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Abstract

Background: Severe pain is among the most common and deleterious symptoms experienced by individuals with sickle cell
disease (SCD), of whom more than 50% report chronic pain. Despite this, the understanding of the biological contributors to
persistent severe SCD pain is limited. This exploratory study sought to describe pain phenotypes based on frequency of severe
pain experienced over 6 months and identify inflammatory biomarkers associated with pain phenotypes among individuals with
SCD. Methods: This study used self-report and electronic health record data collected from 74 individuals enrolled in the Duke
Sickle Cell Disease Implementation Consortium Registry. Plasma from previously collected blood specimens was used to generate
inflammatory biomarker data using the Inflammation 20-plex ProcartaPlex'" panel. Descriptive statistics were used to describe
the occurrence of severe pain over the past 6 months, and bi-variate analyses were used to evaluate the relationship between
inflammatory biomarkers and pain phenotypes. Results: Among the 74 participants included in this study, 33.8% reported severe
pain occurring never or rarely, 40.5% reported severe pain occurring sometimes, and 25.7% reported severe pain occurring often
or always. Soluble E-selectin (sE-selectin) was the only inflammatory biomarker significantly associated with the pain phenotype
groups (p = 0.049). Post hoc comparisons identified that participants in the often/always severe pain group had significantly higher
plasma concentrations of sE-selectin compared to those in the sometimes severe pain group (p = 0.040). Conclusions: Our
findings provide preliminary evidence of the frequent occurrence of severe pain and that sE-selectin may be an objective

biomarker for the frequent occurrence of severe pain in this population.
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Pain is a common and debilitating symptom experienced across
the lifespan by people with sickle cell disease (SCD). As few
effective treatments for SCD pain exist, opioids remain a first-
line treatment for this population (Han et al., 2018). Pain man-
agement is challenged by the substantial heterogeneity in SCD
pain occurrence, severity, and disability (Dampier et al., 2002;
Smith et al., 2008; Wilkie et al., 2010). Acute pain occurring
during vaso-occlusive events (VOEs) are the hallmark of SCD.
These events are abrupt and unpredictable, and the underlying
pathophysiology of these events are complex. VOEs are caused
by vaso-occlusion of the microcirculation, which includes ele-
ments of inflammation and abnormally shaped red blood cells
adhering to blood vessel walls (Odievre et al., 2011; Telen,
2007). The number of acute episodes increases with age, and
individuals can transition from acute episodes to persistent
chronic SCD pain or pain lasting longer than 3 months
(National Heart, 2014). Evidence suggests that more than
50% of adults with SCD experience chronic pain (Lanzkron
et al., 2018; Smith et al., 2008).

The etiology of persistent SCD pain is unclear; however,
inflammatory mechanisms likely contribute to its development
(Gupta et al., 2018; Tran et al., 2017). Outside SCD, inflam-
matory mechanisms such as dysregulation of cytokines have
been implicated in the development of persistent pain syn-
dromes (e.g., fibromyalgia, neuropathic pain; Ji et al., 2018;
Kraychete et al., 2009; Sturgill et al., 2014). The complex
pathophysiological processes of SCD that lead to VOEs
involve decreased oxygenation of tissues and ischemic-
reperfusion injury (Gupta et al., 2018) and can eventually cause
permanent tissue damage and trigger the release of
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inflammatory mediators, such as cytokines and endothelial cell
adhesion molecules, leading to chronic vascular inflammation
and damage (Conran & Belcher, 2018; Conran et al., 2009;
Proenga-Ferreira et al., 2014).

