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ABSTRACT Could the phenomenon of catch bonding—force-strengthened cellular adhesion—play a role in sickle cell dis-
ease, where abnormal red blood cell (RBC) adhesion obstructs blood flow? Here, we investigate the dynamics of sickle
RBCs adhering to a surface functionalized with the protein laminin (a component of the extracellular matrix around blood ves-
sels) under physiologically relevant microscale flow. First, using total internal reflectance microscopy we characterize the spatial
fluctuations of the RBC membrane above the laminin surface before detachment. The complex dynamics we observe suggest
the possibility of catch bonding, where the mean detachment time of the cell from the surface initially increases to a maximum
and then decreases as a function of shear force. We next conduct a series of shear-induced detachment experiments on blood
samples from 25 sickle cell disease patients, quantifying the number and duration of adhered cells under both sudden force
jumps and linear force ramps. The experiments reveal that a subset of patients does indeed exhibit catch bonding. By fitting
the data to a theoretical model of the bond dynamics, we can extract the mean bond lifetime versus force for each patient.
The results show a striking heterogeneity among patients, both in terms of the qualitative behavior (whether or not there is catch
bonding) and in the magnitudes of the lifetimes. Patients with large bond lifetimes at physiological forces are more likely to have
certain adverse clinical features, like a diagnosis of pulmonary arterial hypertension and intracardiac shunts. By introducing an
in vitro platform for fully characterizing RBC-laminin adhesion dynamics, our approach could contribute to the development of
patient-specific antiadhesive therapies for sickle cell disease. The experimental setup is also easily generalizable to studying
adhesion dynamics in other cell types, for example, leukocytes or cancer cells, and can incorporate disease-relevant environ-
mental conditions like oxygen deprivation.

SIGNIFICANCE Abnormal red blood cell adhesion to the walls of blood vessels is a central feature of sickle cell disease.
We study this adhesion by experimentally measuring how long on average red blood cells adhere to a protein-covered
surface, and how the strength of the cell-protein bond depends on the force resulting from the surrounding fluid flow. The
results vary widely from patient to patient, with some cases showing an unusual regime where the mean bond strength
increases with force. We connect these measurements to clinical aspects of the disease, which may aid in the design of
individualized therapies in the future.

INTRODUCTION

Red blood cells (RBCs) are packed with oxygen-binding he-
moglobin molecules. In sickle cell disease (SCD), sickle
hemoglobin polymerizes when deoxygenated due to a muta-

tion of a single gene (1). Polymerized sickle hemoglobin in-
duces physical and chemical changes (2,3) that make sickle
RBCs (sRBCs) stiffer (4-6), more dense (7), and abnor-
mally adhesive (8-10) relative to healthy RBCs. These
changes in biophysical properties of sSRBCs may initiate a
cascade of events leading to a disease complication known
as a vaso-occlusive crisis, where the SRBCs aggregate and
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block blood vessels (11,12). Part of the molecular mecha-
nism underlying the crisis is enhanced sSRBC adhesion to
extracellular matrix proteins, which constitute the scaffold
of blood vessels. In SCD, extracellular matrix proteins
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may be exposed to the bloodstream due to elevated levels of
circulating endothelial cells that have been shed away from
the walls of the blood vessels (13). These levels spike
dramatically at the onset of a vaso-occlusive crisis (14).
Among extracellular matrix proteins, laminin (LN) medi-
ates the most avid sSRBC adhesion (8,15). In this work we
study how the abnormal adhesion of sSRBCs to LN depends
on the shear force that arises from the surrounding
fluid flow.

Monotonic decrease of a bond’s lifetime with increased
force is a characteristic of slip bonds (16), and is the default
expectation for most biological adhesion interactions. In
contrast, we find that SRBC-LN adhesion for a subset of pa-
tients with SCD exhibits a nonmonotonic lifetime response
to shear, i.e., having a regime where adhesion strength
seems to counterintuitively rise with increasing shear force
(Fig. 1). This behavior is known as catch bonding (17—
20), and allows the system to potentially withstand wider
ranges of physiological forces. Although catch bonding is
often considered at the level of individual protein-ligand
complexes, in our study we focus on the larger-scale
phenomenon of an entire SRBC detaching from a protein-
functionalized surface. The catch bonds we observe in
whole-cell adhesion lifetimes are ‘‘macroscopic,”” in the
sense that they emerge as a collective result of many individ-
ual interactions between surface proteins and membrane li-
gands. Indeed, it may be possible for individual interactions
to be slip bonds, but their net behavior under force due to
clustering could still lead to macroscopic catch behavior.

: Shear force range
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FIGURE 1 [Illustration of slip versus catch bond behaviors for an adhered
sRBC under shear flow. Increased shear force could either shorten the bond
lifetime monotonically (slip bond) or initially enhance the lifetime and
strengthen the adhesion (catch bond), before reducing it again at larger
forces. To see this figure in color, go online.

Catch bonds in sickle cell disease

This complexity opens the door for nontrivial adhesion dy-
namics. In fact, as discussed below, the existence of catch
bonds necessarily requires complex detachment dynamics,
for example, multiple detachment pathways whose likeli-
hood varies as a function of force (21). Catch bonds are
not new for RBCs—they were previously observed in cy-
toadhesion of P. falciparum-infected RBCs in the placental
intervillous space (22). However, this study is the first to find
catch bond behavior in sSRBC-LN adhesion, and to try to un-
derstand its implications in the context of SCD.

