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Summary
Individuals with sickle cell disease (SCD) have persistently elevated thrombin gener-
ation that results in a state of systemic hypercoagulability. Antithrombin-III (ATIII), 
an endogenous serine protease inhibitor, inhibits several enzymes in the coagulation 
cascade, including thrombin. Here, we utilize a biomimetic microfluidic device to 
model the morphology and adhesive properties of endothelial cells (ECs) activated 
by thrombin and examine the efficacy of ATIII in mitigating the adhesion of SCD 
patient-derived red blood cells (RBCs) and EC retraction. Microfluidic devices were 
fabricated, seeded with ECs, and incubated under physiological shear stress. Cells 
were then activated with thrombin with or without an ATIII pretreatment. Blood 
samples from subjects with normal haemoglobin (HbAA) and subjects with ho-
mozygous SCD (HbSS) were used to examine RBC adhesion to ECs. Endothelial cell 
surface adhesion molecule expression and confluency in response to thrombin and 
ATIII treatments were also evaluated. We found that ATIII pretreatment of ECs re-
duced HbSS RBC adhesion to thrombin-activated endothelium. Furthermore, ATIII 
mitigated cellular contraction and reduced surface expression of von Willebrand fac-
tor and vascular cell adhesion molecule-1 (VCAM-1) mediated by thrombin. Our 
findings suggest that, by attenuating thrombin-mediated EC damage and RBC adhe-
sion to endothelium, ATIII may alleviate the thromboinflammatory manifestations 
of SCD.
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I N TRODUC TION

Chronic activation of coagulation is a characteristic feature of 
sickle cell disease (SCD).1,2 For patients with SCD in both steady 
state and active painful crises, previous studies have shown 
chronically elevated levels of endogenous thrombin generation, 
depleted natural anticoagulants, and abnormal activation of fibri-
nolysis.3 Abnormally enhanced adhesion of haematopoietic cells 
with associated vascular inflammation are also typical of SCD.4,5

Recent studies have identified a multitude of potential 
therapeutic targets in SCD, particularly with respect to the 
coagulation cascade.6-10 One promising target is thrombin, a 
key enzyme that is generated through the cleavage of factor 
II (prothrombin) via the prothrombinase complex formed by 
factors Xa and Va in a membrane-dependent interaction.11,12 
Thrombin generation has shown to be elevated in patients 
with SCD and contributes to microvascular stasis in murine 
models of SCD.13 Additionally, thrombin-activated ECs in-
crease HbSS RBC adhesion through EC surface proteins and 
subendothelial matrix interactions.14,15 Despite the major 
role thrombin plays in SCD and several ongoing clinical 
trials, there are no FDA-approved therapeutic options that 
target this crucial step in the coagulation cascade.13,16,17 The 
serpin ATIII inhibits several coagulation enzymes, includ-
ing thrombin, and its activity is greatly enhanced when the 
enzyme binds to pharmacologic heparin or heparan sulphate 
molecules located on the surface of endothelial cells (ECs).18 
Since thrombin has shown to play a critical role in SCD, in 
this study we sought to investigate whether or not ATIII 
could mitigate thrombin-mediated HbSS adhesion.13-15

In this work, we utilized a biomimetic endothelium-on-a-
chip microfluidic assay to assess the effect of ATIII on the mor-
phology and function of human ECs activated by human alpha 
thrombin. The endothelium-on-a-chip microfluidic assay 
functions as a platform on which human ECs are cultured 
under physiological shear stress. This system permits the perfu-
sion of patient blood samples to assess in vitro characteristics in 
comparison to clinical pathologies and phenotypes.19-22 Here, 
we focused on modelling morphology and adhesive properties 
of ECs activated by human alpha thrombin. Our findings show 
that thrombin activation leads to significant changes in EC 
morphology as well as enhanced adhesion of RBCs from sub-
jects homozygous for HbS. Notably, pretreatment of ECs with 

ATIII prior to thrombin activation prevented both EC contrac-
tion and RBC adhesion. Summarily, these results demonstrate 
the efficacy of ATIII in preventing EC damage and consequent 
adhesive interplay between ECs and RBCs in SCD.