Key features of inflammation in chronic pain include the
production and secretion of cytokines (e.g., interleukin 6
(IL-6), interleukin 1 beta (IL-1p), tumor necrosis factor alpha
(TNF-a); Ji et al., 2018; Kiguchi et al., 2012). Cytokines are
proteins that regulate inflammatory and immune processes and
serve as excitatory mediators in pain modulation (Ramesh
et al., 2013). Sustained increases in cytokine levels can induce
hyperalgesia and allodynia, and promote the transition from
acute to more persistent widespread pain (Ji et al., 2018; Slade
et al., 2011). Pro-inflammatory cytokines serve as excitatory
mediators in pain modulation, which underscores the bidirec-
tional signaling between the nervous and immune systems in
the development of pain (Huh et al., 2017; Ramesh et al.,
2013). People with SCD in steady state have increased cyto-
kines (e.g., IL-6, interleukin 10 (IL-10), TNF-o) and endothe-
lial cell adhesion molecule (intercellular adhesion molecule
1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1),
and E-selectin) levels that are further increased during painful
VOEs (Antwi-Boasiako et al., 2018; Francis & Haywood,
1992; Graido-Gonzalez et al., 1998; Hibbert et al., 2005;
Pathare et al., 2004; Qari et al., 2012). Cytokines
(e.g., interleukin 4 (IL-4), interleukin 8 (IL-8), IL-1f, TNF-o)
are also significantly associated with experimentally induced
pain severity in adults with SCD (Campbell et al., 2016). While
evidence suggests that inflammatory biomarkers are elevated
during acute painful episodes and induction of experimental
pain, their relationship with persistent severe pain phenotypes
in SCD remains unclear.

Pro-inflammatory mediators can activate the endothelium
and promote the expression of cell adhesion molecules (Pober
& Sessa, 2007; Zhang, 2008). Selectins are cell surface adhe-
sion molecules categorized into P-, E- and L-selectins based on
the tissues in which their expression was first found (platelets,
endothelial cells and leukocytes; Miyagi & Yamaguchi, 2007).
Under conditions of injury or infection the endothelial expres-
sion of E-selectins is naturally increased resulting in increased
endothelial adhesivity for platelets and/or leukocytes. These
cell-cell adhesions slow the circulating blood cells, an impor-
tant step in clot formation and/or leukocyte diapedesis into the
tissues (Harjunpda et al., 2019). Although healthy erythrocytes
display relatively weak interactions with the endothelium and
other blood cells (Wautier & Wautier, 2004), in diseases such
as sickle cell disease and diabetes mellitus, red blood cells
(RBCs) have increased adherence to other blood cells and the
endothelium. Thus, there is evidence linking vaso-occlusive
events in sickle cell disease with increased adhesive
interactions of sickled RBCs, leukocytes, and the endothelium
(Telen, 2007).

Endothelial activation has been a target of drug develop-
ment and treatment of pain in SCD. For example, a pilot study
of 19 SCD patients evaluated the efficacy of simvastatin
(a statin medication that improves endothelial function through

anti-inflammatory effects and increased nitric oxide produc-
tion) for improving vaso-occlusion-related pain and reducing
soluble inflammatory biomarkers (Hoppe et al., 2017).
The investigators found that treatment with simvastatin caused
a significant reduction in acute vaso-occlusive pain events; oral
analgesic use; and circulating soluble E-selectin, ICAM-1,
VCAM-1, and vascular endothelial growth factor (VEGF;
Hoppe et al., 2017).

In this exploratory study, we sought to describe different
pain phenotypes based on the frequency of severe pain expe-
rienced over the past 6 months and identify inflammatory bio-
markers associated with different phenotypes of severe pain in
individuals with SCD. This hypothesis-generating study will
inform future research to improve our understanding and man-
agement of persistent severe pain in this population.

Materials & Methods
Design & Participants

This exploratory, cross-sectional, ancillary study leveraged
recruitment and data collected for the Sickle Cell Disease
Implementation Consortium (SCDIC) Research Registry at
Duke University (U01HL133964) (DiMartino et al., 2018), a
comprehensive registry that includes prospective, longitudin-
ally collected patient-reported and electronic health record data
(Glassberg et al., 2020). All participants signed a written con-
sent prior to participation and were given the option to provide
a blood specimen for biobanking and use in future research.
Enrollment inclusion criteria for the Duke SCDIC Research
Registry are (a) >15 years of age, (b) live in North Carolina,
and (c) have a genetically-confirmed SCD diagnosis. An addi-
tional criterion for inclusion in this study was the availability of
a blood specimen. A total of 74 participants met these inclusion
criteria. The Duke University Institutional Research Board
approved the research registry and determined that this ancil-
lary study qualified as exempt.