Although the molecular basis and biochemical mecha-
nisms of sSRBC-LN adhesion are well characterized (13,23—
25), the hemodynamic aspects of this adhesion are only
partially understood. The sRBC-LN adhesion literature
discusses topics such as RBC deformation during detach-
ment (26) and the number of adhered RBCs under different
shear conditions (27,28). But key questions on how forces
due to blood flow regulate the bond dynamics, and the
heterogeneity of adhesion characteristics between different
patients, remain open. Although SCD stems from a single
point mutation (3), intriguingly there is great population
level phenotypic heterogeneity, probably due to genetic
and epigenetic factors, age, and geographical origins
(29,30). In addition, heterogeneity is also observed at
the level of biochemical signatures and morphology
among cells of the same SCD patient (31,32). Thus, it is
natural to ask whether heterogeneity also exists in the dy-
namics of sSRBC-LN adhesion, and whether it could be
linked to larger-scale phenotypic heterogeneities among
SCD patients.

To comprehensively investigate SRBC-LN adhesion, we
have developed a multifaceted experimental framework, sup-
ported by theoretical modeling of the bond dynamics. First,
to get a detailed look at the SRBC detachment process from
an LN-functionalized surface, we report real-time, label-
free probing of individual single-cell detachment events us-
ing total internal reflectance microscopy (TIRM). To the
best of our knowledge, this is the first time TIRM has been
applied to an RBC. Next, we conduct experiments in LN-
functionalized microchannels, observing sSRBC detachment
under both sudden force jumps and linear force ramps. Using
a model for the detachment dynamics under a force ramp, we
can extract key dynamical characteristics—including the
mean lifetime versus force profile that indicates the presence
or absence of catch bonds. Finally, we examine how these
characteristics vary among a cohort of SCD patients, and
check whether they correlate with clinical observables.

MATERIALS AND METHODS
Blood sample collection and clinical study

All 33 subjects had phenotypic homozygous sickle hemoglobin (HbSS),
and most had undergone echocardiography within a year of sample collec-
tion date. Clinical baseline implies without recent (within the last 2 weeks)
history of VOC. Surplus EDTA-anticoagulated whole blood was obtained
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under an institutional review board-approved protocol and was tested for
adhesion and Hb composition within 24 h. Hb composition (fetal, HbF;
sickle, HbS; and adult, HbA [from transfusion]) was analyzed via high per-
formance liquid chromatography with a Bio-Rad Variant II Instrument
(Bio-Rad, Montreal, QC, Canada) in the core clinical laboratory of Univer-
sity Hospitals Cleveland Medical Center (UHCMC). Clinical data were ob-
tained from the Adult SCD Clinic at UHCMC on dates contemporaneous
with blood sample collection. Pulmonary arterial hypertension and intracar-
diac shunt diagnosis were obtained from the medical records.

Microfluidic adhesion experiments

All microfluidic experiments are performed with the SCD Biochip (8). Mi-
crochannels are coated with LN-1 for RBC-specific adhesion per protocol

(8). LN-1 functionalized microfluidic channels are injected with 15 mL of
unprocessed whole blood at shear forces within the range of postcapillary
shear forces. In TIRM and ramped shear experiments, adherent RBCs are
characterized after the nonadherent cells are removed by buffer wash at

0.5 dyne/cm?. To keep the shear force the same throughout the jumped
shear experiments, nonadherent RBCs are kept continuously flowing at
the predetermined shear forces during imaging. The net RBC adhesion
was calculated with the following formula p
L """8Np - NP

iVal !
t n-1

net RBC adhesion per volume Y4 oD
(D

where N; is the number of adhered RBCs in a given image, » is the number
of images captured at the flow rate Q, and D¢ is the imaging interval.
Adherent RBCs in the microchannels are visualized for quantification

with Olympus CellSens software using an Olympus IX83 inverted micro-
scope and QImaging EXi Blue CCD camera at 10X. Scanned images of
jumped shear experiments covered an actual area of 32.77 mm? on the mi-

crochannels. Videos of ramped shear experiments covered an actual area of

0.34 mm?,

TIRM

TIRM is performed on an upright optical microscope (Olympus,
BX51WI). In brief, a collimated laser beam coupled to a single-mode op-
tical fiber (I ¥4 633 nm, Necsel Novatru) is directed onto the sides of a
BK?7 trapezoidal prism, allowing an angle of incidence q; ¥4 68" (with
respect to the normal of the top of the prism). The prism is held in place
with a home-built mount that screws into the mechanical stage of the mi-
croscope. The sample is placed on top of the prism by putting refractive
index matching oil in between. The total internal reflection condition is
met between the bottom surface of the microfluidic cell (n; ¥4 1.51) and
the aqueous medium of the sample (n, ¥4 1.33), as 0; > Qeitical, Creating
an evanescent wave that decays exponentially within a few hundred nano-
meters from the surface (b- ' ~ 100 nm), providing high sensitivity in the
z axis normal to the surface. The laser power is adjusted between 18 and
20 mW using a computer control provided by the manufacturer. The video
is collected from the top of the sample with a 40X objective (Olympus
LUCPLFLN40X, working distance set to 2 mm), and then passed through
a demagnifying adapter (0.63X) before the CCD camera (Hamamatsu
ORCA-R2). The video of an individual sRBC detachment is acquired
with a 25 ms integration time, at 25-28 frames per second and 2X 2 pixel
binning (maximum field of view % 344 x 262 mm). The bit depth of each
pixel was set to 16 bits, and the file is saved in big tiff (.btf) format. The
video is then cropped and saved as .mp4 in MATLAB (The MathWorks,
Natick, MA) using an automated routine we developed (33). The detach-
ment is initiated in a flow cytometry staining buffer (RnD Systems, Min-
neapolis, MN) by ramped flow as described in Fig. 4 g at a ramping rate of
2.5 dyne/cm*/min.
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Automated processing of ramped shear
video data

To automate and speed up the processing of image data from the ramped
shear experiments, we developed a set of deep-learning-based object detec-
tion and tracking codes. The codes have been designed to set up a process-
ing pipeline that can be used on a MATLAB platform. To start off the
processing of microfluidic channel images generated in our whole-blood
detachment experiments, we need an image segmentation and object detec-
tion algorithm. To this end, we adapted the deep convolutional neural
network developed in an earlier study from our group that can analyze
bright-field channel images from whole blood detachment experiments,
and identify the adhered sSRBCs (34). The tracking algorithm identifies an
RBC as detached when the RBC leaves its initial adhered position. The
algorithm does not analyze RBCs that entered the field of view after the
ramping starts.