M ETHODS

Subjects and blood sample collection

Whole-blood samples were obtained from de-identified adult 
subjects with or without HbSS SCD at University Hospitals 
CWRU (Cleveland, OH, USA), under an Institutional 
Review Board-approved protocol. Samples were collected in 
ethylenediaminetetra-acetic acid (EDTA)-containing tubes 
and used within two days of collection. Subjects with HIV or 
hepatitis C were ineligible for this study. Clinical phenotypes 
of individual patients are shown in Table S1.

Endothelium-on-a-chip fabrication and 
microchannel endothelialization

Microfluidic devices were fabricated according to our previously 
published methods.19 Microchannel geometry was formed via 
a laser micro-machined double-sided adhesive film (DSA film, 
3M, Saint Paul, MN, USA) placed between a microscope glass 
slide and a polymethyl methacrylate block (PMMA, McMaster-
Carr, Elmhurst, IL, USA) with inlet and outlet holes (Figure 1A). 
Assembled microchannels were rinsed with phosphate-buffered 
saline (PBS, Gibco, Life Technologies, Thermo Fisher Scientific, 
Waltham, MA, USA), 100% ethanol, and functionalized by in-
cubation with N-γ-maleimidobutyryl-oxysuccinimide ester 
(GMBS, Thermo Fisher, Waltham, MA, USA) for 20 min at room 
temperature. Following a PBS wash step, a 0.2 mg/ml fibronectin 
(Sigma-Aldrich, St. Louis, MO, USA) solution was perfused into 
each microchannel and incubated at 37°C for 1  h. Thereafter, 
human umbilical vein endothelial cells (HUVECs, Lonza Inc., 
Morristown, NJ, USA) were seeded into the microchannels at a 
density of 8 × 106 cells/ml and incubated at 37°C and 5% CO2 for 
10 mins, after which the seeding process was repeated and the 
microchannels were incubated at 37°C and 5% CO2 for another 
hour. Each microfluidic chip was then connected in tandem to a 

F I G U R E  1   Overview of microfluidic device and experimental design. (A) Endothelium-on-a-chip is shown during a sickle cell blood adhesion assay. 
(B) Illustration of experimental design for various microchannel conditions. Each bar represents static incubation solution following culturing each 
device under flow. [Colour figure can be viewed at wileyonlinelibrary.com]
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flow system that perfused fresh culture medium [EGM, 2% fetal 
bovine serum (FBS), Lonza Inc., Morristown, NJ, USA] at a rate of 
150 μl/min over the cells. Following the perfusion culture for 24 h, 
the culture medium was replaced with serum-free ITS+1 (insulin–
transferrin–selenium–linoleic acid–bovine serum albumin, 
Thermo Fisher Scientific, Waltham, MA, USA) containing EGM 
culture medium overnight, prior to the day of experimentation.

Thrombin activation and ATIII treatment of 
endothelial cells

Microfluidic chips were disconnected from flow followed by 
treatment of cells with appropriate media. Control cells were 
perfused with ITS+1 medium alone. Thrombin microchannels 
were perfused with 5 u/ml human alpha thrombin (Haemtech, 
Essex, VT, USA) in ITS+1 medium. For ATIII pretreatment, 
7 u/ml ATIII in ITS+1 medium was perfused into microchan-
nels and incubated at 37°C and 5% CO2 for 1 h and washed 
prior to thrombin addition. The experimental design condi-
tions are illustrated in Figure  1B. The microfluidic devices 
were then incubated at 37°C and 5% CO2 for the duration of the 
experiment, with media being replaced every 2 h if necessary. 
ATIII was donated by Grifols USA (Los Angeles, CA, USA).