Data Collection

Participant reports of pain were assessed using a modified item
from the Adult Sickle Cell Quality of Life Measurement Infor-
mation System (ASCQ-ME), a well validated measure of SCD
quality of life (Keller et al., 2017). Specifically, pain pheno-
types were determined using a modified ASCQ-ME question:
“In the past 6 months, how often did you have very severe
pain?” The question was modified by altering the timeframe
for recall from 7 days to 6 months. This 6-month timeframe
was determined by experts across the eight SCDIC study sites
and is consistent with the proposed diagnostic criteria for
chronic pain associated with SCD (Dampier et al., 2017). Pos-
sible responses were scored on a 5-point Likert scale: Never
(0), Rarely (1), Sometimes (2), Often (3), and Always (4). Par-
ticipants were classified into three pain phenotypes based on
their responses on the occurrence of severe pain: Never or
Rarely = never/rarely severe pain group, Sometimes =
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sometimes severe pain group, and Often or Always = often/
always severe pain group.

Demographic and other clinical characteristics were
obtained from either self-report data collection forms or the
medical record to describe the sample. Study personnel com-
pleted a review of participants’ medical records to abstract
clinical data. All self-report and medical record data were
entered and stored in an investigator-designed database.

Biomarker Data Collection

Blood specimens were collected at routine clinic appointments
and immediately transported on ice to the laboratory. Speci-
mens were centrifuged (10 minutes RCF 1,800 x g at 7 °C)
immediately, and plasma was pipetted into cryotubes and
stored at —80 °C until analyses. Using the Duke Immune Pro-
filing Core, plasma inflammatory biomarker levels were ana-
lyzed using the Inflammation 20-plex ProcartaPlex™ Assay
(Thermo Fisher, Waltham, MA) per manufacturer’s protocol.
This assay includes 20 pro- and anti-inflammatory cytokines
and chemokines as well as other inflammatory mediators. The
plates were run on a Luminex MAGPIX platform. All samples
were run in duplicate and the average result between duplicate
readings for each inflammatory biomarker was used in the
analyses. Samples that were below the detectable limit of the
assay for a particular inflammatory biomarker were excluded
from analyses for that specific marker. Biomarkers (n = 4:
GMCSF, IFN-y, IFN-o, IL-4) that had >25% of participants
who had concentrations below the detectable limits were
excluded from the analyses.

Statistical Analyses

Descriptive statistics were used to summarize sample charac-
teristics by each pain phenotype group. Differences in demo-
graphic and clinical characteristics across the three pain
phenotype groups were assessed using y° for categorial vari-
ables and one-way ANOVA tests for continuous variables.
Distribution for each biomarker was assessed. When the distri-
bution of the biomarker was not skewed, mean and standard
deviation of concentrations of plasma markers of inflammation
were presented and one way ANOVA was used to test the
difference across the three pain phenotype groups. If the dis-
tribution of the biomarker was seriously skewed, we presented
median and interquartile range (IQR) and used nonparametric
Kruskal Wallis tests instead. When the omnibus test was sta-
tistically significant, post hoc analysis was conducted to deter-
mine which two or more groups were different. Given the
exploratory nature of this study, a p < 0.05 was considered
statistically significant without adjusting for any multiple
testing.

Results

Among the 74 participants included in this study, 25 (33.8%)
reported severe pain occurring never or rarely, 30 (40.5%)

reported severe pain occurring sometimes, and 19 (25.7%)
reported severe pain occurring often or always. Patient demo-
graphic and clinical characteristics across the three pain phe-
notype groups are shown in Table 1. Across all three pain
phenotype groups, there was a significant difference in parti-
cipants taking pain medications every day, x> (2, 74) = 13.6,
p = 0.001; number of pain attacks (i.e., VOE) in past
12 months, y* (8, 74) = 27.6, p = 0.001; and time since most
recent pain attack, y* (12, 74) = 31, p = 0.002. There were no
significant differences in all other characteristics across the
three phenotypes.

