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Summary

Sickle cell disease (SCD) is characterized by frequent and unpredictable

vaso-occlusive crises (VOCs). Sickle erythrocytes (SSRBCs) contribute to

VOCs by participating in a series of adhesive events with blood cells and

the vascular endothelium. Adhesion assays have been used to evaluate the

relationship between SSRBC adhesion and SCD severity. We developed a

standardized, clinical flow adhesion assay of whole blood to vascular cell

adhesion molecule (FA-WB-VCAM). The objective of this study was to

assess the variability and clinical predictive value of FA-WB-VCAM in a

six-month longitudinal, observational study (ELIPSIS) in SCD subjects dur-

ing at-home, steady-state and self-reported VOCs, and following VOC reso-

lution. We observed a strong relationship between FA-WB-VCAM and

SCD severity. Adhesion indices were significantly lower in SCD subjects on

hydroxycarbamide and increased during VOCs; at-home VOCs had signifi-

cantly higher FA-WB-VCAM than steady-state and contact VOCs. SCD

subjects with a high frequency of self-reported VOCs had a pro-adhesive

phenotype at steady state and were stratified into a high-adhesive pheno-

type cohort; two years prospectively we observed a higher frequency of

VOCs in the high-adhesion cohort. This study supports stratifying SCD

subjects based on steady-state FA-WB-VCAM and suggests that FA-WB-

VCAM may be a plausible surrogate end-point for SCD severity.

Keywords: adhesion, very late antigen-4, vascular cell adhesion molecule-1,

vaso-occlusion, sickle cell disease.

Introduction

Sickle cell disease (SCD) is a complex multi-system organ

condition that is characterized by frequent and unpredictable

vaso-occlusive crises (VOCs) and significant phenotypic vari-

ability. Lack of reliable biomarkers to objectively define

VOCs in SCD has hindered the development and FDA

approval of SCD-modifying therapies. Therefore, there is a

need to identify and validate blood-based prognostic bio-

markers to similarly stratify individuals at highest risk for

vaso-occlusive complications earlier in the disease progres-

sion to prevent acute VOC, vasculopathy, and other end-

organ events.

More than 100 biomarkers have been identified in SCD

although none have been shown to reliably predict VOCs.1-10

Pathologic adhesive interactions of sickle erythrocytes

(SSRBCs) to the vascular endothelium contribute to VOCs,

resulting in impaired microvascular blood flow, tissue ischae-

mia, severe pain, and end-organ damage. Static and flow-

based adhesion assays have been used for decades to describe

adhesion in SCD since earlier studies demonstrated that

SSRBCs are more adherent than non-sickle erythrocytes and

observed a link between SSRBC adhesion and SCD sever-

ity.11-13 Since then, numerous adhesion receptor/ligand pairs,

expressed on sickle bloods cells, endothelial cells, and the

subendothelial matrix, mediating pathologic adhesion in

SCD, have been identified.14-17 Of these, very late antigen-4

(VLA-4 or alpha4beta1) is among the most well-

characterized adhesion receptors in SCD. VLA-4 is expressed

on immature red blood cells which results in increased
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adhesiveness to the vascular endothelium, in large part, via

vascular cell adhesion molecule-1 (VCAM-1).16,18 Adhesion

to the endothelium is reversed by antibodies that block

VCAM-1.19 Clinically, VLA-4 is highly expressed on reticu-

locytes (immature SSRBCs) from SCD patients with fre-

quent VOCs and decreased in hydroxycarbamide (HU)-

treated patients.20,21 Despite these findings, a standardized

platform to assess adhesion in SCD is not available for clin-

ical application.

We developed a clinical bioassay to measure flow adhe-

sion of whole blood to immobilized VCAM-1 (FA-WB-

VCAM)22,23 and designed a longitudinal observational study

(ELIPSIS)10 to assess adhesion in control (AA/sibling-

matched trait-AS) and SCD (SS and Sbeta0) blood samples

every three weeks at steady state and SCD blood samples

within 24 h of a patient-reported pain crisis. Control sam-

ples and SCD samples were collected for three and six

months, respectively. Adherent cells were quantified to gen-

erate an adhesion index (cells/mm2). A daily electronic,

patient-reported outcomes tool (ePRO) was utilized by SCD

subjects to self-report steady-state and VOC pain status. The

ELIPSIS SCD cohort was followed an additional two years

after the original six-month longitudinal observation period

to assess the frequency of vaso-occlusive end-organ events

(VOEEs) in cohorts defined by FA-WB-VCAM (adhesive

phenotype).

