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Abstract

In sickle cell disease (SCD), ‘disease severity’ associates with increased RBC adhesion to quiescent
endothelium, but the impact on activated endothelium is not known. Increased concentrations of
free heme result from intravascular hemolysis in SCD. Heme is essential for aerobic metabolism
and plays an important role in numerous biological processes. Excess free heme induces reactive
oxygen species generation and endothelial activation, which are associated with cardiovascular dis-
orders including atherosclerosis, hypertension, and thrombosis. Here, we utilized an
endothelialized microfluidic platform (Endothelium-on-a-chip) to assess adhesion of sickle
hemoglobin-containing red blood cells (HbS RBCs), from adults with homozygous SCD, to heme-
activated human endothelial cells (EC) in vitro. Confluent EC monolayers in microchannels were
treated with pathophysiologically relevant levels of heme in order to simulate the highly hemolytic
intravascular milieu seen in SCD. RBC adhesion to heme-activated ECs varied from subject to sub-
ject, and was associated with plasma markers of hemolysis (LDH) and reticulocytosis, thereby
linking those RBCs that are most likely to adhere with those that are most likely to hemolyze.
These results re-emphasize the critical contribution made by heterogeneous adhesive HbS RBCs
to the pathophysiology of SCD. We found that adhesion of HbS RBCs to heme-activated ECs var-
ied amongst individuals in the study population, and associated with biomarkers of hemolysis and
inflammation, age, and a recent history of transfusion. Importantly, the microfluidic approach
described herein holds promise as a clinically feasible Endothelium-on-a-chip platform with which

to study complex heterocellular adhesive interactions in SCD.

enhanced oxidative stress leads to vascular inflammation and endothe-
lial injury/activation.®? Heme-exposed endothelial cells (ECs) upregu-

Increased hemolysis, driven by inherited conditions, such as sickle cell
disease, or infections, such as malaria, may lead to increased levels of
heme and reactive oxygen species (ROS), which may result in cellular
damage or apoptosis.t ™ Heme is a metal complex required for aerobic
metabolism. Heme serves many critical homeostatic functions, such as
oxygen transfer, respiration, drug detoxification, and regulation of pro-
tein synthesis and cell differentiation.*"® However, the accumulation of
free heme in plasma, due to an imbalance of heme biosynthesis and
catabolism or from intravascular red blood cell (RBC) breakdown
(hemolysis), can be toxic to surrounding tissues through the induction
of heme-derived reactive oxygen species (ROS).” Further, heme-

late the expression of ICAM-1, VCAM-1, E-selectin, P-selectin, and
VWF through multiple pathways, including TLR4.1%? Recently, it was
shown that heme activation of ECs played a critical role in initiating
vaso-occlusion in a murine model of sickle cell disease (SCD).}* This
activation process may be enhanced via transfer of cell-free heme
within RBC-derived microparticles into the endothelium.*? Free heme
may also induce initiation of coagulation by promoting the synthesis of
both endothelial- and leukocyte-derived tissue factor and thrombin
generation.*>%#

Microchannels functionalized with ECs mimic the intravascular

environment and thereby allow the study of various pathological
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conditions in vitro.*>'® Such endothelialized systems have recently
been designed and implemented to simulate vaso-occlusion in SCD
and measure protein expression in response to changes in wall shear
stress.)”1® However, we are unaware of previous studies in which a
microfluidic platform has been employed to systematically study the
association of RBC adhesion to activated endothelium with clinical
phenotype. This is in part because of the technical challenges that are
associated with the manufacture of endothelialized microfluidic sys-
tems in a consistent and high-throughput manner, which can then be
implemented in a large clinical population. Here, we introduce a new
microfluidic approach to the fabrication of microfluidic channels seeded
with human endothelial cells utilizing a lamination-based technique and
laser micro-machined components (Endothelium-on-a-chip). This
allowed us to assess HbS RBC adhesion to human endothelial cells that
were stimulated with pathophysiologic levels of heme in a clinically
diverse adult SCD population.