Statistical methods

Statistical analyses were performed using MATLAB. Data were tested for
normality. Nonnormally distributed data were analyzed using a nonpara-
metric Mann-Whitney U-test for two independent groups. Normally distrib-

uted data were analyzed using a one-way ANOVA test for two independent
groups. The chi-squared method was utilized to test the associations be-

tween two categorical variables. p < 0:05 was chosen to indicate a signifi-
cant difference.

RESULTS AND DISCUSSIONS

Single-cell detachment under TIRM: Dynamic
variation of adhesion sites

Polymerization of sickle hemoglobin takes place rapidly af-
ter the formation of nuclei (35). This rapid expansion of stiff
and rod-like sickle hemoglobin polymer causes flip-flop of
membrane lipids and proteins in clusters and these clusters
become adhesion sites (3,36,37). Our first research question
focuses on the dynamics of these adhesion sites during the
detachment of an sRBC. Previously, adhesion sites on
RBCs were visualized with confocal microscopy and total
internal reflectance fluorescence microscopy (37,38). The
timescale of adhesion site switching is likely to be much
smaller than the acquisition times often needed for fluores-
cence imaging that is required for these two methods. Also,
both of these methods involve antibody staining that could
potentially interfere with the ligands. TIRM is an existing
method for label-free, high-temporal-resolution investiga-
tion of spherical particle-surface interactions. Our team
is developing a new class of TIRM, named scattering
morphology resolved TIRM (SMR-TIRM), suitable for
probing interactions between anisotropic particles and a
neighboring surface. We recently described the implementa-
tion of SMR-TIRM on anisotropic particles (33,39). This
improvement expands the applicability of TIRM to biolog-
ical targets.

We mapped the spatial proximity between an sSRBC and
the LN functionalized surface qualitatively during detach-
ment under a gradually increasing shear force with our
refinement of TIRM. Fig. 2 shows a representative result
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FIGURE 2 The proximity between a detaching red blood cell and laminin surface is dynamically resolved by total internal reflectance (TIR) microscopy
under a microfluidic physiological flow ramp. The distance between the cell and the laminin surface (boundary) is inversely correlated with TIR intensities.
The smaller this distance, the greater the likelihood of binding. The scattering intensity landscape shows an initial decrease in distance at both the leading and
trailing edges of the cell (time points t; to t;). This decrease can also be inferred from integrated TIR which increases from 0.75 to 1. Subsequently (t, to t3)
this value decreases to 0.5 as the cell is released from the boundary, before eventually tumbling, detaching, and exiting the region of interest (ROI). Dynamic
variations in cell-surface proximity during the detachment process under gradually increasing shear force indicate a complex underlying binding scenario.

Scale bar, 5 mm. To see this figure in color, go online.

for a single sRBC. To quantify the actual closeness of the
interfaces, total internal reflectance (TIR) as a function of
orientation was needed. Therefore, we normalized the inten-
sity traces arbitrarily to the average intensity before detach-
ment, in which the sSRBC was mostly static on the surface.
TIR intensity (a.u.) correlates with the normalized prox-
imity between the SRBC and the LN surface. Also, the inte-
grated TIR intensity indicated the averaged proximity
over the whole cell surface. We assumed that, probabilisti-
cally, the closer the distance between the interfaces the
greater the likelihood of adhered ligands. We observed a
few significant phenomena during the detachment and illus-
trated these in Fig. 2 with timestamps (t;) that specify the
distinct phases of detachment.

The first phenomenon was that the TIR intensity varied
spatially over the surface of the sSRBC during the progres-
sion of detachment. The TIR intensity increased around
the leading edge between t; and t» (Fig. 2). Also, the high
TIR intensity region at the trailing edge shifted in the trans-
verse direction between t; and t,. The second phenomenon
was that, during the second phase of detachment, the inte-
grated TIR intensity increased to 1 relative to its initial value
of 0.75. It should be noted that, at t3, the SRBC was released

from the boundary (LN surface) and the integrated TIR in-
tensity during this phase dropped to approximately 0.5. This
kind of intensity change is roughly consistent with the
average distance between sRBC and the LN surface
increasing on the order of ~ Q010 nmP from the initial equi-
librium distance, although a more precise measure of height
change would require a deeper understanding of how scat-
tering depends on the orientation and shape of the RBC
(33,39). The sRBC displayed a dragging motion until t4
and tumbled at ts. The spike of integrated TIR intensity at

ts was considered an artifact because turning or flipping of
the RBC after detachment may also contribute to the overall
scattering intensity, as the cross section of the cell changes
with respect to the propagation vector of the evanescent
wave. The video of the TIRM experiment illustrated in
Fig. 2 can be accessed as Video S1. The details of the shear
force calculations can be found in the supporting material.
With TIRM, the detachment of SRBCs was observed as an
elevation of the scattered light intensity, followed by a
decrease and brief moments of postdetachment contact
seen as peaks in the intensity traces. Furthermore, the
change in integrated TIR intensity was complemented by
spatial variations of TIR intensity. Although we show the
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results for one SRBC, similar variations are generic features
across different cell observations. TIRM reveals that detach-
ment process under changing shear forces likely involves a
dynamic interplay of different adhesion sites along the cell
membrane, as well as varying distances between the mem-
brane and surface at any given site. The collective contribu-
tion of these microscopic phenomena means there is the
possibility of having complex overall detachment dynamics.
In (21) it was argued mathematically that, for the multidi-
mensional free energy landscape of a bond, there are two
scenarios that could lead to nonmonotonic bond lifetime
versus force: 1) multiple physically distinct detachment
pathways, as could happen in our case if detachment occurs
stochastically through different combinations of attachment
sites, and 2) a detachment pathway where bond extension
initially decreases with increasing force, before increasing
at a later stage—compatible with our observation of initial
compression and then release between t; and t;. While
neither of these scenarios means that a catch bond must
necessarily exist in the system, having one of them (or a
combination of both) is a prerequisite for catch bonding.
Thus, our TIRM results indicate that SRBC-LN adhesion
certainly has the potential for behaving like a catch bond.
To determine whether this potential is realized, we turn to
force jump and force ramp microfluidic experiments.

