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ABSTRACT Human healthy (wild-type (WT)) and homozygous sickle (SS) red blood cells (RBCs) express a large number of
surface receptors that mediate cell adhesion between RBCs, and between RBCs and white blood cells, platelets, and the endo-
thelium. In sickle cell disease (SCD), abnormal adhesion of RBCs to endothelial cells is mediated by the intercellular adhesion
molecule-4 (ICAM-4), which appears on the RBC membrane and binds to the endothelial av33 integrin. This is a key factor in the
initiation of vaso-occlusive episodes, the hallmark of SCD. A better understanding of the mechanisms that control RBC adhesion
to endothelium may lead to novel approaches to both prevention and treatment of vaso-occlusive episodes in SCD. One impor-
tant mechanism of ICAM-4 activation occurs via the cyclic adenosine monophosphate-protein kinase A (CAMP-PKA)-dependent
signaling pathway. Here, we employed an in vitro technique called single-molecule force spectroscopy to study the effect of
modulation of the cAMP-PKA-dependent pathway on ICAM-4 receptor activation. We quantified the frequency of active
ICAM-4 receptors on WT-RBC and SS-RBC membranes, as well as the median unbinding force between ICAM-4 and av33.
We showed that the collective frequency of unbinding events in WT-RBCs is not significantly different from that of SS-RBCs.
This result was confirmed by confocal microscopy experiments. In addition, we showed that incubation of normal RBCs and
SS-RBCs with epinephrine, a catecholamine that binds to the §-adrenergic receptor and activates the cAMP-PKA-dependent
pathway, caused a significant increase in the frequency of active ICAM-4 receptors in both normal RBCs and SS-RBCs. How-
ever, the unbinding force between ICAM-4 and the corresponding ligand av33 remained the same. Furthermore, we demon-
strated that forskolin, an adenylyl cyclase activator, significantly increased the frequency of ICAM-4 receptors in WT-RBCs
and SS-RBCs, confirming that the activation of ICAM-4 is regulated by the cAMP-PKA pathway. Finally, we showed that
A-kinase anchoring proteins play an essential role in ICAM-4 activation.

INTRODUCTION

Sickle cell disease (SCD) is a blood disorder that results from a key trigger of vaso-occlusive episodes (VOEs), which are

a recessively inherited point mutation occurring in the
(-globin gene. This gives rise to abnormal (sickle) hemoglo-
bin (HbS), which in deoxygenated conditions polymerizes to
form stiff filaments (1-3), causing a distortion in the shape of
the red blood cells (RBCs) from biconcave to sickled.
Because of their distorted shape, RBCs carrying the defec-
tive hemoglobin HbS are called sickle RBCs (SS-RBCs).
In addition to their irregular shape, compared with normal
(wild-type (WT)) RBCs, SS-RBCs are stiffer and more
viscous, and show higher adhesion to other RBCs, platelets,
leukocytes, and the endothelium (2,4—-8). Abnormal SS-RBC
adhesion leads to delayed microvascular passage of deoxy-
genated RBCs, inducing sickling and entrapment of RBCs,
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the hallmark of SCD (9). In addition, the degree of RBC
adhesion has been shown to correlate with the clinical
severity of VOEs (6,10).

Previous studies by our group and others (9,11,12)
demonstrated that increased SS-RBC adhesion is due to
enhanced expression of functional adhesion receptors on
the RBC membrane. RBC receptor activation is dependent
upon intracellular signaling pathways (5) that can be acti-
vated by extracellular stimuli. One such pathway is
cAMP-PKA, which can be activated by epinephrine, a cate-
cholamine that binds to G protein-coupled receptor
(9,12,13). It has been shown that the cAMP-PKA pathway
directly regulates the activation of basal cell adhesion
molecule/Lutheran (BCAM/Lu) on the RBC surface
(7,12,14). These BCAM/Lu receptors in turn bind to lami-
nin-a-5, a component of the endothelial subcellular matrix
(14). In addition, studies using a variety of adhesion assays,
including micropipetting and perfusion chambers, revealed
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that SS-RBCs adhere to endothelial cells (10,15), inducing
endothelial injury and inflammation, and likely contributing
to VOEs (6,10,16—18). Zennadi et al. (7) further showed that
intercellular adhesion molecule-4 (ICAM-4) is the primary
receptor that mediates the adhesion of SS-RBCs to endothe-
lial cells, and that the ligand for the ICAM-4 receptor is the
endothelial avg3 integrin (7,19,20). They also reported that
epinephrine can stimulate the activation of ICAM-4 at least
partially via the cAMP-PKA-dependent signaling pathway.
Specifically, epinephrine stimulates RBC §2-adrenergic re-
ceptors (82-ARs) through activation of the « subunit of the
associated G protein (Gas) by exchanging its bound guano-
sine diphosphate (GDP) to guanosine triphosphate (GTP)
(21,22). The activated Gas, together with GTP, then dissoci-
ates from the § and v subunits to further stimulate adenylyl
cyclase (AC) (23,24). AC catalyzes the conversion of aden-
osine triphosphate (ATP) to cAMP, which then activates
PKA (12,25). PKA in turn phosphorylates ICAM-4. The
cAMP-PKA pathway is described in Supporting Materials
and Methods in the Supporting Material (Fig. S1).

Our group first demonstrated that scaffold proteins
termed A-kinase anchoring proteins (AKAPs) are critical
for mediating the adherence of RBC BCAM/Lu receptors
to laminin (12). The AKAP family includes ~50 structurally
diverse but functionally similar scaffolding proteins that
contain 1) a common PKA-anchoring domain that binds to
the regulatory subunit of PKA (26-28) and 2) a unique sub-
cellular targeting domain that guides the PKA-AKAP com-
plex (21,29,30). AKAPs anchor PKA to specific subcellular
sites, thereby guiding PKA activity toward specific locations
in the cell, such as the plasma membrane (31), where PKA
can alter the phosphorylation state of neighboring RBC re-
ceptors (26). It has been postulated that AKAPs mediate
cAMP-PKA-dependent activation of RBC adhesion recep-
tors via this mechanism (12).