Adhesion of HbS RBCs to the endothelium and associated adhe-
sion molecules is heterogeneous and linked to disease severity as was
shown by us and others.2?"22 This heterogeneity exists within an indi-
vidual patient due to distinct RBC subpopulations with impaired bio-
physical properties as well as at a population level in which individuals
with SCD present varying clinical phenotypes.?*~2” Nonetheless, heter-
ogeneous adhesion of RBCs in a SCD population has yet to be
adequately addressed, perhaps because many important pathophysio-
logic studies have been conducted using inbred sickle cell mice with
RBCs that are homogeneous within the population.'?62? |n contrast,
humans with SCD exhibit a more heterogeneous distribution of RBCs,
as we have previously shown,?2273%31 Jikely because of confounding
co-inherited disease-modifying genes. We hypothesized that endothe-
lial activation in SCD is associated with enhanced RBC adhesion in a
range that reflects clinical heterogeneity and disease severity.

Our integrated clinical Endothelium-on-a-chip microfluidic approach
allowed us to determine the impact of individual pathophysiologic com-
ponents in a model incorporating only human-derived cells, e.g., HbS
RBCs and activated endothelial cells. At its simplest, these are the varia-
bles at play in the adhesion of an RBC to the endothelium. Here, we hold
one of those two variables, activated endothelium, constant through
treating (heme-activated) cultured endothelial cells in a consistent man-
ner. We interrogate RBC adhesion to this activated endothelium using
clinical blood samples acquired from adults with SCD who are followed
in our clinic, thereby examining the contribution to abnormal adhesion at
an activated endothelium that is made by the RBC. In this publication, we
highlight for the first time the correlative relationship between RBC
adhesion to heme-activated endothelium and clinical phenotypes associ-

ated with a hemolytic plasma milieu in vivo.

2 | METHODS

2.1 | Subjects and sample collection

Sickle blood samples were obtained from de-identified adult subjects
(>18 years) with homozygous (HbSS) SCD at University Hospitals
CWRU (Cleveland, OH), under an Institutional Review Board (IRB)
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approved protocol. All samples were collected in ethylenediaminetetra-
acetic acid (EDTA)-containing tubes, and subjects’ hemoglobin types
were confirmed by high-performance liquid chromatography (HPLC).
Only subjects infected with HIV or hepatitis C were ineligible for this
study. The clinical phenotypes of the study population are summarized

in Supporting Information Table S1.

2.2 | Endothelium-on-a-chip fabrication and
endothelialization of microfluidic channels

Microfluidic channels were fabricated using a lamination technique, as
previously described.?? Briefly, the channel geometry was determined
by laser micro-machined double-sided adhesive (DSA) films that were
placed between a top polymethyl methacrylate (PMMA) cap and bot-
tom microscope glass slide, forming a uniform flow domain (Figure 1A).
The assembled microchannels were rinsed serially with PBS, 100%
ethanol, and GMBS following a 20-minute incubation. Thereafter,
another washing step was performed using 100% ethanol and PBS
before loading the microchannels with a fibronectin solution at a con-
centration of 0.2 mg/mL. Fibronectin-loaded microchannels were incu-
bated at 37°C for 1 h for complete protein immobilization on the
GMBS-functionalized surface. To prepare the Endothelium-on-a-chip
microchannels, human umbilical vein endothelial cells were seeded into
fibronectin-coated microchannels at a density of 8 x 10° cells/mL and
incubated for 4 hours at 37°C and 5% CO, to allow cell attachment
and spreading, while replacing the culture medium in the microchannels
every hour (Supporting Information Figure S1A). An initial seeding den-
sity of 1 X 10° cell/mL did not yield a confluent monolayer over the
microchannel surface after 4 hours (Supporting Information Figure S2),
hence we consistently used a seeding density of 8x10° cells/mL

throughout this study.

2.3 | Heme activation of endothelial cells

Prior to blood perfusion, immobilized human endothelial cells (EC) were
incubated with 20 pM or 40 uM heme-containing RPMI-1640 for 60
minutes in 37°C (Figure 1B). The control microchannels were loaded
with heme-free RPMI-1640 and incubated under the same conditions.
Heme stock solution was prepared by dissolving bovine hemin in 0.1 M
NaOH solution to obtain a final heme concentration of 40 mM. Next,
the stock solution was diluted using RPMI-1640 (FBS and antibiotics-
free) to the final working concentrations of 20 and 40 uM, and the pH
of both solutions was adjusted by addition of 0.1 M HCI.