Force-strengthened sRBC adhesion

As a first step toward identifying possible catch bond
behavior, we measured net RBC adhesion on an LN-func-
tionalized surface after a sudden jump in shear force.
We used four different jump magnitudes (Fig. 3 a): in
each case the system was equilibrated at an initial shear

a
Shear step 3
450
= L
= 2 minutes imaging time
] Shear step 2
5 250 Difference of achered cells between
w consecutive images is quantified,
g then normalized by sample volume
r=s
2 Shear step 1
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Shear step 0
50 -
Imaging intervals
e e

T T T T T T
01 15 17 19 21 23

Time (minutes)

force of 50 pN for 15 min, and then either kept at the
same force (as a control) or stepped up to 150, 250, or
450 pN. The force values all fall within the physiological
range observed in postcapillary venules. We monitored
the same 32 mm?’ area of the surface, capturing images
at 2 min intervals. To obtain the net RBC adhesion per
mL of blood sample, we take the mean difference of the
number of adhered RBCs between consecutive imaging in-
tervals after the jump and divide it by the sample volume
that has passed through the microchannel during each inter-
val. The resulting net RBC adhesion values are shown in
Fig. 3 b for samples from seven patients, plotted versus
the shear force after the jump. The net adhesion at lower
forces is positive, reflecting the fact that on average more
cells attach than detach during every imaging interval un-
der those conditions. However, the way that adhesion
depends on force varies dramatically among different pa-
tients. Four out of the seven patients exhibit clear indica-
tions of a force-strengthened (‘‘catch-like’’) adhesion: a
significant increase in net adhesion for the 150 pN jump
compared with the 50 pN control case. At higher forces
the net adhesion steadily decreases. For the remaining three
patients the peak in net adhesion versus force was either
marginally discernible, given the error bars, or not present
(“*slip-like™”).

While force-enhanced net adhesion among the first subset
of patients is suggestive of catch bonding, this experimental
setup does not directly measure bond lifetime versus force.
To get a more fine-grained picture of sSRBC-LN bond dy-
namics, we need to not just count total numbers of cells
on the surface at any given time, but track individual
adhered cells until they detach. This is what we imple-
mented in the next series of experiments.
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FIGURE 3 Net sRBC adhesion normalized by the sample volume follows a heterogeneous force-strengthening pattern in the physiological range of shear
forces of postcapillary venules. (a) Shear force profiles for the force jump experiments and an illustration of the microfluidic device (inset). Consecutive
microscopic images are taken at 2 min intervals and then the change in the number of adhered sickle RBCs is normalized by the sample volume that resulted
in that change. (b) Net RBC adhesion after the force jump as a function of the final force value for seven homozygous sickle cell disease patients. Net adhe-
sion curves vary widely between patients, with some showing clear ‘‘catch-like’” strengthening in the 50-150 pN regime (the presence of a clear peak) and
others exhibiting more ‘‘slip-like’’ characteristics (marginal or absent peak, given the uncertainty). Error bars represent the standard error of the mean. To see

this figure in color, go online.
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Shear ramp experiments: Extracting mean bond
lifetime versus force

The most direct probe of catch versus slip bonding would be
measuring the mean bond lifetime t0f b as a function of a
constant applied force £, as shown qualitatively in Fig. 1.
In principle, this can be implemented by repeatedly subject-

ing individual adhered cells to a particular force value f
until detachment occurs (for example, using atomic force
microscopy (40)), collecting sufficient statistics, and then
repeating this process for a range of different f values. How-
ever, when considering the attachment of an entire SRBC to
the LN surface, mediated by multiple adhesion sites, the
bond lifetime at low shear forces can be quite long (minutes
or tens of minutes). Hence, collecting sufficient statistics

to reliably measure tOf b would be prohibitively time
consuming, particularly if the goal is to repeat the analysis

across many different SCD patient samples. The more prac-
tical alternative in this case is to study detachment dynamics
in an LN-functionalized microfluidic channel (27,28,41).
By linearly increasing shear force in the channel with time
at some constant rate r, we can ensure that eventually
most of the initially adhered sRBCs will detach, yielding
a large number of observed detachment events. However,

to convert these raw observations into an estimate for t0fp
requires several steps of data analysis and modeling, which

we summarize below.

The first step is to estimate the survival probability den-
sity S,0f b for the adhered sRBCs at ramp rate r, where
S,0f b is the probability that a cell adhered at the start of
the force ramp is still adhered when the force has reached
a value f. To do this, we need to be able to track individual
adhered sSRBCs, measure the time of detachment, and hence
obtain the corresponding force at detachment. A well-popu-
lated, large field of view of preset size is chosen at the start
of the assay and the initial number of adhered sRBCs is

