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Abstract

Priapism is a serious, but episodic, complication of sickle cell disease (SCD). We had previously
reported that subjects with SCD had variable red blood cell (RBC) adhesion to the immobilized
sub-endothelial protein laminin (LN). We examined adhesion to LN in a microfluidic device, of
RBCs from men with homozygous sickle cell anemia. Adhesion under hypoxic, but not ambient,
conditions was greater in men with a history of priapism, with median adhesion of 529 RBCs per
32 mm?/unit area (range 5-5248) rising to 3268 RBCs per 32 mm?/unit area (range 49-18368),
P=0.004), under ambient and hypoxic conditions, respectively (n=14). This was not seen in RBCs
from men without a history of priapism (median 402 (range 14-785) and 122 (range 31-4112)
RBCs per 32 mm?/unit area, ambient and hypoxic conditions, respectively (P=N.S., N=12). We
also observed an association between hypoxia-enhanced RBC adhesion in vitro and a history of
hemoglobin desaturation /n7 vivo independent of priapism. Prolonged Hb desaturation may
increase sickle polymer formation and RBC damage, resulting in enhanced RBC adhesion,
hemolysis, and endothelial dysfunction. The identification of distinct RBC phenotypes could
prompt clinical evaluation for suitability for novel or under-used therapies, like oxygen.
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Introduction:

Sickle cell disease (SCD) arises from an inherited mutation in the beta globin geneThe most
common form of SCD is homozygous sickle cell disease (HbSS), or sickle cell anemia. The
population of people with HbSS is expanding worldwide, as are novel therapies for its
treatment! 3. It is predicted that the number of newborns with SCD who are born per annum
in Sub-Saharan Africa and India will increase from approximately 350,000 in 2010 to
445,000 in 2050%. Although the disease is caused by only a single amino acid substitution,
this deceptively minor molecular change has a profound physiological impact, resulting in
lifelong anemia, progressive endothelial dysfunction, and acute and chronic organ damage.
People with SCD suffer from pain and co-morbidities, often contributing to a shorter and
pain-filled life. One serious complication of this disease is priapism, an episodic, prolonged,
painful penile erection, which over time may result in impotence. Pripaism was first linked
with SCD in 1934, and has since been recognized as a common complication, afflicting one-
quarter to one-third of men with SCD over their lifespan.® Intravascular hemolysis, NO
scavenging, and resultant endothelial damage and vasculopathy are plausible
pathophysiological underpinnings to priapism in SCD%-8,

Utilizing a microfluidic adhesion assay, we had previously reported that subjects with SCD
had variable red blood cell (RBC) adhesion to the immobilized sub-endothelial protein
laminin (LN) under hypoxia in vitro, depending on clinical phenotype, extent of hemolysis,
and disease severity®12, Here, we asked whether RBC adhesion to LN, under ambient or
hypoxic conditions, differed between men with or without a history of priapism.
Anecdotally, many of patients with SCD report awakening with priapism. Nocturnal Hb
desaturation, in which Hb saturation (SpO,) decreases during sleep, is relatively common in
people with SCD, and also associates with HbSS, hemolysis, and decreased NO availability.
71314 \We examined this clinical association with RBC adhesion as well.

RBC adhesion to LN, under ambient and hypoxic conditions, was quantitated in samples
taken at clinical baseline from men with HbSS, with or without a history of priapism. We
utilized an /n vitro microfluidic platform (SCD Biochip) to measure RBC adhesion under
physiologic flow conditions!2. For hypoxia experiments, we integrated this platform with a
micro-gas exchanger that exposed the blood to low oxygen conditions prior to being flown
across the SCD biochip, resulting in desaturation of Hb in the sample (to an SpO, of 83%)°.