Immunofluorescence analysis of 
endothelial cells

Immediately following incubation, each microchannel was 
perfused with 3.7% formalin and incubated for 10  mins at 
room temperature. The microchannels were then washed 
thrice with PBS to remove the formalin solution. Next, bovine 
serum albumin (BSA) was perfused into each microchannel 
followed by a 4°C incubation overnight. BSA was then removed 
using serial washes of PBS. Fluorescently conjugated antibodies 
against human intercellular cell adhesion molecule-1 (ICAM-
1) (0.25 μg/ml), P-selectin (0.125 μg/ml), and von Willebrand 
factor (vWF, 20 μg/ml) were diluted in 1% BSA solution and 
injected into the microchannels. Following a 1-h incubation at 
room temperature, the microchannels were rinsed thrice with 
PBS. For VCAM-1 (1 μg/ml) and VE-cadherin (0.2825 μg/ml) 
staining, primary antibodies were diluted in1% BSA solution 
and injected into the microchannels. Channels were incubated 
at 4°C overnight and then rinsed thrice with PBS. Fluorescently 
conjugated secondary antibodies were then diluted in 1% BSA 
solution and Hoechst 33342 (1 μg/ml), injected into the micro-
channels, and incubated for 2 h at room temperature. Following 
incubation, microchannels were rinsed thrice with PBS. Phase 
contrast and fluorescence images of the mounted cells were ac-
quired via an inverted microscope at 20× (Olympus, IX83).

Red blood cell adhesion assay

Whole-blood samples were collected from both HbAA and 
HbSS SCD patients and kept at 4°C until ready for use. The 

samples were used within the first 24 h after venipuncture 
unless stated otherwise. For the adhesion experiments, red 
blood cells (RBCs) were isolated from whole blood by centri-
fuging at 500 g for 5 min followed by aspiration of the plasma 
and buffy coat. Isolated RBCs were then washed twice with 
PBS at 500 g for 5  min and resuspended in basal cell cul-
ture medium supplemented with 15 mM HEPES (Vasculife, 
Lifeline Cell Technology, Frederick, MD, USA) at a haema-
tocrit of 20% for HbSS samples and 40% for HbAA samples. 
Microfluidic channels were rinsed with HEPES-buffered 
basal media prior to the adhesion experiments to remove ex-
perimental solutions. Inlet lines filled with HEPES-buffered 
basal medium were then connected to inlets on microfluidic 
devices and sealed with epoxy. The samples were then drawn 
into 1-ml syringes that were attached to the inlet lines of the 
microfluidic devices. Next, the sample-containing syringes 
were placed on a multiple syringe pump, through which the 
samples were perfused over the ECs at a flow rate of 1.85 μl/
min (~1 dyne/cm2) for a total of 15 μl. Thereafter, the micro-
fluidic channels were rinsed with HEPES-buffered medium 
at a rate of 10 μl/min (~1 dyne/cm2) to remove unbound RBCs. 
Finally, a 32-mm2 field of view was scanned at 10× in the mid-
dle of the microchannel for subsequent image analysis.

ImageJ analysis of confluency

For confluency measurements, phase-contrast images were 
analysed using the PHANTAST plugin of ImageJ with default 
settings.23 Empty microchannel space was outlined in yellow 
(Figure 2). Fluorescence intensity was determined by measuring 
the colour intensity values of multiple regions from multiple ex-
periments for each condition and adjusting for cellular confluency.

Statistical methods

Data acquired in this study were reported as the 
mean ± standard error of the mean. All statistical analy-
ses were performed using GraphPad Prism 8 software 
(GraphPad Holdings, LLC). Parametric data were analysed 
using a one-way analysis of variance (ANOVA) followed by 
Tukey's multiple comparisons test. For parametric com-
parisons between two groups, an unpaired t-test was used. 
Statistical significance was set at 95% confidence interval 
for all tests (p < 0.05). Asterisks are used for significance lev-
els: *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005; ****, p ≤ 0.0001.