Catch bonds in sickle cell disease

noted. The field of view is locked in for the duration of
the assay, and videos with a top-down view are recorded.
The videos are analyzed using a custom automated image
processing pipeline, building on a deep neural network
approach we recently developed (34). We can find the sur-
vival function via S,0f bzNOf =rb=NO0b, where NOtb is the
number of adhered sRBCs left at time ¢ after the start of
the ramp. Fig. 4 a shows the four different force protocols
used in the assay, with varying ramp rates. The correspond-
ing estimates of S,07p for one patient are shown in Fig. 4 b.
The initial number of adhered cells NOOP within our field of
view varies between experimental trials and different pa-
tients, but is of the order of 0010 — 10%b cells. The presence
of many adhered cells in these conditions, and their ability
to survive tens of minutes on the surface before detachment,
is characteristic of the strong adhesion of sSRBCs. In com-
parison, when non-sRBCs were used as controls (RBCs
with adult hemoglobin HbAA from donors with no known
hemoglobinopathies) adhesion durations were extremely
short (1.3 5 2.8 s at 200 pN, mean 5 SD, N ¥ 608
RBCs), which means on average very few cells are adhered
on the surface at any given time in our observational win-
dow, precluding a comparable analysis of healthy RBCs.
The second step is to relate the S,0f P estimates to the
mean bond lifetime tOf b at constant force. There is one
case where this relationship is easy to formulate: the pure
adiabatic pulling regime (42). To define this regime, let us
assume our system is characterized by heterogeneous bound
states that can dynamically interconvert between each other
before detachment—as is suggested by the TIRM results,
and typical for catch bonds (43). For a given ramp rate r,
we are in the pure adiabatic pulling regime if the timescale
of interconversion, as well as the timescale of equilibration
within each state, are both much smaller than the typical
timescale of detachment at that value of ». In other words,
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FIGURE 4 Experimentally obtained survival curves under varying shear force ramping yield an estimate for the mean bond lifetime as a function of force.

(a) Shear force profiles for the ramped shear experiments, with four different ramp rates . Ramp rates can also be expressed in terms of shear force rate as
follows: ramp 1, 17.15 pN/min; ramp 2, 20.58 pN/min; ramp 3, 24.01 pN/min; ramp 4, 30.87 pN/min. (b) Survival curves S,0f P for sSRBC-LN adhesion under

the ramps shown in (a) based on blood samples from one SCD patient. (¢) Using the S,0f P data, we employ maximum likelihood estimation to fit the pa-
rameters of the model in Egs. 2 and 3. The four fitted parameters (ki, d1, k2, d>) allow us to predict the mean bond lifetime 9P versus force f'(red curve) for

this patient. To see this figure in color, go online.
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the system has a chance to extensively sample the bound
states before detachment, and the overall bond lifetime re-
flects an averaging over those states. If we are in this regime,

S,0/P and tOfb are related via (42,44):

0

1
SOfP Yo exp  ~ - . wrbdr )

where kOf Ph1=t0f b is the mean detachment rate at force f,
and fy is the force at the beginning of the ramp (foz 34 pN
in our case). As can be seen from the structure of Eq. 2, there
is a straightforward empirical test for whether the adiabatic
regime is actually realized (42): the quantity — rlog S,0f'b
should be independent of » across the range of measured
forces (within experimental error bars). We can readily
verify this criterion using our estimates of S,0f P at four
different ramp rates », and we find that, for our experimental
setup, the pure adiabatic regime holds (see Fig. S1).

In principle, Eq. 2 can be inverted to find kK0P V4 — 10d =
df'bIn S,8fb, and hence tOf b ¥4 1=k0f b, but taking derivatives
of noisy estimates of S,0f b is typically unreliable. Hence,
we adopt an alternative approach, where we assume an un-
derlying functional form for k8f P and use maximum likeli-
hood estimation (on the combined data from all four ramp
rates, for better statistics) to find the parameters of the k0f P
function. The full details of the parameter estimation pro-
cedure are in the supporting material. The form of x0f b
should be flexible enough to cover both slip and catch
bond behaviors, and a reasonable starting point is the
phenomenological model of (43). This model has two
bound states with distinct detachment pathways, but when
the timescales of interconversion between bound states
are fast (our regime of interest), the detachment rate re-
duces to a simple two-exponential form (43,45):

a kq - d, Best Fit Parameters for Each Subject |

kOfb Va kie" p ket 3)

whereb V4 0kTb-!, T'is temperature (taken to be T ¥4 298

K), and k3 is the Boltzmann constant. The first term has the

same structure as the Bell model for slip bonds (16), with a
rate coefficient &y and a parameter d; (measured in units of
distance) that characterize the sensitivity of the Bell term to

force f; “‘brittle’’ (less force-sensitive) bonds correspond
to smaller d;, and ‘“ductile’’ (more force-sensitive) bonds
to larger d; (46). The second term has a similar form,
with parameters k» and d>, but the sign difference in the
exponential means this term can potentially increase the
overall rate (and hence decrease lifetime) at small forces,
leading to catch bond behavior. The latter typically requires
the second term to be dominant at small forces, with
k» I k. Ifinstead the first term dominates, we end up
with a slip bond. Fig. 4 ¢ shows the parameter estimation re-
sults for the survival data in Fig. 4 b, with the corresponding

tdf P curve for that particular patient. The curve turns out to
exhibit clear catch bond behavior, but how common is this

among SCD patients in general? To investigate the vari-
ability of tdf P, we turn to analyzing a cohort of 25 SCD
patients.

Variation in bond dynamics among a group of
SCD patients

Fig. 5 a and b summarizes the fitting results for the 25 SCD
patient samples, with Fig. 5 a showing the 0k;; d\b parame-
ters of the Bell term in Eq. 3, and Fig. 5 b showing the
Oky; d,P parameters of the catch term. Nine out of the 25 pa-
tients had nonnegligible k> values, and hence exhibited
catch bond behavior (or near-catch-bond behavior, in the