We documented the feasibility of monitoring out-of-

hospital pain and patient-reported VOC days as end-points

for clinical trials in SCD and the utilization of mobile phle-

botomy to obtain blood samples to measure laboratory bio-

markers to improve the identification and assessment of in-

hospital and out-of-hospital VOCs in a recent publication.10

The objectives of this study were to report the longitudinal

range of adhesion indices in control (AS/AA) and SCD (SS/

Sbeta0) subjects at patient-reported steady-state, in-home

study visits and during VOCs; VOCs were assessed in a

home (home-VOC) or healthcare (contact-VOC) setting. We

demonstrate the difference in FA-WB-VCAM levels between

genotypes and self-reported baseline and VOCs, as well as

the relationship between baseline FA-WB-VCAM and SCD

severity.

Methods

Study participants

We designed a six-month longitudinal study to assess FA-

WB-VCAM in sickle cell trait (HbAS; n = 10), non-SCD

healthy participants (HbAA; n = 4), and SCD (n = 33) sub-

jects at steady-state home visits and self-reported SCD pain

crisis. Steady-state samples were obtained every three weeks

for six months in SCD subjects and for three months in con-

trol study subjects. VOC samples were collected within 24 h

from report. This protocol was approved by the Wayne State

University Human Investigation Committee Institutional

Review Board and written informed consent was obtained

from study participants, previously defined in detail.10 Partic-

ipants who were being treated with HU must have been on a

stable dose for at least eight weeks prior to visit 1.

SCD severity index (SCDSI)

A SCD severity index (SCDSI) is a representation of histori-

cal disease severity established by quantifying the total cumu-

lative number of objectively documentable VOEEs, including

acute chest syndrome/pneumonia, stroke, priapism, splenic

sequestration, hepatic sequestration, and cholelithiasis,

indexed over years of life (SCDSI = number of VOEEs/age in

years). VOEEs were extracted from the patient’s medical

records during the initial screening visit. Each individual

VOEE was given equal weight in the scoring system. Addi-

tionally, VOEEs were extracted from the electronic medical

record during a two-year period after completion of the ini-

tial six-month longitudinal study, including SCD-related ER

visits and/or hospital admissions and transfusions.

Clinical flow adhesion assay of whole blood to
immobilized vascular cell adhesion molecule (FA-WB-
VCAM)

Flow adhesion assays were performed using pulsatile, shear

flow (1�67 Hz, 1�0 dyne/cm2) with a commercial well-plate

micro-fluidic flow adhesion system, BioFlux 1000Z (Fluxion,

San Francisco, CA USA) by modification of published

methods.22,23 Microfluidic channels were coated with 0�02
mg/ml VCAM-1. Flow conditions mimic blood flow in the

post-capillary venules where vaso-occlusive adhesive events

are likely to occur. Images were acquired with a high-

resolution CCD camera and analyzed with Montage imaging

software (Molecular Devices, Downington, PA, USA). An

adhesion index (cells/mm2) was established for each sample

by quantifying adherent cells within a standard viewing area.

Steady-state composite adhesion indices were calculated by

averaging FA-WB-VCAM adhesion indices from steady-state

blood samples measured over six months.

Statistical analysis

FA-WB-VCAM adhesion indices were summarized using

descriptive statistics. Box-and-whiskers plots were utilized to

depict the range of FA-WB-VCAM adhesion indices. Inter-

quartile range (IQR) was used to measure the variability of

longitudinal samples. Geometric means were reported to

account for the effect of data outliers. Mixed-model analyses,

accounting for repeated measurements, were utilized to com-

pare the geometric means of adhesion indices among varied

genotypes and disease states. Linear mixed-model regression

analyses determined relationships between FA-WB-VCAM

adhesion indices and haematologic lab values and VOEEs.

Data were analyzed using R software (R Foundation for
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Statistical Computing, Vienna, Austria; version 4�0). A P

value < 0�05 was considered statistically significant.