Table 2 shows the concentrations of inflammatory biomar-
kers across the three pain phenotype groups. Soluble
E-selectin, henceforth referred to as sE-selectin, was the only
inflammatory biomarker significantly associated with the pain
phenotype groups (p = 0.049). Post hoc comparisons indicated
that participants in the often/always severe pain phenotype
groups had significantly higher plasma concentration of
sE-selectin compared to the sometimes severe pain phenotype
group (p = 0.040).

Discussion

Our findings provide preliminary evidence describing the fre-
quency of severe pain occurring over 6 months. While it is
known that approximately 50%—70% of patients with SCD
report chronic daily pain (Lanzkron et al., 2018; Smith et al.,
2008), our findings provide a further contribution by suggest-
ing that a majority of patients with chronic SCD pain likely
experience pain that is severe. Our finding that more frequent
reports of severe pain occurring often or always over 6 months
were associated with occurrence of VOEs is consistent with the
existing literature (Lanzkron et al., 2018; Ramsay et al., 2021).
For example, Lanzkron et al. (2018) identified that the occur-
rence of chronic pain is a significant predictor for acute care
utilization for VOEs. Additionally, approximately one-third of
the participants in this study did not report experiencing severe
pain in the past 6 months. These findings underscore the com-
plex and interindividual variability in pain experiences for indi-
viduals with SCD and illuminate the need for future research to
further differentiate characteristics of chronic pain and their
effects on related outcomes (e.g., function, quality of life, and
health care utilization) in this population.

This exploratory study is one of the first to provide insight
into potential biomarkers associated with reports of persistent
severe pain in SCD. Specifically, our findings that the
sE-selectin biomarker is associated with often/always severe
pain group suggests that endothelial activation likely contri-
butes to the frequent occurrence of pain in this population.
Endothelial cells coat blood vessel walls and are activated by
stimuli such as pro-inflammatory cytokines, periods of hypoxia
or oxidative stress, sickling of red blood cells, and infection.
During endothelial cell activation, cell-surface molecules, such
as E-selectin, are expressed and result in the recruitment and
attachment of leukocytes to the blood vessel walls (Pober &
Sessa, 2007). The activation of the endothelium by
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Table 1. Sample Demographic & Clinical Characteristics.

Never/Rarely Sometimes Often/Always
Total Sample Severe Pain Group Severe Pain Group Severe Pain Group
(N =74) (n =125) (n=30) n=19)
Demographic characteristics
Age (years)
Mean [SD] 29.9 (7.8) 29.6 (7.6) 29.3 (6.9) 314 (94)
Range 1946 2044 2045 1946
n (%) n (%) n (%) n (%)
Sex (female) 47 (63.5) 16 (64) 17 (56.7) 14 (73.7)
Marital status (never married) 57 (77) 18 (72) 24 (80) 15 (78.9)
Education
High school graduate or less 17 (23) 6 (24) 5(16.7) 6 (31.6)
Some college 32 (43.2) Il (44) 13 (43.3) 8 (42.1)
College graduate 18 (24.3) 6 (24) 10 (33.3) 2 (10.5)
Graduate/Professional degree 7 (9.5) 2 (8) 2 (6.7) 3 (15.8)
Employment
Student 13 (17.6) 6 (24) 2 (6.7) 5(26.3)
Employed 31 (41.9) 13 (52) 12 (40) 6 (31.6)
Unemployed 30 (40.5) 6 (24) 16 (53.3) 8 (42.1)
Clinical characteristics
SCD genotype
Hb SS or SP° 50 (67.6) 16 (64) 21 (70) 12 (63.2)
Hb SC 17 (23) 5(20) 7 (233) 6 (31.6)
Other (Hb SB™, S/HPFH, SE, SO, SD) 7 (9.5) 4 (l16) 2 (6.7) I (5.6)
Taking pain medications every day* 38 (51.3) 6 (24) 17 (56.7) 15 (78.9)
Number of pain attacks (VOEs) in past year*
0 9 (12.2) 7 (28) 2 (6.7) 0 (0)
| 7(9.5) 4 (16) 2 (6.7) I (5.3)
2 10 (13.5) 6 (24) 4 (13.3) 0 (0)
3 I (14.9) 5 (20) 4 (13.3) 2 (10.5)
4 or more 37 (50) 3(12) 18 (60) 16 (84.2)
Time since most recent pain attack (VOE)*
<I week ago 9 (12.2) 3(12) 1 (3.3) 5 (26.3)
1-3 weeks ago 13 (17.6) 0 (0) 8 (26.7) 5 (26.3)
-6 months ago 16 (21.6) 2 (8) 8 (26.7) 6 (31.5)
7-11 months ago 23 31.1) 10 (40) Il (36.7) 2 (10.5)
I1-5 years ago 3 (4.1) 2 (8) 0(0) I (5.3)
5+ years ago 9 (12.2) 7 (28) 2 (6.7) 0 (0)
Never had a pain attack I (1.4) 1 (4) 0 (0) 0 (0)