In this study, we extended our work to investigate the
effects of cAMP-PKA pathway manipulation on 1) the
binding between ICAM-4 and av(33, and 2) the expression
of active ICAM-4 receptors on the membrane of both
WT-RBCs and SS-RBCs. We also investigated whether
AKAPs play a role in ICAM-4 activation. We implemented
single-molecule force spectroscopy (SMFS) by using an
atomic force microscope (AFM), which allows for the detec-
tion of single functional receptors on cells as well as mea-
surements of the unbinding force between a receptor and
the corresponding ligand (12,32-38). It also allows detection
of variations in the collective frequency (CF) of active
ICAM-4 receptors on the RBC membrane. We used several
biochemical reagents that manipulate the cAMP-PKA
pathway and the AKAP-PKA complex to regulate ICAM-4
activation. In addition, we used confocal microscopy to
corroborate our AFM results.

Our experiments confirmed, at the single-molecule level,
that activation of the ICAM-4 receptors depends upon the
cAMP-PKA pathway. Using both SMFS and confocal
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microscopy, we found that the surface expression of active
ICAM-4 receptors did not differ significantly between
WT-RBCs and SS-RBCs. We also showed that epinephrine
increased the expression of active ICAM-4 receptors in
RBC samples from both healthy donors and SCD patients.
Importantly, we demonstrated that this activation is medi-
ated by AKAPs. In addition, we found that although the
CF of active ICAM-4 receptors was modulated via the
cAMP-PKA pathway, the mean value of the unbinding force
between active ICAM-4 and av@33 did not change even at
higher surface expressions of active ICAM-4. This means
that activation of ICAM-4 did not alter the unbinding force
and that nanoclusters of [ICAM-4 receptors were not formed
in detectable numbers. This result, along with the finding
that epinephrine activates ICAM-4 in both WT- and
SS-RBCs, contrasts with results based on flow-chamber as-
says that showed that epinephrine did not significantly in-
crease ICAM-4-dependent adhesion on WT-RBCs. The
findings of this work might be of clinical importance in
the context of drug development for the prevention and
treatment of VOEs in SCD because they suggest that
enhanced adhesion events between RBCs and the endothe-
lium can be hindered by the introduction of biomedical re-
agents that act not only along the cAMP-PKA pathway
but also on the AKAP-PKA complex.

MATERIALS AND METHODS
Human subjects and blood preparation

Our clinical protocol was approved by the institutional review boards of the
University of Connecticut-Storrs and UCONN Health. For inclusion in the
study, healthy volunteers had to be at least 7 years old and have a normal
hemoglobin electrophoresis. Healthy volunteers were excluded from the
study if they were pregnant, breastfeeding, or within 3 months postpartum;
had received antilipid therapy within the previous week; were taking an
investigational drug; or had received a blood transfusion within the previous
3 months. Inclusion/exclusion criteria for homozygous SCD (SS) patients:
SCD patients were included in the study if they had documented homozy-
gous SS disease, were at least 7 years old, and were in steady state. Steady
state was defined as not having received a parenteral opioid in the previous
4 weeks, had pain no greater than the usual daily level for 4 weeks, and had
no increase in their usual nonparenteral opioid medication in the previous
4 weeks. SCD patients were excluded from the study if they were pregnant,
breastfeeding, or within 3 months postpartum; had received antilipid ther-
apy within the previous week; were taking an investigational drug; had
been treated with hydroxyurea (HU); or had received a blood transfusion
within the previous 3 months. HU treatment was an exclusion criterion
because HU has been shown to affect RBC adhesion to laminin by inhibit-
ing phosphorylation of BCAM/Lu (12,39), and we reasoned that HU might
act in a similar way to inhibit activation of ICAM-4. None of the SCD sub-
jects had chronic organ damage. The demographic and clinical characteris-
tics of the subjects are provided in Table 1.

Blood samples were obtained from freshly drawn, heparin-anticoagu-
lated venous blood from eligible volunteers after they provided informed
consent. Whole blood was centrifuged at 145 x g for 5 min at 4°C to sepa-
rate the RBCs. The plasma and buffy coat were extracted and discarded.
Then, the remaining RBCs were washed three times with Alsever’s solution
and stored at 4°C for up to 7 days. We note that the experiments were per-
formed in normal, nonhypoxic conditions. This is because hypoxia (6) and



TABLE 1 Demographic and Clinical Characteristics of the
Blood Donors

SCD Patient

Healthy Volunteer

n=4 n=3

Age, mean, SD 26 (5) Age, mean, SD 40 (3)
Gender, n, % Gender, n, %

male 4 (100) female 3 (100)
Race, n, % Race, n, %

African-American 4 (100) African-American 2 (67)
Genotype, n, % White 1(33)

HbSS 4 (100)
Hemoglobin, g/dL, Genotype, n, %

mean, SD 9 (0) HbAA 3 (100)
Leukocyte count,

K/uL, mean, SD 14 (2)
Platelet, K/uL, Hemoglobin, g/dL,

mean, SD 502 (181) mean, SD 13 (1)
Neutrophil, %, Leukocyte count, K/uL,

mean, SD 53 (15) mean, SD 6(2)
Reticulocytes, %, Platelet, K/uL, mean, SD 284 (64)

mean, SD 13 (5)
LDH, U/L, mean, SD 444 (66) Neutrophil, %, mean, SD 57 (10)

the consequent changes in the viscoelastic properties of SS-RBCs (40) may
play a role in the variation of RBC adhesion, adding another parameter to
the main focus of this work, which is the cAMP-PKA pathway. We also
note that in SS patients the reticulocyte count average was 13% + 5%
(see Table 1), which is increased compared with healthy donors whose
reticulocyte count is typically close to 0.5-2% (41). In our experiments,
we chose to test only RBCs that had the characteristic biconcave shape to
exclude reticulocytes, which typically had irregular shapes in our samples
(see Supporting Materials and Methods and Fig. S2).