R E SU LTS

ATIII mitigates endothelial contraction 
mediated by thrombin

When incubated with 5  u/ml thrombin for 4  h, HUVECs 
underwent cellular contraction as summarized in Figure 2. 
HUVECs incubated with ITS+1 media had an average 
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confluency of 97.2  ± 0.5% (Figure  2A). When treated with 
ATIII alone, HUVEC confluency was 98.5 ± 0.7% (Figure 2B), 
while thrombin-treated HUVECs displayed an average con-
fluency of only 58.9  ± 1.8%, which was significantly lower 
than the control (Figure 2C, n = 9 for controls, n = 8 for ATIII 
only, and n = 6 for thrombin channels, p < 0.0001). This con-
traction could be prevented by incubating the microchannels 
with 7 u/ml ATIII for 1 h prior to washing and incubation 
with thrombin. Specifically, pretreatment of HUVECs with 
ATIII resulted in a cell confluency of 92.5 ± 1.8%, which was 
significantly increased compared to no ATIII pretreatment 
(Figure 2D, n = 7 for ATIII channels, p < 0.0001).

We also evaluated the effect of a shorter duration of 
thrombin exposure. A 15-min incubation with throm-
bin resulted in an average confluency of 94.4  ± 3.1%, with 
ATIII pretreatment producing an average confluency of 
96.3% ± 0.9 (n = 3 for thrombin and n = 3 for ATIII chan-
nels, p  =  0.59). Contraction of HUVECs under these con-
ditions is illustrated in Figure S1A,B. The overall results of 
confluency experiments are shown in Figure S1C. We also 
conducted cellular contraction experiments with a second 
cell line, human pulmonary microvascular endothelial cells 
(HPMVECs), and observed the same trends as shown in 
Figure S2.

Thrombin does not significantly increase HbAA 
RBC adhesion

To determine whether thrombin activation with or without 
ATIII pretreatment affects HbAA RBC interactions with 
ECs, we perfused HbAA RBC suspensions over the treated 

endothelial monolayers. Adhesion of HbAA RBCs was ex-
pectedly low since these cells are generally non-adhesive to 
endothelium.24 Control channels had an average of 2.5 ± 0.83 
RBCs (Figure 3A, n = 4) per analysed region (32 mm2). AT-
III pretreatment alone did not significantly change the adhe-
sion levels, with an average of 3.6 ± 0.7 RBCs per analysed 
region (Figure 3B, n = 4). Thrombin-activated endothelium 
had a slightly higher average of 15.7 ± 5.4 RBCs per analysed 
region, but this was only significantly different from AT-III 
only (Figure 3C, n = 8 for AT-III only channels, p = 0.0473). 
Finally, AT-III pretreatment followed by thrombin exposure 
had an average of 4.0 ± 1.1 adherent RBCs per analysed re-
gion (Figure 3D, n = 4 for AT-III channels). Aside from the 
sole significant difference between ATIII alone and throm-
bin only channels, no significant differences were noted, il-
lustrating that HbAA RBC adhesion to both quiescent and 
activated ECs was limited. A complete comparison of these 
data is shown in Figure 3E.

ATIII reduces sickle red blood cell adhesion on 
thrombin-activated endothelium

Since RBC adhesion plays a crucial role in SCD pathophysi-
ology, we next evaluated adhesion of RBCs to HUVECs, 
treated with thrombin and/or ATIII, using blood sam-
ples from individuals with homozygous SCD. We found 
that HbSS RBCs adhered to quiescent ECs at an average 
of 16.0 ± 9.8 RBCs per region (Figure 3F, n = 4 for control 
channels) and to ECs treated with ATIII only at an average 
of 14.3 ± 3.6 RBCs per region (Figure 3G, n = 10 for ATIII 
only channels). Both of these conditions had significantly 