Results

Steady-state adhesion indices in normal (AA), trait
(AS), and SCD (SS, Sbeta0) subjects

The longitudinal range of steady-state FA-WB-VCAM for

normal (AA, n = 20, mean = 65 cells/mm2, range = 20–294
cells/mm2), trait (AS, n = 49, mean = 57 cells/mm2, range =

9–382 cells/mm2), Sbeta0 (n = 47, mean = 372 cells/mm2,

range = 75–1 192 cells/mm2), and SS (n = 231, mean = 260

cells/mm2, range = 19–1 654 cells/mm2) blood samples was

established. Like previous reports,11-13 SCD samples were

found to be significantly more adherent than non-SCD sam-

ples (AA vs SCD, P < 0�001 and AS vs SCD, P < 0�001; Fig
1A). There was no significant difference between control (AA

vs AS; P = 0�72) and SCD (Sb0 vs SS; P = 0�21) groups.

Steady-state adhesion indices varied in individual study sub-

jects (Fig 1B); however, adhesion levels did not exceed 400

cells/mm2 in control subjects (Fig 1C).

We assessed the relationship between steady-state FA-WB-

VCAM (n = 278) and haematologic lab values in SCD blood

samples (Table I). Unfortunately, parallel haematologic lab

values were not available for each sample; discrepancies in

missing values were reported below (e.g. n = 271). Uric acid

(n = 267, r = 0�27, P = 0�0004), haematocrit (Hct; n = 271, r

=�0�30, P = 0�0003), white blood cell count (WBC ct; n =

271, r = 0�14, P = 0�02), and lactose dehydrogenase (LDH; n

= 265, r = 0�15, P = 0�046) were weakly (2%–9% explanatory

significance) associated (n = 220, r =�0�3913, P = 0�0002)
with steady-state adhesion indices; however, fetal haemoglo-

bin (HbF; n = 218, r =�0�39, P = 0�0002), and percent reticu-

locyte levels (Retic %; n = 265, r = 0�45, P < 0�001) showed a

moderately strong correlation (15% and 20% explanatory

significance, respectively). C-reactive protein (CRP; n = 264,

r = 0�10, P = 0�05), haemoglobin S (HbS; n = 39, r = 0�21, P =
0�22), and platelet counts (n = 270, r =�0�02, P = 0�79) did

not correlate with steady-state adhesion in this study. A mul-

tivariant mixed-effects regression model revealed that SCD

subjects with a lower haematocrit (Hct) and higher reticulo-

cyte percent (retic %) had significantly more adherent cells

at steady state (r = 0�49; P = 0�009).

Fig 1. Steady-state adhesion indices in normal (AA), trait (AS), and sickle cell disease (SCD: SS, Sb0) patients. Serial blood samples were col-

lected from AA, AS, and SCD patients at steady state. (A) SCD subjects adhered significantly higher than control subjects. (B) Steady-state adhe-

sion varied in individual study subjects. (C) Flow adhesion assay of whole blood to vascular cell adhesion molecule (FA-WB-VCAM) adhesion

indices in control subjects did not exceed 400 cells/mm2. [Colour figure can be viewed at wileyonlinelibrary.com]
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Composite steady-state FA-WB-VCAM in SCD subjects

Composite FA-WB-VCAM was calculated to represent

steady-state adhesion by averaging the total number of

steady-state FA-WB-VCAM adhesion indices obtained over

the six-month period. Composite steady-state FA-WB-

VCAM varied from patient to patient and was correlated

with our SCDSI (r = 0�58, P = 0�005; Fig 2A), accounting for

approximately 33% of the SCDSI variability. SCD subjects

were stratified into two groups, defined as high and low

adhesion phenotypes, based on their steady-state composite

FA-WB-VCAM measuring above and below the 75th per-

centile (427 cells/mm2, Fig 2B) respectively. We also calcu-

lated the interquartile range (IQR), a reliable measure of

variability, for steady-state FA-WB-VCAM in each SCD

subject over the six-month period. The high-adhesive phe-

notype demonstrated higher variability in steady-state FA-

WB-VCAM over the six-month period when compared to

SCD subjects with a less adhesive phenotype (high-adhesion

phenotype: IQR = 344� 77�6 vs low adhesion phenotype:

IQR = 175� 137�5 P = 0�009; Fig 2C). The high-adhesion

cohort also experienced a significantly greater number of

VOEEs, ER visits, and hospitalizations during a two-year

follow-up period (Fig 2D).