2.4 | Sample preparation and blood perfusion over
ECs in microchannels

SCD blood samples were centrifuged at 500g for 5 minutes at room
temperature to isolate RBCs, free from EDTA and cytokine-containing
plasma. EDTA can negatively affect endothelial cell adhesion, and
patient cytokines may complicate interpretation of adhesion results.
Isolated RBCs were then washed with PBS three times and re-
suspended in fresh culture medium supplemented with 10 mM HEPES
at a hematocrit of 25% (Supporting Information Figure S1B) A total
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FIGURE 1 The Endothelium-on-a-chip system for probing sickle RBC adhesion to activated endothelial cells. A: Schematic illustration of
the endothelialized microchannels and treatment of ECs by culture medium alone (control) or supplemented with 20 or 40 uM heme. B:
SCD blood samples flown over non-activated and heme-activated EC. The phase-contrast (i) and fluorescent (ii) images of immobilized ECs
demonstrate a confluent layer of cells. C: The pathophysiological process is illustrated whereby hemolyzing sickle RBCs release hemoglobin
that is converted to heme in plasma where it activates the endothelial monolayer, resulting in increased RBC adhesion. Scale bars = 20 pm.
(Illustration credit: Grace Gongaware) [Color figure can be viewed at wileyonlinelibrary.com]

sample volume of 15 pL was perfused into the devices at a shear stress
of 1 dyne/cm?, corresponding to a typical value observed in human
post-capillary venules. Non-adherent RBCs were rinsed away by inject-
ing fresh culture medium into the microchannels at 1 dyne/cm? (Figure
S1C). By visual inspection of adhesion, contamination by platelets and
WBCs was negligible. Figure 1C depicts RBCs flowing through an
endothelialized microchannel and the interaction of cell-free hemoglo-

bin and cell-free heme with endothelial cells.

2.5 | Fluorescent labeling of endothelial proteins

Following the 4-hour static incubation, firmly attached and spread quies-
cent ECs were rinsed with fresh culture medium and fixed with 4% PFA
for 20 minutes at room temperature. Fixed cells were then permeabilized

with 0.1% Triton-X for 30 minutes in room temperature. Thereafter, the

microchannels were injected with fluorescently labeled antibodies against
cell nuclei, actin filaments, and vascular endothelium cadherin (VE-cad-
herin) followed by a 30-minute incubation in dark. Cell cytoskeleton (Sup-
porting Information Figure S3A), VE-cadherin (Supporting Information
Figure S3B), and combined fluorescent images with cell nuclei (Support-
ing Information Figure S3C) were recorded at 10X and 20X (Supporting
Information Figure S3). Positive staining for VE-cadherin in Supporting
Information Supporting Information Figures S3B&C demonstrates the

formation of cell-cell junctions along the microchannel surface.

2.6 | Fluorescent labeling of VCAM-1 and
P-selectin on ECs

Following the incubation, both the quiescent and heme-activated

immobilized ECs were washed with fresh culture medium and fixed
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FIGURE 2 Activation of ECs with heme results in VCAM-1 and P-selectin expression in a concentration dependent manner. A: ECs were
treated with RPMI containing O uM, 20 uM, and 40 pM heme for 60 minutes in 37°C and incubated with fluorescently labeled antibodies
against VCAM-1 and P-selectin following a fixing step with 4% PFA. Cell nuclei were stained with DAPI. B: Expression of P-selectin was sig-
nificantly elevated in 20 uM and 40 uM heme-treated ECs (p < 0.05, one-way ANOVA) compared to quiescent ECs while a significant differ-
ence was absent between 20 uM and 40 uM heme-treated ECs. C: Similarly, VCAM-1 expression was significantly greater in heme-
activated ECs in comparison with quiescent ECs, 40 > 20 uM heme (P < 0.05). The horizontal brackets and stars between different groups
indicate statistically significant difference based on a one-way ANOVA test (n =5 in each group, P < 0.05). Error bars = 50 um [Color figure

can be viewed at wileyonlinelibrary.com]

with 4% PFA for 20 minutes at room temperature. Next, fixed EC
monolayers were rinsed with PBS two times and loaded with fluores-
cently labeled antibodies against cell nucleus, VCAM-1, and P-selectin
followed by a 30-minute incubation in room temperature. Fluorescent
images of labeled proteins were then obtained at multiple locations
throughout the microchannel surface for quiescent, 20 uM and 40 uM
heme-activated ECs (Figure 2A). Calculations of fluorescence intensities

were carried out using Image)J software.>?