- k, - d, Best Fit Parameters for Each Subject ¢ 4I(?(g(c)adicted Mean Lifetime vs Shear Force Curves
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FIGURE 5 Bond lifetime fitting results for a group of 25 SCD patients. (a) (ki, d,) best-fit values, characterizing the first (Bell) term in Eq. 3. The pa-
rameters exhibit an approximately exponential trend (dashed line). (b) (k», d>) best-fit values, corresponding to the second (catch) term in Eq. 3. Only 9
out of the 25 patients are shown here, the ones with nonnegligible &, values that lead to catch-like bond behavior. The same 9 patients are highlighted in
red in (). In both (a) and (b) the error bars correspond to 95% confidence intervals. (¢) Best-fit predictions of the mean bond lifetime tdfb for individual
patients are plotted as thin curves. Slip-like and catch-like behavior are colored in blue and red, respectively. The average lifetime behaviors for these

two subgroups are plotted as thick curves. To see this figure in color, go online.
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case where tOf b levels off at small forces but does not reach
a peak). This is seen clearly in Fig. 5 ¢, which plots tOf b for
all the patients (catch-like curves in red, slip-like curves in
blue). The Ok;; d\b parameters in Fig. 5 a obey a roughly
exponential relationship (dotted line), with smaller k; corre-
lated with larger di. Explaining this curious relationship
(and whether it is a universal feature of SCD patient popu-
lations) is an open question for future studies. An answer
likely requires going beyond the phenomenological theory
of Eq. 3 to more detailed, structure-based models of the
various adhesion interactions that collectively contribute
to SRBC-LN bond dynamics (along the lines of (47,48)).

The variation in tOf P among the 25 patients in Fig. 5
is quite dramatic, particularly at smaller forces. Near the
lower end of the force range typical of postcapillary venules
(~ 80 pN), the mean adhesion times vary from hundreds
to several thousand seconds. For those cases that do
show catch bonding, the locations of the peaks (~ 50 —
150 pN) are similar to peaks observed in Fig. 3 b, corrobo-
rating the force jump experimental results. The t0f P curves
averaged over all the catch-like and slip-like patients are
shown as thick red and blue curves, respectively. These sub-
group results indicate that, on average, catch bonds play a
mechanical buffering role, increasing the bond lifetime
above the slip subgroup for physiologically relevant forces
(T100 pN). (Although it is worth noting there are individ-
ual slip bond cases with comparable or larger lifetimes to
the catch bond cases.) Does such strengthened adhesion
play a role in the clinical manifestations of SCD? We tackle
this question in the next section.

Bond lifetime correlates with clinical features
of SCD

Catch bonds can be useful physiologically—for example,
they are involved in selectin-mediated rolling of leukocytes,
a mechanism that helps leukocytes recognize the site of
inflammation in blood vessels (49). In this instance, catch
bonds act as a sensor of increased shear force due to vaso-
constriction, helping to regulate the desired function of the
cells. Catch-like SRBC adhesion in SCD could use the
same sensor mechanism to deleterious effect, leading to
adhesion of sSRBCs around sites of inflammation. For com-
parison, the peaks in bond lifetimes for selectins with their
ligands occur in a similar force regime (< 100 pN (50)) to
the SRBC-LN catch bonds. Thus, catch-like SRBC adhesion
may be detrimental for individuals with SCD who suffer
from chronic inflammation, and even though the antiadhe-
sive crizanlizumab inhibits leukocyte adhesion the shear-
enhanced adhesion of sRBCs may still persist. Another
instance of a pathology that causes elevation of shear force
is hyperperfusion—increase of blood velocity. Hyperperfu-
sion is both a systemic and regional dysregulation in SCD
(51,52), and contributes to the perfusion paradox that insti-
gates vaso-occlusion in postcapillary venules (53). The

Catch bonds in sickle cell disease

combination of sRBC catch-like adhesion and hyperperfu-
sion could potentially magnify adverse outcomes.

To test whether the observation of catch-like behavior by
itself has SCD clinical associations, we conducted a statisti-
cal analysis of the catch-like versus slip-like subgroups in
our cohort of 25 SCD patients. Examining a variety of clin-
ical patient parameters related to SCD phenotypes, we
found no significant clinical associations between the two
groups (Table S1). This is likely due to the fact that both
catch-like and slip-like patients exhibit wide variation in
their tOf P behaviors, as discussed in the previous section.
For example, at physiological forces there are both catch-
like and slip-like patients among the ones with highest
bond lifetimes (and also among the lowest).

Given this fact, we suspected that a better observable
might be the bond lifetime under force, since larger adhe-
sion lifetimes should have clear biological consequences
in the context of the disease. For each patient, we averaged
the tOf'P result from Fig. 5 over the physiological force range
accessible to our measurements, 80-450 pN. This defines a

R,
L tdfbdf, where

force-averaged bond lifetime Th_, .7

fa ¥4 80 pN, f, V4 450 pN. The distribution of T values

for our 25 patients was normal but slightly skewed, and
we divided the group into two using the median rank
(Fig. 6 a, p V4 0.102, Anderson-Darling test, skewness 4
0.67). Fig. S2 replots the t0fP results of Fig. 5, but now high-
lighting the two groups based on low and high T. Strikingly,
the SCD phenotypes that are related to inflammation and
elevated blood velocity were more pronounced in the high
T group than in the low T group (Table 1). These differences
are also shown as a distribution in Fig. 6 b and ¢: 10.9 5 3.1
white blood cells (in units of 10°/L) in the low  group vs.
13.4 5 2.1 in the high T group (p ¥ 0:032); similarly,
2.39 5 0.43 m/s tricuspid regurgitation velocity for low
T vs. 290 5 0.52 m/s for high T (p ¥ 0.011, one-way
ANOVA). It is important to note that, as we have discussed
above, both of these phenotypes manifest themselves with a
regional or systemic increase of shear force.