Adhesion indices and SCD clinical state

Steady-state FA-WB-VCAM was significantly lower in SCD

subjects receiving HU compared to non-HU SCD subjects

(meanHU = 230 vs meannon-HU = 337 cells/mm2, P = 0�047;
Table II). Also, FA-WB-VCAM from blood samples collected

from SCD subjects at steady state (non-VOC; n = 278, mean

= 276 cells/mm2, range = 19–1 654 cells/mm2) were lower

than in blood samples collected during VOC (n = 55, mean

= 340 cells/mm2, range = 61–957 cells/mm2, P = 0�055)
although statistical significance was not reached. However,

FA-WB-VCAM in SCD subjects with at-home self-reported

VOCs (n = 29, mean = 412 cells/mm2, range = 74–957 cells/

mm2), as opposed to those managed in a healthcare-setting

(Contact-VOC; n = 26, mean = 276 cells/mm2, range = 61–629

cells/mm2), exhibited significantly higher FA-WB-VCAM adhe-

sion indices than steady-state (P= 0�016) and Contact-VOC

samples (P= 0�032; Table II).

Discussion

Vasculopathy has been implicated in stroke, priapism, pul-

monary hypertension, and leg ulceration and suggested in

other chronic organ dysfunctions in SCD.24 Adhesive interac-

tions of SSRBCs with the vascular endothelium have long

been recognized as important mechanisms of pathologic

vasulopathy in SCD. These “pro-adhesive” VOCs have been

associated with frequent and unpredictable vaso-occlusive

pain and other downstream microcirculatory pathologies.

Heterogeneous research-based flow adhesion assays have

been traditionally used to measure the adhesiveness of iso-

lated SSRBCs to immobilized adhesive substrates and endo-

thelial monolayers. Despite the established importance of SS

RBC adhesive properties in SCD pathology and SCD thera-

pies, there is not a universal accepted standard for the clini-

cal assessment of adhesion in SCD. In this study, we utilized

a previously validated standardized, adhesion bioassay (FA-

WB-VCAM)22,23 to define the pro-adhesive phenotype that

distinguishes whole blood samples based on genotype,

steady-state vs self-reported VOC status, HU treatment sta-

tus, and SCD severity (SCDSI and VOEEs).

A longitudinal steady-state range is critical in order to

establish a standard for an adhesion biomarker that can be

used in the clinical management of SCD. We establish the

longitudinal steady-state ranges and composite averages for

FA-WB-VCAM in control (22–168 cells/mm2) and SCD (84–
917 cells/mm2) subjects. This allows FA-WB-VCAM data col-

lected in a clinic setting or in the context of a clinical trial to

be contextualized against a similar population. We also

report that SCD subjects on stable HU therapy have lower

adhesion indices than SCD subjects not on HU. The differ-

ence in FA-WB-VCAM in subjects at steady state and during

VOC did not achieve significance; however, a subanalysis

comparing the difference in FA-WB-VCAM during home vs

contact (ER or hospital) VOCs showed home VOCs were

Table I. Correlation between steady-state flow adhesion assay of whole blood to vascular cell adhesion molecule (FA-WB-VCAM) adhesion indi-

ces and haematologic lab values in sickle cell disease (SCD) blood samples.

n R² r P value

C-reactive protein (CRP, mg/ml) 264 0�0102 0�1010 0�0536
Hematocrit (Hct, %) 271 0�0908 �0�3012 0�0003*
Hemoglobin F (HbF, %) 218 0�1531 �0�3913 0�0002*
Hemoglobin S (HbS, %) 39 0�0449 0�2119 0�2153
Lactose dehydrogenase (LDH, units/l) 265 0�0237 0�1540 0�0460
Platelet count (K/mm3) 270 0�0003 �0�0164 0�7887
Reticulocytes (%) 265 0�2027 0�4502 <0�0001*
Uric acid (mg/dl) 267 0�0729 0�2700 0�0004*
White blood cell (WBC, K/mm3) 271 0�0193 0�1389 0�0217*

*Statistically significant values (P < 0�05).
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significantly higher than both steady-state and contact VOCs.

The likely explanation for the lower contact-VOC adhesion is

that subjects generally receive therapeutic interventions such

as RBC transfusions, fluid bolus, and non-steroidal anti-

inflammatory drugs (NSAIDS), which can reduce systemic

inflammation. The limitation of the study is that the study

was not designed to collect information on acute interven-

tions or to ensure blood was consistently taken before inter-

ventions, so a future study will determine this definitively.