2.7 | Statistical methods

Data acquired in this study were reported as mean = standard error of
the mean (SEM). All statistical analyses were carried out using Minitab
18 Software (Minitab Inc., State College, PA). Data were analyzed for
normality followed by either non parametric Mann-Whitney U test or
parametric one-way ANOVA. Statistical significance was set at 95%
confidence level for all tests (P < 0.05).
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FIGURE 3 Sickle RBC adhesion to heme-activated ECs in vitro. Representative adherent RBC images to non-activated (A), 20 uM (B), and
40 uM heme-activated (C) ECs are illustrated. D: Overall, sickle-RBC adhesion is low to quiescent ECs (Control group, N = 15) and increases
with heme activation depending on the concentration (N = 16). E: Both deformable and nondeformable HbS RBC sub-populations exhibit an
adhesive response while adhesion of deformable RBCs was significantly greater in each condition. In (A), (B), and (C), deformable RBCs are
shown in yellow rectangles while the non-deformable cells, which may be irreversibly sickled, are demonstrated in blue rectangles. Red
arrows indicate adherent RBCs. P values in (D) and (E) computed based on the Mann-Whitney test and the stars at the top of the bars indi-
cate statistically significant difference (one star: P <0.05 and two stars: P < 0.01) [Color figure can be viewed at wileyonlinelibrary.com]

3 | RESULTS

3.1 | Heme activation mediates the expression of
P-selectin and VCAM-1 on ECs

Endothelial expression of P-selectin (Figure 2B) and VCAM-1 (Figure
2C) significantly increased with heme activation (P < 0.05, one-way
ANOVA), for VCAM-1 in a concentration dependent manner.

3.2 | HbS RBC adhesion to immobilized ECs

More HbS RBCs adhered to heme-activated than quiescent ECs, with
significant differences observed at both 20 pM and 40 uM levels of
heme activation (Figure 3, P<0.01, Mann-Whitney). Representative
images of adherent RBCs acquired inside the microchannels with quies-
cent, 20 uM heme-activated, and 40 M heme-activated ECs, respec-
tively, are shown (Figure 3A-C). Of note, no visible morphologic
damage to ECs was observed in heme-treated microchannels. We have
previously reported distinct adhesive and biomechanical properties of
deformable and non-deformable RBCs from subjects with SCD?? as
also illustrated in Supporting Information Figure S4. Deformable HbS
RBCs maintained a characteristic biconcave morphology and were
capable of deforming to a certain extent under shear flow (Supporting
Information Figure S4A), while non-deformable HbS RBCs lacked a
biconcave morphology and retained a characteristic elliptical shape

(Supporting Information Figure S4A), with impaired ability to deform
even at high flow shear rates up to 1000 s~ ! (Supporting Information
Figure S4B). Both RBC subpopulations demonstrated significantly
enhanced adhesion to heme-activated endothelial cells, but the major-
ity of adherent RBCs were deformable (Figure 3E, P<0.01, Mann-
Whitney). Our results further suggested that HbS RBC adhesion to
activated ECs was subject dependent, as shown by the total number of
adherent RBCs variability between quiescent (2-870 RBCs, mean 131),
20 uM (28-2104 RBCs, mean 444), and 40 uM (88-32900 RBCs,
mean 3246) to heme activated ECs in 16 subjects with SCD.