Ligand and reagents

Human integrin avB3 protein (100 pg/mL, diluted with PBS) was obtained
from Millipore (Billerica, MA). Alsever’s solution, epinephrine (16.39 nM,
reconstituted in Alsever’s solution), forskolin (FSK; 0.49 uM, reconstituted
in DMSO), and bovine serum albumin (BSA; 100 ug/mL, reconstituted in
PBS) were purchased from Sigma-Aldrich (St. Louis, MO). St-Ht31 inhib-
itor peptide and St-Ht31P control peptide (both 81.97 nM, reconstituted in
Alsever’s solution) were purchased from Promega (Madison, WI). RBCs
were treated with the above reagents at 37° for 30 min unless otherwise
indicated.

AFM cantilever probe functionalization

Soft silicon nitride cantilevers with silicon nitride tips were purchased from
Bruker Nano (Camarillo, CA). The tip height was between 2.5 and 8 um
and the nominal tip radius was 20 nm. The nominal spring constant of
the applied cantilever was 30 pN/nm. The actual spring constant under
the experimental condition (in Alsever’s solution at 37°C) was calculated
via a thermal-noise-based method (42.43).

Glutaraldehyde functionalization

Silicon nitride probes (Bruker AFM Probes, Camarillo, CA) were first
amino-functionalized with 2% v/v 3-aminopropyltriethoxysilane in acetone
(Sigma-Aldrich) for 10 min and then rinsed with deionized (DI) water. The
probes were soaked in 0.5% v/v glutaraldehyde (solution in DI water) for
30 min, rinsed again with DI water, and incubated in a 100 pug/mL av@3
solution. After 30 min, the probes were rinsed with DI water and immersed
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in 100 ug/mL of BSA for 1 min to block the remaining aldehyde groups.
The probes were stored in PBS at 4°C and used within 3 days.

Acetal-PEG-NHS-av33 functionalization

Silicon nitride probes were functionalized with av(3 via acetal-PEG-NHS
(Institute of Biophysics, Johannes Kepler University, Linz, Austria) according
to the manufacturer’s instructions (http://www.jku.at/biophysics/content).

AFM setup and data recording

Experiments were performed using an MFP-3D-BIO AFM (Asylum
Research, Santa Barbara, CA) that was mounted on an inverted microscope
(Axiovert Al, Zeiss, Oberkochen, Germany). Using the microscope, we
were able to position the AFM cantilever on a chosen RBC (Fig. 1 A) that
was <10 pm in diameter and possessed an explicit circular biconcave shape
indicative of RBC maturity and functionality. RBCs were pretreated with
specific biomedical reagents and incubated at 37°C (30 min for epinephrine
and FSK; 2 h for St-Ht31 and St-Ht31P). For each reagent, five RBCs from
each subject were tested. RBCs were seeded in a glass-bottom petri dish (Ted
Pella, Redding, CA) that was pretreated with 1 mg/mL poly-L-lysine solu-
tion (Sigma-Aldrich) for 15 min at room temperature. Under these condi-
tions, RBCs adhered slightly to the substrate while they maintained their
biconcave shape. During the cantilever retraction, RBCs were not pulled
off the substrate, as we could clearly determine via the inverted microscope.

Adhesive interactions were quantified by recording force-distance curves
at 32 x 32 points, distributed in a 1 um2 area of the RBC membrane, between
an av@33-functionalized cantilever and ICAM-4 receptors expressed on the
RBC membrane. Each curve recorded a complete approach and retraction
cycle. We have shown that measurements at 1024 points uniformly distrib-
uted in a 1 um? area give a representative result for a specific tested RBC.

A

AFM cantilever

w

4—— Approach
— =P Retraction

Force (pN)
‘_ =

<— Unbinding force

FIGURE 1 SMEFS. (A) Optical microscopy image showing the shadow of
an AFM cantilever and a representative human RBC. The scale bar corre-
sponds to 10 um. (B) Force curve plot exhibiting an unbinding event.
The red curve represents the approach of the cantilever to the RBC surface
membrane and the blue curve represents retraction of the cantilever from
the RBC. The sharp change in the magnitude of the retraction force signifies
the unbinding force. To see this figure in color, go online.
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‘We note that because AFM experiments (and the subsequent data processing)
are time consuming and often detrimental to tested cells, we have standard-
ized the optimum scanning area for SMFS experiments on RBCs to be 1 um?
(44). We processed the AFM data using our in-house-developed code, named
FRAME (Force Review Automation Environment) (45). An unbinding force
was determined as the magnitude of the abrupt drop to zero on the retraction
force-displacement curve with a rupture event (Fig. 1 B). The approach and
retraction speed was 800 nm/s, which gave a nominal loading rate of 24,000
pN/s. At this speed, the unbinding measurements were not significantly
affected by hydrodynamic forces (46). A specific trigger point/threshold
was set to control the indentation depth and to ensure that the same nominal
maximum force was applied to each RBC. The corresponding probe travel
distance was ~200 nm, which meant the probe was in contact with the
RBC membrane for ~1/4 s before retraction. We only considered the interac-
tions for which the effective spring constants (k.gr) were <10 pN/nm, which
in combination with the retraction speed ensures that the influence of kg is
not significant for SMFS experiments (47). The effective spring constants
were obtained from the slopes of the curves adjacent to the unbinding-force
drops (48,49). The unbinding forces were plotted as a force map displaying
the spatial distribution of the active ICAM-4 receptors on the RBC surface
(Fig. 2 A). The color of each spot represents the value of the unbinding force
obtained from the corresponding retraction path. CF% is defined as the per-
centage of all unbinding events divided by the total number of measurements,
whichis 32 x 32 = 1024 for each cell multiplied by the number of tested cells
for each subject’s blood sample. The CF represents the population of active
ICAM-4 receptors that are capable of binding to avf3. This approach
allowed us to observe changes in the force maps due to modulation of the
CF of activated ICAM-4 receptors in the presence of biochemical reagents
that interfere with the cAMP-PKA pathway and the AKAP-PKA complex.