We stratified SCD subjects into high- (>75th %) or low- (<
75th %) adhesion phenotypes according to their composite

steady-state FA-WB-VCAM (six-month longitudinal average

of steady-state adhesion). There was a significant correlation

between composite steady-state FA-WB-VCAM and historical

SCDSI, demonstrating that FA-WB-VCAM reflects historical

disease control in SCD. More importantly, subjects with a

“high” adhesive phenoptype had significantly greater variabil-

ity in steady-state adhesion indices over time (e.g. IQR) and

Fig 2. Composite steady-state adhesion indices identify sickle cell disease (SCD) subjects with severe disease phenotypes. Adhesion was measured

from serial blood samples collected from SCD subjects at steady state. A composite adhesion index was established for each patient by calculating

the mean of steady-state adhesion indices measured over six months. (A) Composite steady-state adhesion indices significantly correlate with

sickle cell disease severity. (B) Composite steady-state adhesion indices measuring above the 75th percentile were used to stratify SCD subjects as

having a high or low adhesion phenotype. (C) Steady-state adhesion indices varied in individual SCD subjects; thus, the interquartile range (IQR)

was used to measure the variability of longitudinal samples. SCD subjects with a high adhesion phenotype have more variable adhesion indices at

steady state. (D) SCD subjects identified as having a high-adhesive phenotype developed more vaso-occlusive end-organ events (VOEEs) two

years prospectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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VOEEs two years following the original six-month longitudi-

nal study. These data suggest that blood-based adhesion bio-

markers obtained during steady state can stratify individuals

with SCD into high and low risk categories based on their

risk of future VOEEs. Ongoing studies will determine whether

adhesive phenoptypes are stable over time by retesting com-

posite steady-state FA-WB-VCAM in “low” and “high”

cohorts.

High levels of very late antigen-4 (VLA-4) expression on

reticulocytes, levels of soluble VCAM-1 and its expression on

endothelium, have been associated with response to SCD-

modifying therapy, vaso-occlusive adhesive events, and severe

disease phenotypes.5,19,20,21,25,26,27 Soluble VCAM-1 (sVCAM-

1) and endothelial VCAM-1 adhesive interactions are ele-

vated in SCD plasma and during VOC and decreased during

HU therapy.5,25,26,27 SSRBC adhesion to TNF-alpha-treated

endothelium and plasma TNF-alpha is also increased in

SCD.27 VLA-4 supports avid interactions between SSRBCs

and endothelial VCAM-1.19,28,29,30 SSRBC adhesion to the

endothelium and SSRBC–WBC aggregates are reversed by

anti-VCAM-1 antibodies in vivo.19,31 Clinically, VLA-4 levels

are higher in SCD subjects with frequent VOCs and

decreased in SCD patients treated with HU.20,21 We have

reported the utility of a VCAM-1-induced endothelial sub-

strate in prior adhesion studies;32 however, cultured endothe-

lial cells are not feasible for a standardized, scalable clinical

assay. Assessment of adhesion to an immobilized VCAM-1

substrate with FA-WB-VCAM will directly assess this critical

adhesive interaction in a much more physiologic context and

is therefore expected to reflect current and historical SCD

control and severity.

The adhesion bioassay utilized in this study provides clini-

cians an objective measure of adhesion in blood samples col-

lected from SCD subjects. We show that a pro-adhesive

phenotype is not only associated with having a high-level

adhesion over time but that fluctuations of cell adhesion to

VCAM-1 may allow for the initiation of adhesion-mediated

vaso-occlusive events to occur. The results of this study sug-

gest that SSRBC adhesion under physiologic flow in the con-

text of whole blood, as assessed by FA-WB-VCAM, may be a

surrogate for clinical disease severity. We recently demon-

strated the ability of our flow-based adhesion biomarkers,

including flow adhesion of whole blood to VCAM-1 (FA-

WB-VCAM), flow adhesion of whole blood to P-selectin

(FA-WB-Psel), flow adhesion of white blood cells to VCAM-

1 (FA-WBC-VCAM) and flow adhesion of white blood cells

to P-selectin (FA-WBC-Psel), to predict the risk of recurring

VOCs in SCD subjects.33 Additional studies in a larger pro-

spective cohort are underway to definitively establish the pre-

dictive value of FA-WB-VCAM for impending VOCs,

identifying SCD subjects with severe disease phenotypes, and

to establish its role in therapeutic monitoring of SCD-

modifying therapies.
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