3.3 | Clinical implications of heme-mediated RBC
adhesion to ECs

To determine whether subjects’ clinical phenotypes impacted adhesion
profiles of their HbS RBCs, we analyzed univariate models via the k-
means clustering method and identified two subgroups with distinct
lactate dehydrogenase (LDH, signifying hemolysis) levels and absolute
reticulocyte counts (ARCs) (Figure 4A). Subjects in Group 1 (N = 7) had
significantly lower LDH levels and ARCs compared to subjects in Group
2 (N =19, mean LDH: 217 vs. 433 IU, respectively, P < 0.0001, one-way
ANOVA: mean ARC: 132 vs. 475 x 107/L, respectively, P < 0.0001,
one-way ANOVA). Because we observed two very distinct subject sub-
populations based on their LDH and ARCs, we asked whether subjects
in Group 1 and Group 2 would also differ in terms of other clinical
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FIGURE 4 RBC adhesion to heme-activated ECs correlates with subject clinical phenotype including hemolytic & inflammatory biomarkers,
age, and transfusion history. A: Two distinct subject subpopulations are present based on plasma LDH levels and ARCs. The study popula-
tion was segregated into two groups: Group 1 (N =7) and Group 2 (N = 9) via k-means clustering analysis. The dashed rectangular regions
represent normal ranges for the given clinical parameters. RBCs from subjects in Group 2 (N = 9), with significantly increased levels of LDH
and ARC, have greater adhesion to both 20 uM (B) and 40 uM (C) heme-activated ECs compared to the RBCs from subjects in Group 1
(N=7,P=0.015 & P=0.015, one-way ANOVA). D, E: Six subjects out of seven in Group 1 (lower RBC adhesion profile) were >35 years
of age, while only two subjects out of 9 in Group 2 (higher RBC adhesion profile) were >35 years of age. Adhesion of RBCs from subjects
younger than 35 years of age (N = 8) was significantly higher to both 20 uM (D) and 40 uM (E) heme-activated ECs (P =0.018 & P=0.031,
Mann-Whitney). Subjects with a recent transfusion (Tx) therapy (< 3 months) had significantly higher RBC adhesion to both 20 uM (F) and
40 uM (G) heme-activated ECs (P = 0.044 & P = 0.008, Mann-Whitney). Four out of seven subjects with no recent Tx record were on
hydroxyurea (HU) while the other three subjects were on supportive care at the time of sample collection. Two out of nine subjects with a
recent Tx record were also receiving HU therapy. Only one subject out of seven who did not have recent Tx was in Group 2 whereas that
ratio was eight out of nine among the subjects with recent Tx. N =7 for the no recent Tx subject group and N = 9 for the recent Tx subject
group. The horizontal brackets between Groups 1 and 2 indicate statistically significant difference. N represents the number of subjects
[Color figure can be viewed at wileyonlinelibrary.com]
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variables. Accordingly, we found that one out of seven subjects in
Group 1, compared with seven out of nine subjects in Group 2, had
higher than normal WBC counts (Supporting Information Figure S5A,
mean WBC: 7.4 vs. 13.6 X 107/L, P = 0.002, one-way ANOVA). Simi-
larly, all subjects in Group 1, compared with only three of nine subjects
in Group 2, had absolute neutrophil counts (ANCs) above the normal
range (Supporting Information Figure S5B, mean ANC: 3941 vs. 7643
x 107/L, P = 0.05, one-way ANOVA).

We next compared the adhesion of RBCs from subjects in Group
1 and Group 2. Our results showed that RBCs from Group 1 subjects
demonstrated significantly lower mean adhesion, compared with sub-
jects in Group 2, to both 20 uM and 40 pM heme-activated ECs (Figure
4B, 107 vs. 2032, respectively for 20 uM heme, P = 0.015, one-way
ANOVA; and Figure 4C, 706 vs. 5590, P = 0.015, respectively for 40
UM heme, one-way ANOVA). Adhesion profiles of HbS RBCs to heme-
activated ECs also differed depending on whether the sample came
from a young or older adult (<35 vs >35 years of age). We observed
that only 1 of 8 young adults belonged to the low LDH/low ARC
Group 1, while 6 of 8 older adults belonged to this group (Figure 4D,E).
The mean age in Group 1 was greater than that seen in Group 2 (mean
age: 40 vs 29, respectively, P = 0.016, one-way ANOVA). Older adults
displayed significantly lower RBC adhesion to both 20 and 40 uM
heme-activated ECs in comparison with the younger subjects (Figure
4D, mean adhesion: 308 vs 579, respectively to 20 uM, P=0.018,
Mann-Whitney; Figure 4E, mean adhesion: 841 vs 5,651, respectively
to 40 uM, P = 0.031, Mann-Whitney).