F I G U R E  2   Antithrombin-III (AT-III) prevents a thrombin-mediated cellular contraction. Confluency of control channels is near total, but 
decreases by nearly half when incubated with thrombin 5 u/ml for 4 h. This contracted phenotype is prevented by pretreating with AT-III 7 u/ml for 
1 h prior to thrombin treatment. Representative images of (A) the control, (B) AT-III without thrombin, (C) thrombin 5 u/ml, (D) and thrombin with 
AT-III. Channels are shown with empty channel space outlined in yellow. Scale bars represent 100 μm. (E) Overall confluency of endothelial cells under 
control and treated conditions with relevant significance displayed. Asterisks are used for significance levels: *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005; 
**** p ≤ 0.0001. Data were analysed using a one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test. [Colour figure can be 
viewed at wileyonlinelibrary.com]
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lower adhesion levels compared to thrombin-activated ECs 
(Figure  3H, n  =  6 for thrombin-treated channels), which 
had an average of 252.5  ± 39.6 RBCs per analysed region 
(p < 0.0001 for both comparisons). While thrombin greatly 
increased levels of HbSS RBC adhesion, ATIII pretreatment 
significantly lowered thrombin-mediated adhesion to an av-
erage of 19.8 ± 3.6 cells (Figure 3I, n = 9 for ATIII channels, 
p  < 0.0001). These findings and comparisons are summa-
rized in Figure 3J.

ATIII protects endothelium by binding to 
heparan sulphate

To further investigate the mechanism through which ATIII 
protects HUVECs from the effects of thrombin, we in-
jected heparinase I (0.5  μM) into the microchannels and 
incubated for 1  h prior to ATIII addition in order to de-
grade heparan sulphate molecules on the HUVEC surface 
(Figure 4A). Heparinase I prevented ATIII from protecting 
against thrombin-mediated cellular contraction as shown in 
Figure 4B,C. These data suggest that ATIII binds to heparan 
sulphate on the endothelial surface.25

ATIII reduces thrombin-mediated adhesion 
molecule surface expression

It has been shown that HbSS RBCs adhere to activated ECs 
through various receptors and ligands such as ICAM-1 and 
P-selectin.13,19,21,22,24,26,27,28 We chose to investigate how 
thrombin with or without ATIII modulate the surface ex-
pression of ICAM-1, P-selectin, and von Willebrand factor 
(vWF), which may mediate RBC adhesion to the HUVEC 
surface. We found that thrombin significantly increased 
surface expression of ICAM-1 following a 4-h treatment 
compared to quiescent ECs (Figure  5A, n  =  9 for both 

conditions, in arbitrary units (AU), f luorescence inten-
sity (FI) = control: 5.2 ± 0.1 AU vs thrombin: 6.0 ± 0.2 AU, 
p = 0.0002). Surface ICAM-1 expression was attenuated by 
a 1-h ATIII pre-incubation (Figure 5A, n = 9, FI = ATIII: 
5.2  ± 0.1  AU vs thrombin: 6.0  ± 0.2  AU, p  =  0.0002). We 
also observed that surface P-selectin expression signifi-
cantly increased in response to thrombin alone but this was 
not reduced by ATIII pretreatment compared to controls 
(Figure 5B, n = 8 for control, n = 9 for thrombin, FI = con-
trol: 12.8 ± 1.1 AU vs thrombin: 13.1 ± 0.3 AU, p = 0.04. n = 9 
for thrombin and ATIII, FI  =  thrombin: 13.1  ± 0.3  AU vs 
AT-II: 15.0 ± 0.4 AU, p = 0.003). Lastly, vWF expression was 
significantly increased with thrombin exposure, but this in-
creased expression was decreased with ATIII pretreatment 
(Figure 5C, n = 8 for control, n = 8 for thrombin, FI = con-
trol: 8.6 ± 0.3 AU vs thrombin: 10.0 ± 0.3 AU, p < 0.0001; n = 8 
for thrombin, n = 9 for AT-III, FI = thrombin: 10.0 ± 0.3 AU 
vs AT-II: 9.3 ± 0.1 AU, p = 0.02). Representative images of 
surface expression can be seen in Figure 5D. Fluorescence 
data for 15-min thrombin experiments are shown in 
Supplemental Figure S3.