*Indicates characteristics that were significantly different across the three pain phenotype groups (p’s < 0.002).

pro-inflammatory mediators can also lead to endothelial dys-
function, which occurs when there is a decreased availability or
activity of endothelium-derived nitric oxide (Zhang, 2008).
Importantly, nitric oxide plays an essential role in regulating
inflammatory and immune responses, and increased nitric
oxide levels can protect against the expression of cell-surface
molecules and inflammation (Cyr et al., 2020;
De Caterina et al., 1995). Previous studies identified that
patients with SCD have decreased levels of NO which are
inversely related to occurrence of acute painful events
(Antwi-Boasiako & Campbell, 2018; Mack & Kato, 2006;
Morris et al., 2000).

Our findings underscore the potential role that these
endothelial adhesion molecules likely play in mediating fre-
quently occurring pain in this population. Although research

examining the role of adhesion molecules, such as selectins, in
the development of pain is very limited, our findings are con-
sistent with previous research. In an exploratory study examin-
ing the pathogenesis of nonspecific low back pain (LBP)
among 42 patients and 21 asymptomatic controls, sE-selectin
was significantly elevated in patients with chronic LBP but not
in patients with acute LBP (Teodorczyk-Injeyan et al., 2018).

The processes of endothelial activation and resultant dys-
function are particularly pertinent in SCD as these mechanisms
contribute to the multifactorial pathology of the disease and can
lead to long-term complications such as blood vessel and organ
damage (Sundd et al., 2019; Telen, 2007). sE-selectin is a
glycoprotein commonly used as a marker of systemic endothe-
lial dysfunction (Balta, 2021; Odegaard et al., 2016; Page &
Liles, 2013). Notably, elevated levels of sE-selectin have been
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Table 2. Comparison of Inflammatory Biomarker Plasma Concentrations Across Severe Pain Phenotype Groups.

