations qualitatively confirm these observa-
tions and trends, and they also quantify the number of adhesion
binding sites that change with time. Furthermore, our simula-
tions show that deformable SMEs are sensitive to increases in
the binding reaction rate, in contrast to more rigid ISCs. A key
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finding of our work is that adhesion stimulates polymerization
under long-term hypoxia, reflecting the bidirectional synergistic
coupling between adhesion and polymerization.

Methods

Blood Specimens. Blood samples were drawn from homozygous SS SCD pa-
tients at the University of Pittsburgh (Pittsburgh) (University of Pittsburgh IRB
protocol PRO08110422) and the Massachusetts General Hospital (Boston)
under a protocol of Excess Human Materials approved by the Partners
Healthcare IRB with a waiver of consent. More details are in S/ Appendix,
Blood Specimens.

Device Fabrication and Experimental Setup. The microfluidic devices were
fabricated using FN-functionalized polydimethylsiloxane. More details are in
SI Appendix.

Simulation Model and Method. We simulated the sickle RBCs using a multiscale
RBC model based on DPD. More details are in S/ Appendix, Simulation Model
and Method.
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