Specificity of the binding of av33 ligands to ICAM-4
receptors

It is known that in mature RBCs, ICAM-4 is the major receptor for the
endothelial integrin av33 (11,19). To show that our measurement technique
is specific to av@3, we first performed experiments on RBCs from healthy
volunteers to obtain the baseline CF of active ICAM-4 receptors and un-
binding forces between the avf3 ligand and ICAM-4 receptor. Fig. 2 A
(i) shows a representative force map recorded during the surface scan.
There are 32 x 32 pixels in each force map. The color of the pixels indicates
force values ranging between 0 and 100 pN according to the color scale
shown in Fig. 2 A. We show that treatment of RBCs from healthy subjects
with epinephrine, a catecholamine that binds to $2-ARs and activates the
cAMP-PKA-dependent pathway, significantly increased the CF of active
ICAM-4 receptors (Fig. 2 C) compared with baseline. When we first treated
the sample with epinephrine and then with bath avf33, we saw a dramatic
decrease in the CF of detected unbinding events compared with the CF
measured when the sample was incubated only with epinephrine (Fig. 2,
A (iii) and C), suggesting that av33 in the bath blocked most of the active
ICAM-4 receptors on the RBC membrane. In addition, we performed ex-
periments with a cantilever treated with 3-aminopropyltriethoxysilane,
glutaraldehyde, and BSA, but not with av33 (nonfunctionalized cantilever).
The recorded CF was negligible (0.62%), meaning that av(3 is indeed the
functional protein on the cantilever tip (see Supporting Materials and
Methods and Fig. S3). In addition, this measurement defined the back-
ground noise of the SMFS method for the specific assay described here.

Immunocytochemistry

For immunocytochemistry, 70 uL of normal or sickle blood was added to
assigned wells containing poly-D-lysine-coated coverslips and incubated
at 37°C for 15 min. After incubation, the wells were washed with Dulbec-
co’s PBS (dPBS; ThermoFisher Scientific, Waltham, MA) and incubated
with 16.39 nM of epinephrine (Sigma-Aldrich) or 1 uL of DI water carrier
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FIGURE 2 Distribution of active ICAM-4 receptors and unbinding
force between avB3 and ICAM-4. (A) Representative force maps from a
1 um x 1 wm area of an individual RBC (i) at baseline, (ii) treated with
16.39 nM epinephrine, and (iii) treated with 16.39 nM epinephrine and
1.29 pg/mL bath avg3 to block activated ICAM-4. Scale bars, 250 nm. The
color scale indicates the magnitude of the unbinding force. (B) Frequency dis-
tributions of unbinding forces between ICAM-4 and av3 in WT-RBCs. (C)
Box-and-whisker plot of the CF of active ICAM-4 receptors on WT-RBCs.
Data are shown as the median with minimum and maximum whiskers, and
the mean is denoted as a color dot. The n on the x axis indicates the total num-
ber of mature WT-RBCs analyzed in each group, obtained from the following
numbers of human subjects: baseline: 3 subjects; + epinephrine: 3 subjects;
+ epinephrine + bath av33: 1 subject. Significance relative to baseline or be-
tween conditions, *p < 0.0001. (D) Frequency distributions of unbinding
forces between ICAM-4 and av@33 in SS-RBCs. (E) Box-and-whisker plot
of the CF of active ICAM-4 receptors on SS-RBCs. Data are shown as the me-
dian with minimum and maximum whiskers, and the mean is denoted as a co-
lor dot. The n on the x axis indicates the total number of mature SS-RBCs
analyzed in each group, obtained from the following numbers of human sub-
jects: baseline: 4 subjects; + epinephrine: 4 subjects; + epinephrine + bath
avB33: 1 subject. Significance relative to baseline or between two conditions,
*p < 0.0001. To see this figure in color, go online.

for 30 min at 37°C. Then, 1.29 ug/mL of human integrin av(3 protein
(Millipore) was added to all of the wells for 30 min at 37°C, followed by
washing with dPBS. The cells were then fixed with 2% paraformalde-
hyde/4% sucrose/PBS for 5 min at room temperature. After washing with



dPBS and blocking with preblock buffer (20 mM phosphate buffer, pH 7.4,
5% normal goat serum, 450 mM NaCl) for 1 h at 4°C, the cells were incu-
bated with mouse anti-integrin av(3 primary antibody (1:500; catalog No.
ab78289, Abcam, Cambridge, MA) in preblock buffer overnight at 4°C.

The next day, the cells were incubated with preblock buffer for 1 h at 4°C
and then incubated with goat anti-mouse Alexa Fluor 488 secondary anti-
body (1:500; catalog No. ab150113, Abcam) in preblock buffer for 2 h in
the dark. The cells were then washed with dPBS and coverslips were
mounted on glass slides using ProLong Diamond mounting media
(ThermoFisher Scientific, Waltham, MA).

Image acquisition

All images were taken on a laser-scanning Leica SP8 confocal micro-
scope (Leica Microsystems, Wetzlar, Germany). Z-stacks were taken
with a step size of 0.25 um. For paraformaldehyde-fixed cells, a
63x oil immersion lens was used to view the cells, the pinhole size
was set at 1 airy unit, and the raw images were exported as .tiff files
and viewed on ImageJ software (National Institutes of Health, Bethesda,
MD). For all acquired images, only the brightness and contrast for the
entire frame were adjusted in ImageJ, and no singular section of the frame
was modified in any way.