Materials & Methods:

Surplus blood draw samples, collected in ethylenediaminetetraacetic acid (EDTA), were
obtained from people with SCD during non-crisis clinic visits at the Adult Sickle Cell
Disease Clinic at University Hospitals Seidman Cancer Center/ CWRU in Cleveland, OH.
All de-identified samples were processed within 24 hours. Clinical information, including
treatment, medical history, and laboratory tests, was obtained from the electronic medical
records system. We recorded a history of priapism, at any time, and any evaluation for
hemoglobin desaturation sufficient to warrant prescription of oxygen within 5 years, e.g. 6-
minute walk distance test, sleep study, or overnight oximetry. Laboratory tests, obtained at
non-crisis clinic visits, included a complete blood count (CBC), comprising white blood cell
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count (WBC, 10% L), platelet count (10% L), and absolute neutrophil count (ANC, 108/ L),
as well as reticulocyte count (10% L), lactate dehydrogenase levels (LDH, U/L), ferritin
levels, a renal panel, liver function tests, hemoglobin S (HbS) %, hemoglobin F (HbF) %,
and total hemoglobin (g/dL). Pain level data, on a numerical scale from 0 (no pain) to 10
(highest pain), were routinely collected at each clinic visit. Concomitant treatments such as
hydroxyurea or transfusions were recorded. All studies were performed with institutional
review board approval and written informed consent from subjects.

The SCD Biochip was designed to recapitulate volume and flow of post-capillary venules. It
was functionalized with LN and blocked with 2% BSA to prevent non-specific adhesion®-12,
The microchannels were connected with inlet tubing which was non-permeable (ambient
conditions), or gas permeable within non-permeable tubing, which contained 5% CO2 and
95% N2. As previously reported, 15 pl of undiluted EDTA-anticoagulated blood sample was
injected into the channels through the inlet tubing at an approximate shear stress of 0.1 Pa,
and non-adherent cells were rinsed out by flowing a wash buffer solution. Phase-contrast
images of the microchannels with adherent RBCs were recorded with an inverted
microscope, and adherent RBCs were manually quantified with Adobe Photoshop software
(San Jose, CA) in a 32 mm? window®12,

A test of normality was performed on relevant variables. Non-normally and normally
distributed variables were described with medians and ranges. Appropriate two-sample tests
were used to compare groups, t-tests for normally distributed values and Mann-Whitney for
non-normally distributed variables. Appropriate paired t-tests were used to compare the
change from normoxic and hypoxic states. Analyses were performed with MiniTab
(MiniTab, Inc.; State College, PA) and OriginLab (OriginLab Corporation; Northampton,
MA) software. When more than one baseline value was available for a single subject,
median values for all data (adhesion and lab values) were used for analysis. We performed
the k-means clustering method to analyze univariate models and determined 2 distinct
groups of subjects with respect to their lactate dehydrogenase levels and absolute
reticulocyte counts. A custom written code in Matlab (Mathworks, MA, USA) was utilized
to partition the subject group into two clusters.

Paired RBC samples from men with a history of priapism showed significantly hypoxia-
enhanced adhesion to LN, rising from a median of 529 RBCs/32 mm?2/unit area (range 5—
5248) under ambient conditions to 3268 RBCs/32 mm&/unit area under hypoxic conditions
(range 49-18,368, P=0.004, N=14). This was not seen in men without a history of priapism
(402 (range 14-785) and 122 (31-4112, N=12) RBCs/32 mm?/unit area, under ambient and
hypoxic conditions, respectively, (P=N.S., Fig. 1). Of note, there was no significant
difference in baseline adhesion between these groups under ambient conditions (P=N.S., not
shown).

Although there was a trend towards Hb desaturation /77 vivo in men with a history of
priapism (Table 1), its presence, analyzed primarily, was highly associated with hypoxia
enhanced RBC adhesion /n vitro, regardless of priapism history. Men with a clinical history
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of Hb desaturation /in vivo showed hypoxia-enhanced adhesion to LN, rising from a median
440 (range 16-5248) to a median 4000 (range 16-5248) RBCs/32 mm?/unit area, under
ambient and hypoxic conditions, respectively (N=15, P<0.001, Fig. 1). This effect of
hypoxia was not seen in men who had not been tested or did not have Hb desaturation /n
vivo, whose adhesion to LN was a median 494 (range 5-785) to a median 102 (range 31—
521) RBCs/32 mm?/unit area, under ambient and hypoxic conditions, respectively (N=11,
P=N.S., Fig. 1).