HbSS RBCs have been widely reported to adhere to 
VCAM-1 molecules on activated endothelial surfaces.28-30 
Therefore, we investigated the surface VCAM-1 expres-
sion as well as the tight junction protein VE-cadherin to 
further characterize thrombin-activated endothelium. 
Thrombin-activated endothelial cells expressed signifi-
cantly more VCAM-1 compared to controls and this expres-
sion remained high despite ATIII pretreatment (Figure 6A, 
n  =  11 for control, n  =  14 for thrombin, n  =  13 for ATIII, 
FI  =  Control: 8.7  ± 0.1  AU vs thrombin: 10.9  ± 0.1  AU 
or vs ATIII: 10.7  ± 0.1  AU, p  < 0.0001 for both compar-
isons). We then fluorescently tagged VE-cadherin and 
observed that thrombin-activated ECs had increased FI 
(n  =  14, 41.1  ± 0.4  AU) compared to both control (n  =  11, 
22.7 ± 0.8 AU) and ATIII (n = 13, 30.6 ± 0.9 AU) channels 
(p < 0.0001 for all comparisons).

F I G U R E  3   HbSS red blood cell (RBC) adhesion to endothelium is increased through thrombin activation and can be prevented with antithrombin 
III (AT-III) pretreatment. Representative images of endothelium after perfusion of HbAA RBCs are shown for the following conditions: (A) control; (B) 
AT-III without thrombin; (C) thrombin 5 u/ml; and (D) thrombin with AT-III. (E) Number of HbAA RBCs adhered to endothelial cells following control 
and treated conditions. For endothelium with adherent HbSS RBCs, the following representative images are shown for: (F) control; (G) AT-III without 
thrombin;, (H) thrombin 5 u/ml; and (I) thrombin with ATIII. (J) Number of HbSS RBCs adhered to endothelial cells following control and treated 
incubation conditions. Adherent RBCs are enlarged for clarity and outlined in yellow. Adherent cells not outlined are leukocytes. Scale bars represent 
100 μm. Asterisks are used for significance levels: *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005; ****, p ≤ 0.0001. Data were analysed using a one-way analysis of 
variance (ANOVA) followed by Tukey's multiple comparisons test. [Colour figure can be viewed at wileyonlinelibrary.com]
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DISCUSSION

In SCD, RBCs become aberrantly adhesive and stiff, causing 
the integrity of the cell membranes to be more fragile and 
susceptible to lysis.20 Within the microvasculature, adhesion 
molecules such as VCAM-1, ICAM-1, and selectins facilitate 
adhesion of blood cells, especially sickled RBCs, to the vas-
cular bed leading to vaso-occlusive events (VOEs).21,28,31,32 
SCD is also a well-recognized hypercoagulable state char-
acterized by chronic in vivo activation of the coagulation 
cascade and clinically, a higher risk of venous thrombo-
embolic events. Plasma biomarkers in SCD are typically 
skewed toward a procoagulant state; procoagulants such as 
thrombin–antithrombin complexes are increased at base-
line, while natural anticoagulants such as proteins C and S 
are decreased.33,34 Long-term consequences of hypercoagu-
lability and chronic haemolysis and vaso-occlusion can lead 
to progressive end-organ damage including, but not limited 
to, the kidneys, lungs, brain and cardiovascular system.35

In this study, we expanded upon our previous work of 
using endothelium-on-a-chip to explore assays of HbSS RBC 
adhesion in a clinically and physiologically relevant man-
ner.19,20,22,26 By modelling this disease state in vitro, we have 
studied potential pharmaceutical therapies and prophylactic 
approaches with patient-specific precision.21,22,36 Previously, 
we demonstrated that the endothelium-on-a-chip device 
could be used to model pathological haemolytic states by 
studying haeme-activated endothelium.19,36 Currently, we 
expand upon the translational potential of this microfluidic 

platform by testing a biological therapy, ATIII. We have 
characterized endothelial cell activation and HbSS RBC 
adhesion before and after the addition of ATIII to activated 
HUVECs. We hope this work adds to the growing body of 
literature that demonstrates the utility of microfluidic de-
vices in the drug development pipeline.