Image quantitation

Z-stacks from a cell were projected using the Z-project function of
Image] software. To quantify the fluorescence intensity of the green (active
ICAM-4) channel, a region of interest (ROI) was chosen and the measure-
ment analysis was set to yield the area, minimum and maximum pixel
strengths, integrated and raw densities, and mean grayscale value. The
raw values were exported to Excel. The corrected total fluorescence
(CTF) was calculated for the chosen ROIs for cells in the different condi-
tions. The CTF is the resultant output of subtracting the mean background
intensity over the chosen ROI from the integrated density for each ROI.

Statistical analysis

The unbinding forces between avg3 ligands and ICAM-4 receptors are re-
ported using the frequency (%) distribution, which states the percentage of
events whose unbinding forces are within each bin’s width. We then
compare the median values of the forces measured in experiments without
and with treatment with different reagents. The zero force points are not
shown because they would obscure the plots since their population is
much larger than the population of unbinding events. The CF% is related
to the population of active ICAM-4 receptors and is defined as the percent-
age of all unbinding events divided by the total number of measurements,
which is 32 x 32 = 1024 for each cell multiplied by the number of tested
cells for each blood sample. The CF and CTF results are reported as the
mean * standard error (SE) and illustrated by box-and-whisker plots
(GraphPad Prism, GraphPad Software, San Diego, CA). They are compared
using one-way analysis of variance (ANOVA) and the Tukey-Kramer post
hoc test. The results are considered significant if p < 0.05.

RESULTS AND DISCUSSION

Epinephrine increases the surface density of
active ICAM-4 receptors on normal RBCs and
SS-RBCs, but not the unbinding force between
ICAM-4 and avg3

Epinephrine is a hormone whose action is mediated by the
B-AR, a seven-transmembrane domain receptor that can
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activate guanine nucleotide regulatory binding proteins
(G protein-coupled receptors) (50). It was previously shown
that activation of the cAMP-PKA-dependent pathway by
epinephrine increases the adhesion of SS-RBCs, but not
normal RBCs, to the endothelium via an ICAM4-av(33
interaction (11). The experimental technique employed in
that study was based on the flow-chamber assay, which mea-
sures the overall RBC adhesion and not directly the pop-
ulation of functional adhesion receptors or the strength of
interactions between ligand-receptor pairs.

Here, we used the SMFS assay, which, as established in our
previous work (12,13), can detect variations of the surface
density of active adhesion receptors on the RBC membrane
(i.e., CF%) and record unbinding forces between receptors
and ligands. We scanned a 1 um? area of individual RBC
membranes with an AFM cantilever functionalized with
avf3 to directly detect the population of active ICAM-4 re-
ceptors under different experimental conditions. We first
tested RBCs from healthy volunteers (WT-RBCs) at baseline
and after in vitro treatment with epinephrine. The force maps
shown in Fig. 2 A (i and ii) clearly illustrate that epinephrine
increased the CF of active ICAM-4 receptors. However,
epinephrine had no effect on the median unbinding force
(Fig. 2 B; Table 2), suggesting that epinephrine affects only
the activation of ICAM-4 receptors, and not the strength of
their interaction with the av33 ligand.

To establish a measure of the overall quantity of active
ICAM-4 receptors, we calculated the CF. The results are re-
ported in box-and-whisker plots in Fig. 2 C. We found that
the mean value of the CF increased significantly from 7.1%
in baseline experiments to 23.63% when the blood sample
was treated with epinephrine (p < 0.0001). This suggests
that epinephrine triggers the activation of ICAM-4 receptors
on WT-RBCs, probably via the cAMP-PKA pathway.

Next, we tested RBCs obtained from volunteers with
SCD (SS-RBCs). We measured the CF of ICAM-4 receptors
with and without treatment with epinephrine. Similar to
the case with WT-RBCs, we found that the median un-
binding force between ICAM-4 and av(33 did not change

TABLE 2 Unbinding Forces and Collective Frequencies for
WT-RBCs and SS-RBCs

Unbinding Force
(Median, pN)

Collective Frequency
(Mean *= SE, %)

WT SS WT SS

Test condition

Baseline 24.59 23.59 7.10 £ 1.26 10.08 = 0.85
+epi 24.27 24.53 23.63 = 223 2141 = 2.27
+-epi+bath av@3 * * 143 £ 0.37 1.78 = 0.31
+FSK 24.08 24.70 2591 = 3.71 26.55 = 2.68
+St-Ht31+FSK 27.45 26.09 7.80 = 2.16 9.22 + 1.52
+St-Ht31P4+FSK * 36.56 = 8.73
+St-Ht31P 25.09 21.94 7.56 = 1.81 10.12 = 2.32

*There were not enough nonzero unbinding force data to generate an accu-
rate median value.
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significantly (Table 2; Fig. 2 D). The CF of ICAM-4 adhe-
sion was measured to be 10.08% = 0.85% for SS-RBCs
without epinephrine treatment, which is higher than that
found for WT-RBCs, but not significantly so (p = 0.06).
Treatment of SS-RBCs with epinephrine increased the CF
significantly to 21.41% =+ 2.27% (p < 0.0001; Fig. 2 E;
Table 2).

Our results are in agreement with previous experimental
results showing that epinephrine increases adhesion of
SS-RBCs to the endothelium (11). Moreover, our findings
indicate that this increase is due to the increased number
of active surface ICAM-4 molecules, and not to an increased
unbinding force between ICAM-4 and av33. We note, how-
ever, that Zennadi et al. (11) did not detect a significant ef-
fect of epinephrine on WT-RBC adhesion to human
umbilical vein endothelial cells. One possible reason for
this discrepancy is that they incubated blood samples with
20 nM epinephrine for only 1 min at 37°C, whereas we incu-
bated the samples with 16.39 nM epinephrine for 30 min at
37°C. Another possible explanation is that their method is
not as sensitive to changes when the overall adhesion is
low. They used intermittent flow conditions in a flow cham-
ber and reported the ratio of the number of RBCs that
adhered to human umbilical vein endothelial cells after
exposure to flow conditions to the number of initially
adherent RBCs before exposure to flow, whereas we directly
measured the surface density of ICAM-4 at the single-mole-
cule level. Cell-cell and cell-matrix adhesion may be influ-
enced not only by the number of adhesion pairs between
molecules expressed on the cells but also by the mechanical
properties of cells (40,51). Our results, based on SMFS, pro-
vide direct evidence that the unbinding force between
ICAM-4 and av@3 did not change when the cells were incu-
bated with epinephrine, meaning that ICAM-4 activation
did not alter the interaction between ICAM-4 and av(@3,
and did not cause the formation of nanoclusters. We note
that these conclusions cannot be drawn using methods that
directly measure RBC adhesion, such as microfluidics and
single-cell force spectroscopy.