Men with a history of priapism had evidence for chronic inflammation (elevated WBC and
neutrophil counts and elevated ferritin levels) and hemolysis (elevated LDH levels, Table 1).
In separate K-means clustering analyses, men with HbSS and a “hemolytic’ phenotype
(elevated LDH levels and high absolute reticulocyte counts) were more likely to have a
history of priapism than were men with a less hemolytic phenotype (Fig. 1 supplemental).

Conclusions:

Previous studies have indicated that a history of priapism is associated with greater disease
severity.8 Our research describes an association between hemolysis and priapism, which has
been highlighted by others. However, our data show for the first time that a history of
priapism associates with RBC phenotype in vitro, i.e. specifically hypoxia-enhanced
adhesion to LN, rather than adhesion under ambient oxygen concentrations at baseline. This
suggests a subtle but detectable and persistent RBC characteristic that associates with high-
risk, priapism-associated disease.

Many men in this study had both a history of priapism and a history of Hb desaturation,
which itself has been associated with more severe disease and pain.1>:16 Strikingly, hypoxia-
enhanced adhesion was more likely in men with a history of Hb desaturation to LN /n vivo,
regardless of priapism history. The identification of hypoxia enhanced RBC adhesion /in
vitro could highlight those people with SCD who are at risk for Hb desaturation /n vivo, and
who could potentially benefit from oxygen therapy. This is currently being tested
prospectively in both men and women with homozygous SCD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Adhesion of RBCs, under ambient or hypoxic conditions, from men with HbSS with or
without a history of priapism, and with or without a known history of Hb desaturation in vivo.

Shown is median adhesion of RBCs from men with HbSS, and A. a history of priapism,
under ambient (529, range 5-5248) or hypoxic (3268, range 49-18368, P=0.004, N=14)
conditions /n vitro, or B. without a history of priapism, under ambient (402, range 14-785)
or hypoxic (122, range 31-4112, P=NS, N=12) /n vitro. Shown also is adhesion of RBCs in
this population, analyzed according to history of Hb desaturation /7 vivo, C. under ambient
(440, range 16-5248) or hypoxic (4000, range 171-21576, P=0.001, N=15) conditions /n
vitro, or D. no known history of Hb desaturation, under normoxic (494, range 5-785) or
hypoxic (102, range 31-521, N=11, P=N.S.) conditions /n vitro.
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Clinical associations and RBC adhesion in adult men with HbSS, with or without a history of priapism

History of Priapism (n=14, median,

No History of Priapism (n=10,

Clinical Data range) median, range) P Value
Age ™ (years) 34 (24-63) 29 (21-45) 0.078
Hgb (g/dL) 7.85 (6.1-11.9) 9.1 (7-10.6) 0.105
Reticulocyte Count 0.487
(10°70) 275 (65-770) 245 (115-749)
Total Bilirubin 0.178
. .5-11. 2.2 (0.7-6.
(mg/dL)* 3.6 (0.5-11.5) (0.7-6.8)
WBC (10%/L) 11.48 (7.1-16.6) 8.65 (5.5-17.2) 0.022
ANC (x109/L) 7160 (2190-11300) 4275 (2710-10460) 0.045
LDH (U/L) 474 (217-1114) 278 (122-360) 0.008
Ferritin (ug/L) 2433 (60-7680) 360 (11-8900) 0471
Hemoglobin : -
DesatL?ration invivo | T1% Of subjects (10/14) 46% of subjects (5/12) 0126 (x?)
L Ambient 529 (5- Hypoxic 3268 Ambient 402 (14— | Hypoxic 122 (31— Priapism No Priapism
RBC Adhesion 5248) (49-18368) 785) 4112) 0.004 0.635

*
non-normal distribution.
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