Due to the high levels of thrombin generation that have 
been shown in SCD patients both in steady state and during 
VOEs, we used human thrombin to activate HUVECs in 
this work.13,16 We treated HUVECs with thrombin at 5  u/
ml for several time periods to examine the role of throm-
bin on endothelial health and cellular adhesion. An obvious 
phenotype was the cellular contraction that HUVECs dis-
played. The mechanism of this contraction is detailed in the 
literature as being caused by myosin light chain-2 phosphor-
ylation.31,32 This barrier degradation became visible within 
15 mins of incubation but was prominent with increasing 
incubation time. Increased permeability of vasculature and 
breakdown of endothelial barriers due to thrombin expo-
sure have been reported in the literature and have also been 
shown in transgenic mice with SCD.32-34

ATIII is a plasma glycoprotein of the serpin family of 
protease inhibitors that exerts both anticoagulant effects 
(as a cofactor for heparin) and anti-inflammatory effects.18 
ATIII's anti-inflammatory effects are mediated through 
binding of its D-helix to heparan sulphate's proteoglycans on 
the surface of endothelial cells.35 This interaction leads to the 
synthesis of prostacyclin, which is a vasodilator, as well as an 
inhibitor of platelet aggregation, activated macrophages, and 

F I G U R E  4   Heparinase I inhibits protective effects of antithrombin III (AT-III). (A) Experimental design of heparinase I experiments with bar 
representing static incubation following culture under flow. (B) Representative image of the cellular contraction seen when heparinase I is used prior 
to AT-III. Channel is shown with empty channel space outlined in yellow. Scale bar represents 100 μm. (C) Graph of channel confluency showing that 
heparinase I in combination with AT-IIII and thrombin is not statistically significant from thrombin alone, suggesting heparinase I counteracts the 
effects of AT-III. Asterisks are used for significance levels; *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005; ****, p ≤ 0.0001. Data were analysed using an unpaired 
t-test. [Colour figure can be viewed at wileyonlinelibrary.com]
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nuclear factor kappa B pathway. It also plays a role as an in-
hibitor of inflammatory cytokine production and expression 
of VCAM-1 and furthermore desensitizes the chemokine re-
ceptors of leukocytes through binding to syndecan-4.33,35

In our experiments, treating ECs with 7 u/ml ATIII prior 
to thrombin incubation almost completely prevented the 
contracted phenotype. ATIII has been shown to bind pri-
marily to heparan sulphate proteoglycans located on the EC 

F I G U R E  5   Antithrombin-III (AT-III) decreases intercellular cell adhesion molecule-1 (ICAM-1) and von Willebrand Factor (vWF), but increases 
P-selectin surface expression. Thrombin increases surface expression of (A) ICAM-1 that is rescued by pretreatment with AT-III, while (B) P-selectin 
is increased in both thrombin and AT-III conditions. (C) Von Willebrand factor is increased in thrombin conditions compared to control and AT-III 
conditions; AT-III also has significant increased surface expression of vWF when compared to control channels. Representative images of each stain 
and condition can be seen in (D). Scale bars represent 100 μm. Asterisks are used for significance levels: *, p ≤ 0.05; **, p ≤ 0.005; ***,: p ≤ 0.0005; ****, 
p ≤ 0.0001. Data were analysed using a one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test.[Colour figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  6   Antithrombin-III (AT-III) decreases VE-cadherin surface expression, but does not change vascular cell adhesion molecule-1 (VCAM-1) 
expression. (A) VCAM-1 surface expression is increased in thrombin and AT-III channels compared to controls. (B) Thrombin increases surface 
expression of VE-cadherin that is reduced by pretreatment with AT-III. Representative images of each stain and condition can be seen in (C). Scale bars 
represent 100 μm. Asterisks are used for significance levels: *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005; ****, p ≤ 0.0001. Data were analysed using a one-way 
analysis of variance (ANOVA) followed by Tukey's multiple comparisons test. [Colour figure can be viewed at wileyonlinelibrary.com]
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surface.25 In order to verify the mechanism by which ATIII 
was exerting its effects, we incubated HUVECs with hepari-
nase I prior to ATIII treatment to degrade the heparan sul-
phate molecules on the EC surface. Results from incubation 
with heparinase I support the mechanism reported in the 
literature and illustrated in Figure 7.25,37,38