Obstruction in the small arteries in the lung causes
increased pressure in the lung, leading to the complication
known as pulmonary arterial hypertension (PAH). PAH is
a debilitating disease even without SCD and puts more
stress on the right side of the heart. We found that PAH
was more common in the high ¢ group (Table 1) (4/10 vs.
9/11; p V4 0.049, c*-test). We also show that T correlates
with the pressure difference between the right ventricle
and atrium of the heart. This difference can be calculated
with the Bernoulli equation, DP ¥4 4 OTRmaP?, where
TRumax is the peak tricuspid regurgitation velocity and DP
is the echocardiogram-estimated pulmonary artery pressure
(PAP) (54). T versus PAP is plotted in Fig. 6 d (p ¥4 0:031,
linear regression). Medical guidance prescribes that PAH
diagnosis should be confirmed with PAP using right heart
catheterization (55), which is found to be well correlated
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FIGURE 6 High force-averaged bond lifetime ¢ is associated with clinical markers that suggest the presence of a regional or systemic increase in shear
force. (@) Distribution of T values among 25 SCD patients, and the cutoff for dividing the group into high and low T subgroups. (b) White blood cell (WBC)
count and (c) tricuspid regurgitation velocity (TRV) are associated with high™t. The X signs denote the outliers (p ¥4 0:035 and p ¥4 0:003 for WBC and
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relates with echocardiogram-estimated pulmonary artery pressure (PAP). Echocardiograms are important for the diagnosis of pulmonary artery hypertension

with right heart catheterization. To see this figure in color, go online.

with the echocardiogram-estimated PAP (56,57). Further-
more, we found that intracardiac shunts are more common
in the high T group (Table 1): 1/10 vs. 7/11 (p Y4 0:012,
c’-test). Intracardiac shunts are a form of a broader condi-
tion known as right-to-left shunting (RLS) where a portion
of deoxygenated blood bypasses the lungs and returns to
the systemic circulation without being oxygenated. RLS,
which is increasingly being recognized in people with the
HbSS SCD genotype (58,59), may result in stroke. This is
because it hinders resolution of small blood clots in the

TABLE 1

lungs by providing a passage for these clots to return to
the circulation (60). Although the etiology of RLS in SCD
is unknown, the findings that high T is associated with
increased pulmonary pressure and intracardiac shunts are
consistent with the hypothesis that deoxygenated HbS-con-
taining RBCs obstruct the pulmonary vasculature and result
in eventual formation of abnormal shunting (58).

Up to now we have discussed inflammation and hyperper-
fusion in the context of SCD and its relation to shear force.
But there is another factor that influences the shear forces

Clinical phenotypes of 25 SCD patients based on force-averaged bond lifetime ¢t

Subjects with low force-averaged

Subjects with high force-averaged

bond lifetime

bond lifetime

Parameters (units) NVa12 NVil13 P

Age 332562 3325095 0.997
White blood cells (10°/L) 1095 3.1 1345 2.1 0.032*
Absolute neutrophil count (10%L) 6630 5 3169 8454 5 1657 0.098°
Platelets (10°/L) 369.75 62.0 355.15127.6 0.734*
Mean corpuscular volume (fL) 86.55 15.9 893536 1.000°
Hemoglobin (g/dL) 835615 895615 0.346"
Hematocrit (%) 246529 259547 0.449*
Tricuspid regurgitation velocity, peak (m/s) 2395043 2.905 0.52 0.011°
Red blood cells (10'%/L) 2.750.33 2950.6 0.305°
Absolute reticulocyte count (10%L) 412 5183 487 5 170 0317
Reticulocyte percent (%) 1505 5.7 17.6 5 6.1 0.315%
Lactate dehydrogenase (U/L) 491 5 338 556 5 390 0.974°
Hemoglobin S (%) 51.05 224 47.6 5 16.1 0.671%
Hemoglobin A (%) 39.55623.1 39.75 157 0.541°
Hemoglobin F (%) 5856.7 25521 0.173°
Pulmonary artery hypertension 4/10 9/11 0.049¢
Intracardiac shunt 1/10 7/11 0.012¢

Values are mean 5 SD. Bold denotes p value less than 0.05.

High 1 is associated with larger white blood cell counts and peak tricuspid regurgitation velocities, as well as diagnoses of pulmonary artery hypertension and

intracardiac shunts.
*Calculated based on one-way ANOVA.

“Calculated based on nonparametric Mann-Whitney test.

°Calculated based on ¢>-test.
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acting on sRBCs, namely whole blood viscosity. There are
variety of features that determine blood viscosity: plasma
viscosity, RBC deformability and aggregation, hematocrit
(the fraction by volume of RBCs in the blood), and the
contribution of other vascular components—including leu-
kocytes, endothelial cells, and pericytes (61). In particular,
reduced RBC deformability causes HbSS blood (the most
common genotype in SCD) to be more viscous than normal
blood (HbAA) at the same hematocrit level. This is not an
issue for bulk flow in SCD patients, since the low hematocrit
associated with severe anemia compensates to reduce the
viscosity (62). However, the microcirculation is potentially
more problematic. In capillaries, where blood flow is main-
tained with low force, the viscosity is actually decreased
further due to plasma skimming, approaching the viscosity
of plasma (the Fa'hreeus-Lindqvist or sigma phenomenon).
However, in the postcapillaries, it suddenly increases, the
so-called inversion phenomenon. Notably, the hematocrit,
which is exponentially related to blood viscosity, can in-
crease up to 75% in this part of the microcirculation (63).
The deformability of blood cells becomes a key factor to
keep the flow resistance low in postcapillaries, so that
RBC passage is completed before the rapid polymerization
of the HbS after initial nucleation. In addition, hemolysis
increases the flow resistance by depleting nitric oxide
and activating the endothelium and leukocytes (63,64).
Abnormal cellular adhesion (along with other SCD features
such as increased RBC stiffness and hemolysis (63,64)) can
further contribute the flow resistance, increasing blood vis-
cosity and therefore shear force in the postcapillary regions.