Finally, subjects who had received blood transfusions within 3
months prior to the index experiment (N =9, 2 of whom were also on
hydroxyurea) had higher RBC adhesion to heme-activated ECs com-
pared to subjects without recent blood transfusions (N = 7, 4 of whom
were on hydroxyurea, Figure 4F, mean RBC adhesion: 129 vs. 688,
respectively to 20 uM, P =0.044 Mann-Whitney; Figure 4G, mean
RBC adhesion: 221 vs. 5,598, respectively to 40 uM, P = 0.008 Mann-
Whitney). The clinical phenotypes of all subjects based on recent his-
tory of transfusion are summarized in Supporting Information Table S2.

4 | DISCUSSION

In this study, we developed an Endothelium-on-a-chip microfluidic
adhesion assay seeded with human ECs to study HbS RBC adhesion in
a clinically relevant manner. Earlier studies employing endothelialized
platforms to probe RBC adhesion in vitro largely depended on static
incubation of RBCs within microfluidic chambers, where the effect of
micro-physiological flow conditions on the adhesion dynamics were
negated.'?21:33-36 Recently, a number of endothelialized microfluidic
systems have been designed and implemented to study various patho-
physiological conditions.'>7:1837-40 The main advantage of these sys-
tems stems from their ability to provide a precisely controlled flow
environment, with which to better mimic the physiological milieu and
with which to impose pathological scenarios. Although recent advance-
ments in microsystem development have significantly contributed to

our understanding of various hematologic diseases, the focus on

technical aspects of fabrication and endothelialization has hindered the
use of these platforms in a more clinically-useful fashion. Therefore, in
this work, we adopted a lamination-based fabrication technique using
laser micro-machined parts in constructing the micro-devices that can
be performed within 5 minutes. Additionally, we optimized the micro-
channel endothelialization process to allow confluent EC monolayer
growth following a 4-hour incubation, which facilitated the production
of endothelialized microchannels in large quantities and timely manner
for a clinically relevant use.

Further, the large-scale design of this Endothelium-on-a-chip
microfluidic platform affords a significantly greater surface area com-
pared to currently available endothelialized microfluidic systems (i.e.
32 mm? vs. 0.1 mm?).2”*837 Having a large interrogation surface area
significantly improves our ability to capture rare adhesive events for
clinical samples with low adhesion potential. Furthermore, the relatively
higher volume of the microchannel is likely to prevent any blockage or
clogging when clinical samples with higher adhesion or aggregation
rates are tested. Moreover, the use of gas impermeable components in
our microchannel fabrication process allows the clinically relevant
experiments to be carried out in a standard laboratory setting without
the need for a specialized culture chamber, as gas exchange between
the blood/media and the outside environment is limited. In contrast,
the conventional lithography based platforms made of PDMS permit
rapid exchange of gases, which necessitates maintaining the micro-
channel inside a culture chamber, impairing the clinical applicability of
the system. Finally, having a gas-impermeable closed-loop flow system
allows imaging on a heated-microscope plate, eliminating the need for
expensive and complex on-stage incubators during image acquisition.

In our model, we found consistent expression of VE-cadherin at
cell-to-cell junctions after a static incubation of ECs for 4 hours, indi-
cating the maintenance of endothelial cell functionality and
integrity.*1~4¢ We treated these monolayers with pathological levels of
heme in order to mimic the highly hemolytic microvascular conditions
often triggered in SCD patients due to the short lifespan of HbS
RBCs.*”*8 Plasma heme levels, and by extension serum LDH levels, are
significantly greater in these patients compared to healthy controls.*
Earlier studies reported plasma heme concentrations up to 20 uM in a
group of SCD subjects at steady state, but this can increase further
during a VOC due to significantly shortened RBC lifespan and exces-
sive hemolysis.so’53 Therefore, we used heme concentrations that sim-
ulate physiological and pathophysiological conditions in SCD, and
assessed HbS-containing RBC adhesion to both quiescent and acti-
vated ECs.