To validate the specificity of our measurements, we added
avf3 to the bath solution. We expected the bath avf3 to
bind to activated ICAM-4 receptors on the RBC membrane,
thereby inhibiting cantilever-bound av@33 from binding to
ICAM-4 on the RBC surface. Indeed, binding significantly
decreased in both WT-RBCs (CF 23.63% =+ 2.23% vs.
1.43% + 0.37%, p < 0.0001) and SS-RBCs (CF 21.41%
+ 2.27% vs. 1.78% =+ 0.31%, p < 0.0001; Fig. 2; Table
2). These results confirmed that indeed it is av33 that binds
to the receptors on the RBC membrane, and not other sub-
stances attached to the cantilever, such as glutaraldehyde.
Since our AFM cantilever functionalization technique in-
volves the use of glutaraldehyde (52,53) to attach the
avB33 molecules to the cantilever, we wanted to test whether
glutaraldehyde, with its inability to control the number of
«av(33 molecules attached to the cantilever, would skew the
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results. To this end, we functionalized AFM cantilevers
with avf3 via an acetal-PEG-NHS linker instead of glutar-
aldehyde, which guarantees that the probability that the
AFM cantilever will be functionalized with only one mole-
cule is >50% (54) (Fig. 3, A and B). As demonstrated in
Fig. 3, we probed SS-RBCs at baseline and found that
both functionalization methods gave almost identical
results with respect to the unbinding force (23.08 pN for
the glutaraldehyde functionalization vs. 25.85 pN for the
acetal-PEG-NHS functionalization, p = 0.8451) and CF
(7.37% = 1.45% for the glutaraldehyde functionalization
vs. 8.44% =+ 1.75% for the acetal-PEG-NHS functionaliza-
tion, p = 0.6943; data not shown). This result means that
ICAM-4 receptors expressed on the RBC membrane do
not form nanoclusters, since the median values of the
measured unbinding forces were similar for both tech-
niques. If the receptors had formed nanoclusters, higher un-
binding forces would have been recorded forming a second
peak in the unbinding force histogram, as was the case in
Abiraman et al. (38).

Confocal microscopy experiments confirm the
SMFS-based results

We performed confocal microscopy experiments to image
active ICAM-4 receptors on RBCs to further confirm our

B \

Glutaraldehyde Acetal-PEG-NHS
functionalization functionalization
C 25, SS-RBC
:,\52'0' @ glutaraldehyde
%’ 15 functionalization
S B Acetal-PEG-NHS
2 1.0 functionalization
(O]
% 0.5
O B 1
0 50 100

Unbinding force (pN)

FIGURE 3 Comparison of ICAM4-av(33 unbinding forces measured us-
ing glutaraldehyde-based versus PEG-based AFM cantilever functionaliza-
tion. (A) Schematic of a glutaraldehyde-av@33-functionalized tip probing
ICAM-4 molecules on the RBC membrane. (B) Schematic of an acetal-
PEG-NHS-av@3-functionalized tip probing ICAM4 molecules on the
RBC membrane. (C) Frequency distributions of unbinding forces between
ICAM-4 and av33 on SS-RBCs for glutaraldehyde-based (black) and PEG-
base (red) AFM cantilever functionalization. The same samples were used
in both methods (two subjects, n = 10). To see this figure in color, go online.



SMEFS-based findings. Both WT-RBCs and SS-RBCs were
incubated with avf33 (1.29ug/ml for 30 min) to tag active
ICAM-4. The RBCs were then washed thoroughly to re-
move any unbound av(33, fixed, and stained with anti-av33
antibody to label the av33 bound to the active ICAM-4.
Alexa Fluor 488 was used to visualize active ICAM-4.
Similar to the case with our AFM experiments, we found
no significant difference in active ICAM-4-expression
between WT-RBCs and SS-RBCs (Fig. 4, A-C, WT:
CTF =9.72 *= 0.63, n = 16; SS: CTF = 11.79 *= 0.47,
n = 16; p = 0.794; Movies S1 and S2).

However, when WT-RBCs and SS-RBCs were incubated
with epinephrine (16.39 nM for 30 min at 37°C) before
being fixed and stained with anti-av@3 antibody, we
found a significant increase in active ICAM-4 expression

A Baseline +Epinephrine

active ICAM-4 active ICAM-4
active ICAM-4 active ICAM-4
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FIGURE 4 WT- and SS-RBCs were incubated with 16.39 nM of
epinephrine or 1 uL of DI water carrier. They were then incubated with
avB3 to label active ICAM-4, fixed, and stained with anti-avf33 antibody
to label the avB3 bound to active ICAM-4. (A and B) Representative
confocal microscopy images of (A) WI-RBC (n = 16) and WT-RBC +
epinephrine (n = 10), and (B) SS-RBC (n = 16) and SS-RBC + epinephrine
(n = 16). (C) Box-and-whisker plots of the CTF of active ICAM-4 receptors
on WT-RBCs and SS-RBCs with or without epinephrine treatment. The
data are represented as mean * SE, *p = 0.0339, **p = 0.0042, n.s., no
significant difference (one-way ANOVA; one subject). To see this figure
in color, go online.
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compared with baseline in both cases (Fig. 4, A-C,
WT: CTF = 1629 = 191, n = 10, p = 0.033; SS:
CTF = 17.01 *= 0.92, n = 16, p < 0.0001). In addition
to the confocal experiments, we performed AFM experi-
ments on the same samples to compare the CF of unbind-
ing events between WT- and SS-RBCs at baseline and
when the cells were incubated with epinephrine. We found
that there was no significant difference in the CF of un-
binding events between WT- and SS-RBCs (p > 0.5),
and addition of epinephrine caused a significant increase
in the CF of unbinding events compared with baseline in
both WT-RBCs (p = 0.035) and SS-RBCs (p = 0.01;
Fig. S4). These results are in agreement with the results
of the confocal microscopy experiments performed with
the same samples, as well as with the overall AFM results
discussed in the first section.