Given the variation in t0fP between high and low T groups

(as well as between catch and slip behaviors), the conse-

quences of increased shear could vary widely from patient
to patient. The same would be true when evaluating
therapies that target reduction in the flow resistance by
blocking cellular adhesive interactions (crizanlizumab,
L-glutamine, purified poloxamer 188, etc.) and therapies
that target improving the sSRBC deformability (voxelotor).
For example, crizanlizumab inhibits the adhesion of leuko-
cytes, which would have a downstream effect of reduced
flow resistance and reduced viscosity, thereby decreasing
the shear force. This can be detrimental for a patient in
the slip-like subgroup due to increased adhesion lifetime
at lower shear forces, defeating the purpose of the treatment.
The results described in this section already highlight that

the tOf b profile for a given patient has clinical relevance.
Further studies are needed to see if knowledge of this profile

can be harnessed to tailor and improve the effectiveness of
therapeutic interventions.

CONCLUSIONS

In this study we examine sSRBC-LN adhesion using a variety
of complementary approaches. TIRM allowed us to visu-
alize how the adhesion sites on the SRBC surface dynami-

Catch bonds in sickle cell disease

cally vary in both location and height in the moments
before detachment. These complex dynamics are a require-
ment for the existence of catch bonding, which we subse-
quently observed in two different experiments that used
increased shear force (either via sudden jumps or linear
ramps) to detach sSRBCs from an LN-functionalized surface.
By extracting the mean bond lifetime versus force profiles
for individual SCD patients using the experimental distribu-
tions of detachment events, we found that these profiles
were remarkably heterogencous among a cohort of 25 pa-
tients. Not only did the lifetime curves vary qualitatively
(catch versus slip) but also showed a wide range of magni-
tudes in the force regime typical of postcapillary vessels. Pa-
tients with large bond lifetimes at physiological forces were
more likely to exhibit certain adverse SCD phenotypes:
larger numbers of white blood cells (associated with inflam-
mation), larger tricuspid regurgitation velocity (associated
with hyperperfusion), pulmonary artery hypertension, and
intracardiac shunting.

Our work is the first to observe dynamical heterogeneity
in sRBC-LN adhesion and identify its clinical conse-
quences. But there are still many open questions about these
phenomena at both molecular and phenotypic levels. In
terms of molecular mechanisms, the biggest question is
how the individual dynamics of protein-ligand complexes
among the SRBC adhesion sites contribute to give an overall
catch or slip lifetime behavior (i.e., if the individual com-
plexes are catch or slip-like and how their collective
behavior is regulated). We hope our results will spur further
research into the microscopic details, and we are planning
follow-up work from our own group to elucidate this ques-
tion. Fig. 7 provides a schematic illustration of several
possible explanations. Slip bonding is the simplest to ratio-
nalize, since it requires nothing more than individual com-
plexes that form via single binding domains, which then
become destabilized under increasing force. Catch bonding
necessitates more elaborate mechanisms. Case I in Fig. 7
shows one possible route: if there are multiple available
binding domains at the protein-ligand interface, remodeling
of the interface under force might allow additional domains
to engage, strengthening the bond (47,65). But there are also
alternatives, for example case Il in Fig. 7: here each protein-
ligand complex is individually a slip bond, but there could
be some coordination in the way these bonds are formed,
either within a cluster at a given adhesion site, or among a
group of sites (66,67). And of course there could be even
more complex mechanisms, involving mixtures of molecu-
lar catch and slip bonds determining the overall sSRBC adhe-
sion dynamics.

At the phenotypic level, it would be interesting to inves-
tigate how the dynamical heterogeneity of SRBC adhesion
influences the progression of vaso-occlusive crises. One
hypothesis is that, when an occlusion at a single site is
cleared, the resulting restoration of blood flow (reperfu-
sion) causes increased blood velocities (hyperperfusion)

Biophysical Journal 122, 2564-2576, June 20, 2023 2573



Goreke et al.

Adherent red blood cell

Increased shear stress
breaks SLIP BOND

Increased shear stress

... .. S —
' SLIPBOND L  CATCHBOND L
3 v e — ¢ el
= | 8
0 | s
3 | 2
) | 3
| — | E
A s N
N | Additional domain Ligand clustering | v
S | <
(Y 1 S
e ‘ i
0 | S
= | @
= =
59 = | - ) . 12
| il 3 Greater red blood cell adhesion

| S S 3 N

strengthens CATCH BOND

FIGURE 7 Possible molecular mechanisms underlying SRBC-LN slip and catch bond behaviors. Slip bonds could be mediated by individual protein-
ligand complexes that have slip dynamics, for example, binding via a single domain that becomes destabilized by increasing force. To get collective catch
bond dynamics at the whole-cell level, different scenarios are possible. For case I, each individual protein-ligand complex is itself a catch bond, with addi-
tional binding domains that engage and strengthen the bond when force is applied to the complex. For case II, each individual complex is a slip bond, but there
could be coordination among clusters of the bonds that give rise to overall catch dynamics. To see this figure in color, go online.

in the downstream network of blood vessels. Does this
lead to enhanced sRBC adhesion for patients with
catch bonding, helping nucleate new occlusion sites and
spreading the region of inflammation? How different is
the probability of new occlusions and the consequent rate
of spreading for patients with high versus low 7? Can doing
an in vitro measurement of SRBC adhesion dynamics for a
patient allow us to predict the duration of a vaso-occlusive
event? Answering these questions is especially important
for assessing antiadhesive therapies, including tinzaparin,
IVIG, and sevuparin, whose primary outcome measures
include time to resolution of acute vaso-occlusive compli-
cations in their clinical trials (68). Looking toward the
future, it is clear that understanding the unique dynamical
features of sRBC adhesion within a given patient could
open up new avenues of personalized SCD therapies.
But the usefulness of our approach is not limited to the
context of SCD. The microfluidic experimental setup and
data analysis techniques we describe here can be adapted
to study the adhesion dynamics of various other cell
types, i.e., leukocytes or cancer cells. We can also use
our setup to quantify how adhesion is impacted by dis-
ease-related environmental conditions, for example, oxy-
gen deprivation (via an in situ gas exchanger (69)) or the
presence of drugs.
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SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2023.05.010.
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