In an early study, it has been shown that heme treatment of endo-
thelial cells induced the expression of adhesion molecules VCAM-1,
ICAM-1, and E-selectin due to increased oxidative stress.’’° More
recently, the role of toll like receptor 4 (TLR4) in heme-induced endo-
thelial activation was identified, where the activation of TLR4 signaling
resulted in increased expression of VCAM-1, ICAM-1, E-selectin, P-
selectin, IL-1, IL-6, IL-8, and tissue factor via a pathway involving the
activation of NF-kB phospho-p65.1* This mechanism explains that the
activation of TLR4 signaling leads to the production of ROS, which trig-
gers degranulation of Weibel-Palade bodies and rapid immobilization
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of P-selectin and VWF on the endothelial surface.'* However, the pres-
ence of these adhesion molecules on the endothelial surface may not
necessarily reflect a homogeneous adhesive response by red blood cells
from a clinically heterogeneous patient population. Indeed, the exten-
sive heterogeneity in clinical severity among individuals with SCD has
been correlated with a myriad of clinical parameters, such as serum
hemolytic biomarkers and levels of different hemoglobin types (i.e. HbS,
HbF etc.).>*">® Nevertheless, the general point of view in the literature
is that an activated endothelium should yield similar changes in RBC
adhesion profiles, which neglects the individual and heterogeneous con-
tribution of RBCs in this process. Here, we show that HbS RBC adhesion
to heme-activated endothelial cells significantly varies depending on
subject clinical phenotypes, including hemolytic and inflammatory bio-
markers, age, and transfusion history. One of the most critical findings in
this study is that individuals with SCD may have remarkably distinct
RBC adhesion profiles even at a similar degree of endothelial activation.

In concert with previously published work, 12115940 we observed
enhanced expression of VCAM-1 and P-selectin following endothelial
activation with 20 uM and 40 uM heme. We also detected expression
of these adhesion molecules, albeit at a much lower level, on quiescent
ECs, which likely explains the observed low level adhesion of HbS RBC
to these cells. We then demonstrated significantly increased HbS RBC
adhesion to 20 and 40 puM heme-activated ECs compared to non-
activated cells (Figure 3D), primarily by deformable RBCs (Figure 3E), in
line with earlier reports by Mohandas and Evans.®* The total number
of adherent RBCs to heme-activated ECs was in the range of 28 to
2104 (20 uM) and 88 to 32900 (40 uM), suggesting a significant contri-
bution to adhesion levels by the RBCs themselves, independent of the
degree of EC activation. Furthermore, this heterogeneity was in strong
association with subject clinical phenotypes, as we show.

High levels of LDH, and by inference heme, as well as ARCs in
SCD have been previously linked to disease severity.**°842755 How-
ever, the dynamics of RBC adhesion and its relationship to ongoing
hemolysis has not been well understood. Although the toxic byprod-
ucts, including cell-free heme, accumulate in plasma during intravascu-
lar hemolysis and lead to an inflamed and highly activated endothelial
lining, whether this results in uniform elevation in RBC adhesion to the
endothelium was not clear. In our earlier work???3, we showed that
RBCs from subjects with higher LDH and reticulocytes adhered to
immobilized laminin more significantly, in both normoxic and hypoxic
conditions, compared with the subjects who had lower hemolytic bio-
marker levels, revealing that RBCs that hemolyze may be more adhe-
sive (or vice versa), independent from the deleterious impacts of
hemolysis on the endothelium. Similarly, our results in this work sug-
gest that RBCs from subjects with a more severe hemolytic phenotype
have greater adhesion to heme-activated ECs, supporting the key con-
tribution of adhesive RBCs to the “hyperhemolysis paradigm” in
SCD.%™%® Our results collectively suggest that the degree of RBC
adhesion differs significantly among individuals with SCD, and may be
in strong association with hemolysis, despite the presence of a consis-
tently activated endothelium with a pro-inflammatory phenotype.

Subjects with markedly increased levels of LDH and of ARC, asso-

ciated with greater RBC adhesion, also had significantly higher WBC
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counts and ANCs, indicating a heightened inflammatory state in addi-
tion to hemolysis. The role of WBCs in altering RBC biomechanical
properties, including adhesiveness and deformability, has yet to be fully
elucidated. Earlier, we found a possible link between WBC counts and
shear-dependent adhesion of HbS RBCs,3' which is consistent with
findings here that increased WBCs may be associated with HbS RBCs
that are more adhesive to heme-activated ECs.