To determine whether there were significant adhesion 
events of HbAA RBCs to HUVECs increased after thrombin 
exposure, we perfused RBC suspensions from healthy donors 
over control and treated ECs. Adhesion for all conditions 
was exceedingly low, with thrombin pretreatment showing 
the highest amount of adhered RBCs. These findings are not 
surprising since healthy HbAA RBCs are generally consid-
ered to be non-adhesive, despite expressing surface adhesion 
molecules.24 In contrast, HbSS RBCs are widely known to 
be adhesive to endothelial surfaces. As expected, non-treated 
(control) HUVECs exhibited very few adhesive HbSS RBCs. 
Adhesion events greatly increased when HUVECs were ac-
tivated with thrombin. These adhesion events can trigger 
vaso-occlusive crisis events that occur throughout the mi-
crovasculature of SCD patients.

Since ATIII was able to mitigate the morphological re-
sponse of ECs to thrombin, we sought to investigate whether 
it would also prevent HbSS RBCs from adhering to the 
thrombin-activated HUVEC surface. Indeed, RBC adhesion 
to control and ATIII microchannels was similar, revealing 

the efficacy of ATIII in preventing HbSS RBC adhesion. Our 
findings support the findings by Gutsaeva et al. of reduced 
adhesion of RBC and white blood cells (WBC) to vascular 
endothelium in the bone marrow microcirculation of SCD 
mice by intravital microscopy when the animals were pre-
treated with ATIII compared to vehicle.39

Thrombin has been shown to induce expression of sev-
eral types of adhesion molecules on the EC surface, all of 
which can contribute to HbSS RBC adhesion.13,40,41,42 To 
profile which adhesion molecules were responsible for the 
increased adhesion observed in our experiments, we used 
immunofluorescence to stain for several well-known HbSS 
adhesion molecules (Figures 5, 6). P-selectin increased with 
thrombin exposure and even further increased with ATIII 
pretreatment, yet HbSS RBC adhesion did not show the 
same pattern of adhesion (Figure 5B), suggesting P-selectin 
is not the dominating adhesion molecule mediating RBC 
adhesion. Several of the adhesion molecules probed showed 
an increase in expression with thrombin treatment but de-
creased expression with ATIII pretreatment; these included 
ICAM-1, vWF, and VCAM-1 (Figures 5A,C and 6A). We hy-
pothesize that these molecules are the key players in HbSS 
RBC adhesion since this expression pattern matches that of 
HbSS adhesion.

Using the endothelium-on-a-chip in vitro microfluidic 
assay, we mimicked the compromised vasculature through 

F I G U R E  7   Illustration of the mechanisms involved in the endothelium-on-a-chip experiments. The top illustration shows thrombin causing 
endothelial cell (EC) contraction and blood cell adhesion. The lower panel displays the mechanism of antithrombin III (AT-III) binding to heparan 
sulphate molecules and protecting the ECs against the effects of thrombin. [Colour figure can be viewed at wileyonlinelibrary.com]
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thrombin treatment and demonstrated an increased adhe-
sion of HbSS RBCs as a model of VOEs. We report for the 
first time that ATIII pretreatment of human ECs reduced 
HbSS RBC adhesion to thrombin-activated endothelium 
in microscale flow. ATIII mitigated EC contraction and re-
duced surface expression of von Willebrand factor, which is 
mediated by thrombin. Our experiments show that prophy-
lactic ATIII may prevent SCD VOEs through mitigation of 
increased thrombin activity. By attenuating EC damage and 
HbSS RBC adhesion to endothelium, ATIII has alleviated the 
consequences of thrombin exposure in our in vitro model. 
For SCD patients with elevated thrombin–anithrombin 
complexes and other evidence of a systemic hypoercoagu-
lable state, we speculate that ATIII could be a viable acute 
or chronic treatment approach. Our findings support the 
notion that ATIII should be further investigated as a thera-
peutic for SCD VOEs.
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