Never/Rarely Severe

Sometimes Severe Often/Always Severe

Inflammatory Biomarker Total Sample Pain Group Pain Group Pain Group p-Value
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
MCP-1 70.8 (37.6) 67.1 (34.6) 65.9 (30.9) 83.2 (48.7) 0.248*
sE-selectin 17.6 (7.5) 17.2 (4.8) 15.8 (5.2) 21.1 (11.5) 0.049*
sP-selectin 93 (43.2) 98.3 (47.8) 90.9 (37.8) 89.3 (46.7) 0.754*
TNF-o 732 (42) 80.6 (41) 69.9 (45.1) 69.2 (39.2) 0.583*
Median (IQR) Median (IQR) Median (IQR) Median (IQR)”™
IL-To 5.4 (6.8) 793) 52 (5) 5.1 (6.6) 0.612
IL-1B 27.4 (30.1) 26.2 (36.3) 27.5 (26) 274 (25.4) 0.771
IL-6 70.1 (97.8) 75.1 (112.1) 69.5 (107) 77.8 (56.4) 0.985
IL-8 43 (5.7) 4.5 (5.8) 3.6 (10.1) 4.6 (12.7) 0.522
IL-10 9.7 (13.2) 10.1 (17.3) 9.2 (I1) 9.5 (10.2) 0.975
IL-12p70 40.2 (31.2) 43.9 (37.3) 38.1 (5.7) 40.4 (30.6) 0.677
IL-13 6.5 (8.4) 7.7 (8.6) 5.7 (7.7) 5.7 (5.4) 0.645
IL-17A 16 (22.5) 20.2 (20.9) 14.9 (27) 15.9 (15.2) 0.507
IP-10 45.8 (42.1) 54.6 (38.7) 43.2 (42) 52.5 (59.6) 0.804
MIP- 1o 18.9 (38.3) 18.8 (38) 20 (50.6) 17.3 (28) 0.558
MIP-1B 31.5 (36.8) 27.5 (33.5) 31.5(34) 48.8 (44.2) 0.630
sICAM-1 39.9 (21.9) 41.8 (15.6) 33.5 (20.2) 46.1 (40.1) 0.342

Note. All concentrations are reported as pg/mL, except for sSICAM-1, & sE-selectin, & sP-selectin which are reported as ng/mL plasma. Abbreviations: SD, standard

deviation; IQR, interquartile range.

*p-value is calculated using ANOVA; all other p-values calculated using the non-parametric Kruskal-Wallis test.

found in steady state patients with SCD and are further
increased in VOEs (Antwi-Boasiako et al., 2018).
The important role for selectins in VOEs and associated sequa-
lae is evidence by findings that treatment with rivipansel
(GMI-1070), a pan-selectin inhibitor, reduced median levels
of sE-selectin by 59%, shortened hospital stays and the time
to opioid discontinuation in children and adults with SCD, if
administered shortly after VOE onset (Dampier et al., 2020).
In our current study, more than 94% of individuals in the often/
always severe pain group had three or more VOEs in the past
year, potentially leading to ongoing endothelial dysfunction
and increased inflammation with ensuing experiences of fre-
quently occurring severe pain.

Our findings should be interpreted in light of several limita-
tions. First, the sample size was small and from one geographic
location, resulting in limited generalizability of our findings.
Second, this was a cross-sectional study that assessed only one
dimension of pain (i.e., occurrence of severe pain) using only
one survey item at one time point. Future research should phe-
notype persistent pain over time in this population more com-
prehensively and explore the relationships of pain trajectories
with inflammatory biomarkers. Third, the pain item used in this
study was modified from the ASCQ-Me measures. In particular,
the SCDIC researchers included that recall of 6 months, rather
than 7 days, to capture the occurrence of persistent pain in this
sample. This modification can lead to recall bias; however, the
6-month timeframe is consistent with the proposed diagnostic
criteria for chronic pain associated with SCD (Dampier et al.,
2017). Fourth, as this was an exploratory, hypothesis-generating

study, we did not correct for multiple testing. As a result, there
is potential for type 1 error. Future research with a larger,
geographically diverse sample is necessary to explore and
validate our findings further.

Conclusion

To our knowledge, this study is one of the first to describe the
occurrence of persistent severe pain and identify associations
with inflammatory biomarkers in people with SCD. Our find-
ings provide preliminary evidence of the frequent occurrence
of severe pain as reported by the majority of patients in this
study, and that sE-selectin may be an objective biomarker for
severe pain occurring often or always in this population.
Further research is necessary to explore these relationships and
determine whether drugs that improve endothelial function
reduce pain in this population. Furthermore, research exploring
the occurrence and characteristics of chronic SCD pain and
associations with inflammatory biomarkers, including endothe-
lial adhesion molecules, is warranted. This line of research has
the potential to identify individuals who are at greater risk for
chronic SCD pain as well as potential targets for pharmacolo-
gical and nonpharmacological therapies.
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