Activation of ICAM-4 on WT-RBCs and SS-RBCs
is regulated by the cAMP-PKA-dependent
pathway

It is known that epinephrine binding of the G-AR activates
the cAMP-PKA-dependent pathway. Furthermore, Zennadi
et al. (11) demonstrated that SS-RBC adhesion is regu-
lated by the same pathway. Using SMFS, we tested at
the single-molecule level whether the increased CF of
active ICAM-4 receptors on WT-RBCs and SS-RBCs is
controlled by the cAMP-PKA pathway. We introduced
pharmacologic regulation by using biomedical reagents
that act along the cAMP-PKA pathway. We first pre-
treated WT-RBCs with FSK (0.49 uM), an AC activator
that strongly activates PKA. Compared with baseline,
FSK-treated WT-RBCs exhibited no difference in unbind-
ing force (24.59 vs. 24.08 pN, p = 0.26; Fig. 5 A; Table 2)
but a significantly higher CF (7.10% =+ 1.26% vs. 25.91%
* 3.71%, p < 0.0001; Fig. 5 B; Table 2). In agreement
with the results for WT-RBCs, we detected a similar un-
binding force (23.59 vs. 24.70 pN, p = 0.32; Fig. 5 C;
Table 2) and significantly increased CF in SS-RBCs prein-
cubated with FSK (0.49 uM) compared with baseline
(26.55% =+ 2.68% vs. 10.08% = 0.85%, p < 0.0001;
Fig. 5 D; Table 2). This indicates that the CF of active
ICAM-4 receptors on WT- and SS-RBCs is regulated by
the cAMP-PKA-dependent pathway and that the strength
of adhesive interactions is not affected. We also conclude
that because the strength of unbinding forces did not
change significantly, clustering of ICAM-4 receptors was
unlikely.

ICAM-4 receptor activation is dependent on
AKAPs

It is known that the action of PKA is localized to specific
submembrane domains through PKA binding to AKAPs
(21,29,30). Based on this, we investigated whether AKAPs
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located in the RBC membrane play a role in the PKA-de-
pendent activation of ICAM-4 receptors. For this purpose,
we used St-Ht31, a membrane-permeable peptide (55)
comprising a PKA-anchoring domain that inhibits binding
of PKA to AKAPs (56). As we discussed above, FSK
activates AC, which in turn activates PKA and causes a
significant increase in the CF of active ICAM-4 receptors
on WT- and SS-RBCs. To demonstrate that ICAM-4 is
activated via AKAPs, we incubated RBCs with St-Ht31
(2 h) and FSK (30 min) sequentially. In this case, the CF
of active ICAM-4 on WT-RBCs was detected to be
7.80% =+ 2.16%, in contrast to the 25.91% = 3.71% ob-
tained when only FSK was applied (p < 0.0001, Fig. 6 A;
Table 2). Similarly, on SS-RBCs, CF was found to be
9.22% =+ 1.52%, compared with 26.55 = 2.68% when

>
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only FSK was applied (p < 0.0001, Fig. 6 B; Table 2).
To confirm that the decrease was not due to a direct interac-
tion between St-Ht31 and FSK, we pretreated SS-RBCs with
St-Ht31P control peptide, which differs from St-Ht31 by
isoleucine-to-proline substitutions and thus can no longer
bind to PKA (56). We found that in this case the CF increased
significantly (36.56% =+ 8.73%, p < 0.0001; Table 2),
demonstrating that indeed St-Ht31 inhibits activation of
ICAM-4. When WT- and SS-RBCs were incubated solely
with the control peptide St-Ht31P, the CF was similar to
that of untreated samples (7.56% =+ 1.81% for WT-RBCs
and 10.12% = 2.32% for SS-RBCs; Table 2). These results
suggest that inhibition of the AKAP-PKA complex
suppresses the activation of ICAM-4 receptors in both
WT- and SS-RBCs.

FIGURE 6 Modulation of active ICAM-4 via
* AKAPs on the RBC membrane. (A and B) Box-
and-whisker plots of the CF of active ICAM-4 re-
ceptors on (A) WT-RBCs and (B) SS-RBCs for the
reagents indicated on the x axis. The n on the x
axis indicates the total number of mature RBCs
analyzed in each group, obtained from the following
numbers of human subjects: (i) for WT-RBCs, base-
line: 3 subjects; St-Ht31P: 3 subjects; St-Ht31
(81.97 nM) + FSK (0.49 uM): 3 subjects. (ii) For
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SS-RBCs, baseline: 4 subjects; St-Ht31P: 4 sub-
jects; St-Ht31 (81.97 nM) + FSK (0.49 uM): 4 sub-
jects; St-Ht31P (81.97 nM) + FSK (0.49 uM):
O 1 subject. Significance relative to baseline or be-

K= tween conditions, *p < 0.0001. To see this figure

in color, go online.