Increased mortality in young adults with SCD remains a significant
challenge despite recent dramatic improvements in care.*”~72 Here,
most (7/8) subjects under the age of 35 were in the more clinically
active group, Group 2. On the other hand, most (6/8) older subjects,
>35 years of age, were in the lower LDH, lower ARC, lower RBC adhe-
sion group, Group 1. We speculate that adults with SCD who have
RBCs that adhere more to heme-activated ECs may die earlier, leaving
individuals with a lower adhesion profile to comprise the older adult
population. This study suggests a direct association between
hemolysis-driven elevated RBC adhesion to ECs and early death in
SCD.

Of note, higher adhesion to heme-activated ECs (20 or 40 uM
heme) was seen in RBCs from subjects with a recent (<3 months)
transfusion history, suggesting a worse adhesion phenotype in trans-
fused subjects. This seemingly paradoxical observation is similar to our
earlier finding,2® in which RBCs from transfused subjects displayed sig-
nificantly greater adhesion to laminin under hypoxic conditions.
Whether transfusions impact RBC adhesion in individuals or con-
versely, whether individuals who require transfusions have an intrinsi-
cally worse disease phenotype is not yet clear.

Vaso-occlusive crises (VOC), vasculopathy, and hemolysis are the
clinical hallmarks of SCD and can lead to systemic organ damage and
early mortality. Although SCD is characterized by a point mutation that
affects RBC biophysical properties, many different cell types contribute
to the pathogenesis of the disease, and it has been shown that VOC
episodes in SCD are caused by complex heterocellular adhesive
amongst between RBCs, WBCs, platelets, and ECs.”®~”® Moreover, the
interplay between these cellular components is often magnified by
complex plasma proteins that may act as molecular bridges between
circulating blood cells and the activated endothelial layer.”® Therefore,
having a thorough grasp of underlying VOC mechanisms in SCD
requires the simultaneous examination of interactions between all
these cellular components as well as the pertinent molecular pathways.
However, this study is principally focused toward better understanding
the isolated role of RBCs, which are highly heterogeneous within the
SCD population, and adhesion to activated human ECs. Indeed, our
findings highlight the importance of heterogeneous RBC adhesion to
heme-activated human ECs, in particular the strong association of this
adhesion with clinical phenotypes. In addition, removal of plasma from
blood samples allowed us to precisely control the extent of heme-
driven endothelial activation, without additional interference by cyto-
kines or other endothelial-activating agents in the plasma that may
have varied from subject to subject.

In conclusion, we have designed and implemented an endothelial-
ized microfluidic approach (Endothelium-on-a-chip) with which to inter-

rogate adhesion of HbS RBCs to both quiescent and heme-activated
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endothelial cells in vitro. Our technique in designing and manufacturing
the microfluidic channels seeded with endothelial cells is a relatively
low labor-intensive and high throughput methodology that facilitates
the incorporation of such systems into a standard laboratory setting for
clinically relevant applications. Accordingly, our findings obtained using
this endothelialized micro-platform revealed enhanced adhesion of
HbS RBCs to heme-activated endothelial cells in a subject specific fash-
ion. Notably, the heterogeneity in the adhesion levels solely reflects on
the heterogeneous adhesivity of RBCs from different subjects, without
reference to the variable activation states of ECs that are likely found
in vivo. The RBC-driven subject-specific adhesion profiles developed in
this study displayed significant association with hemolytic and inflam-
matory biomarkers, including LDH, ARC, and WBC counts. In addition,
we found that subjects with SCD who are undergoing RBC transfusion
therapy may experience exaggerated HbS RBC to heme-activated EC
interactions, which may also reflect a more severe clinical phenotype.
Future investigations will examine the role of adhesion proteins that
are upregulated on heme-activated endothelium, including ICAM-1,
VCAM-1, E-selectin, P-selectin, and vVWEF, in this adhesion process.
Understanding the important collective interplay between RBCs,
WABCs, and platelets with heme-activated ECs will better characterize
the multicellular adhesion paradigm for VOC in SCD, and may enable
us develop more effective strategies for both the monitoring and treat-
ment of this disease.
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