CONCLUSIONS

In this study, we used SMFS and confocal microscopy to
investigate at the single-molecule level the modulation
of the surface density of active ICAM-4 receptors on
WT- and SS-RBCs. Although it was known that epinephrine
acts via the cAMP-PKA pathway to modulate the overall
adhesion of SS-RBCs to endothelial cells, the mechanisms
by which epinephrine acts at the single-molecule level
were not known. Here, we demonstrated that epinephrine in-
creases the surface expression of active ICAM-4 receptors
in both WT- and SS-RBCs. Furthermore, we confirmed
that the activation of ICAM-4 receptors is regulated via
the cAMP-PKA pathway and, importantly, we determined
for the first time, to our knowledge, that this activation is
mediated by AKAPs. In addition, we showed that although
the CF of active ICAM-4 receptors was modulated via the
cAMP-PKA pathway, the median value of the unbinding
force between active ICAM-4 and av(3 did not change
even at higher surface expressions of active ICAM-4. This
means that activation of ICAM-4 did not alter the unbinding
force between ICAM-4 and av33, and that nanoclusters of
ICAM-4 were not formed in detectable numbers. This
result, along with the finding that epinephrine activates
ICAM-4 in both WT- and SS-RBCs, contrasts with results
based on flow-chamber assays that showed that epinephrine
did not significantly increase ICAM-4-dependent adhesion
on WT-RBCs. Overall, our data might be of clinical impor-
tance in the context of drug development for the preven-
tion and treatment of VOEs in SCD because they suggest
that adhesion of RBCs to endothelial cells can be modu-
lated, especially during stress conditions, by the introduc-
tion of biomedical reagents that act not only along the
cAMP-PKA pathway but also on the AKAP-PKA complex.
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S1. cAMP-PKA dependent pathway and AKAPs

One important mechanism of ICAM-4 activation is via the cyclic adenosine monophosphate-
protein kinase A (CAMP-PKA) dependent signaling pathway (Fig. S1) which can be mediated by
A-kinase anchoring proteins (AKAPs). Activation of RBC B2-adrenergic receptors (f2-ARS),
induced by epinephrine, activates the o subunit of the associated G protein (Gas) by exchanging
its bound guanosine diphosphate (GDP) to guanosine triphosphate (GTP). The activated Gas,
together with GTP, then dissociates from the § and y subunit to further stimulate adenylyl cyclase
(AC). AC (which can be directly activated, e.g. by forskolin) catalyzes the conversion of adenosine
triphosphate (ATP) to cAMP which then activates PKA. A kinase anchoring protein (AKAPS)
anchors PKA to specific sites on the plasma membrane where PKA can alter the phosphorylation
state of neighboring ICAM-4 receptors thereby causing their activation. (See (1-3).
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Figure S1. RBC cAMP-PKA dependent pathway.

S2. Reticulocytes

Thiazole orange has been proved to be an ideal fluorescent dye for reticulocyte analysis due to its
good quantum yield, enhancement of fluorescence with RNA, membrane permeability, simple
staining procedure and ability to count as many reticulocytes as new methylene blue and was
therefore used to identify reticulocytes in the petri dish containing blood sample (4). The following
protocol was employed: (1) Stock solution of 1 mg/mL Thiazole orange (purchased from Sigma-
Aldrich, St. Louis, MO) in methanol was made. (2) The stock solution was diluted to 3x10" M in
phosphate-buffered saline. (3) RBCs were seeded on a glass bottom petri dish, as we do for
adhesion measurements, then 1mL 3x10°" M Thiazole orange solution was added and incubated at
room temperature for 1h. (4) Cells were then observed under fluorescence microscopy to identify
reticulocytes (Fig. S2 A, B). As for the unstained control (Fig. S2 C, D), we followed the same
protocol as described above but added PBS instead of Thiazole orange solution in step (3).



The reticulocyte count of the tested sample was 11.3%. Figure S2 A and B are representative
bright-field and fluorescent microscopy images respectively of Thiazole orange stained RBCs.
They show a representative area which contained both reticulocytes (in colored circles) which
were excluded from our measurement and biconcave RBCs which were tested (in green triangles)
to detect unbinding events. Figure S2 C and D are representative bright-field and fluorescent
microscopy images respectively of unstained RBCs. As expected we did not observe any
fluorescence.
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Figure S2. (A) Opticral microscopy image of RBCs in Thiazole orange solution (B) Fluorescent
microscopy image of RBCs in Thiazole orange solution. (C) Optical microscopy image of RBCs in
PBS. (D) Fluorescent microscopy image of RBCs in PBS. The scale bar corresponds to 20pum.



S3. Results from the control experiments related to BSA coating of the probe

Here, we compare the histograms of unbinding forces and CF box-whisker plots of unbinding
events between SS-RBCs and a probe coated with avp3 and then with BSA versus a cantilever
coated only with BSA. We found a negligible number of unbinding events for non-avp3 coated
probes.
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Figure S3. (A) Frequency distributions of unbinding forces between ICAM4 and avp3 in SS-RBCs
for probes coated with av3 and then BSA and for probes coated only with BSA and not with av3.
(B) Box-whisker plots showing the CF of active ICAM-4 receptors on SS-RBCs from probes coated
with avP3 and then BSA and for probes coated only with BSA and not with avp3 (p=0.0001).

S4. Confocal microscopy experiments

Movie S1. Z stack of WT-RBCs labeled with avf3 antibody which tags the avp3 bound to active
ICAM-4 receptor and imaged with laser-scanning Leica SP8 (Leica Microsystems, Wetzlar,
Germany) confocal microscope.

Movie S2. Z stack of SS-RBCs labeled with avf3 antibody which tags the avp3 bound to active
ICAM-4 receptor and imaged with laser-scanning Leica SP8 (Leica Microsystems, Wetzlar,
Germany) confocal microscope.



S5. AFM experiments on the same samples as the confocal microscopy experiments
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Figure S4. CF of the unbinding events at baseline and after treatment with epinephrine for the
samples that were used in the confocal experiments shown in Figure 4. We found no significant
difference in CF between WT- and SS-RBCs at the baseline and between WT and SS-RBCs after
treatment with epinephrine. We found significant difference in CF between WT-RBCs at baseline
and after treatment with epinephrine and between SS-RBCs at baseline and after treatment with
epinephrine. The results are in agreement with the results from the confocal experiments performed
on the same samples. (* signifies p < 0.04).
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