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Abstract
Sickle cell disease (SCD) is marked by episodic vaso-occlusive crisis (VOC). Recurrent VOC creates a pro-
inflammatory state that induces phenotypic alterations in innate immune cells. Monocytes are of particular
interest to VOC pathophysiology because they are especially malleable to inflammatory signaling. Indeed,
inflammatory disease states such as chronic obstructive pulmonary disease (COPD), obesity and
atherosclerosis are known to influence monocyte development and alter monocyte subpopulations. In this
study, we describe SCD monocyte subsets by performing immunophenotypic flow cytometric, enzymatic,
and morphologic analysis on peripheral blood. Herein, we add to the growing body of evidence suggesting
aberrant monocyte populations underpin VOC pathophysiology. We found that SCD monocytes possess an
immature phenotype as demonstrated by 1) decreased CD4 positivity (p < .01), 2) low α-naphthyl butyrate
esterase (ANBE) expression, and 3) naïve morphologic features. We additionally found an increase in

CD14+CD16-CD4- monocytes (p < .01), a subset associated with the impaired immune response of post-

trauma patients. Interestingly, we also found a large proportion of CD14+CD4-HLA-DR- monocytes which,
under normal circumstances, are exclusively found in neonates (p < .01). Finally, we report an increase in

nonclassical monocytes (CD14dimCD16+), a subset recently shown to have a critical role in prevention and
recovery from VOC.
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Introduction
The recurrent vaso-occlusive crisis (VOC) is the hallmark of sickle cell disease (SCD). Painful VOC is the
leading cause of acute care utilization and hospitalization in SCD patients, heavily contributing to the
morbidity and mortality of this disease [1,2]. SCD has long been known to originate from a single nucleotide
mutation of the b-globin gene, leading to polymerization of the abnormal hemoglobin S (HbS), which results
in vascular obstruction by sickle red blood cells (RBC). However, SCD pathophysiology is now understood to
be more complex, involving phenotypic alterations in members of both the innate and adaptive immune
systems.

The majority of immune derangement observed in SCD is thought to be due to dysfunction of the spleen [3].
When sickling occurs in the spleen, this organ undergoes episodic auto-infarction that begins in early
infancy and leads to a rapid loss of splenic function (hyposplenism) [3,4]. Without a functioning spleen, SCD
patients have reduced opsonophagocytic function and thus are unable to clear bacteria from the blood,
increasing susceptibility to severe, recurrent bacterial infections [4,5]. However, the role of immune cells in
SCD pathophysiology cannot be entirely explained by hyposplenism. 

It has been widely reported that recurrent sickling creates a pro-inflammatory state, causing SCD to have an
immune profile similar to a chronic inflammatory condition [6,7]. Importantly, innate immune cells
(monocytes, neutrophils, basophils, eosinophils, natural killer (NK) cells, platelets, macrophages, and mast
cells) have been implicated as drivers of inflammation in SCD [6,8,9]. Previous work suggests that
neutrophils play a central role in vaso-occlusion through their interactions with erythrocytes and vascular
endothelium [10,11]. SCD patients' neutrophils display an activated phenotype with increased adhesive
properties that amplify during a VOC [12]. Thus, SCD neutrophils are thought to actively contribute to the
genesis of VOC. This hypothesis is substantiated by the clinical correlation between absolute neutrophil
count and SCD severity [13]. While the function of neutrophils in SCD pathophysiology is established, the
role of monocytes in SCD remains incompletely understood.

Monocytes are a heterogeneous population of innate immune cells that make up one component of the
mononuclear phagocyte system (MPS), which includes macrophages and dendritic cells [14]. Three major
monocyte subpopulations have been identified: classical (CD14+CD16-), intermediate (CD14+CD16+), and
non-classical (CD14dimCD16+) [15-17]. Monocytes are thought to develop in a linear trajectory from
classical to intermediate to non-classical [18-20]. These subsets are functionally distinguished from one
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another by their responses to homeostatic and pathologic stimuli [20,21]. This cellular plasticity is partly
achieved through distinct methylation patterns between subsets that results in varied surface receptor
expression, affording each subpopulation a unique set of characteristics [22]. However, severe inflammation
can modulate monocytic developmental pathways, increasing the number of monocytes and altering their
functional specialization [23,24]. Indeed, phenotypic changes in monocyte subpopulations have been
demonstrated in many chronic inflammatory states, such as obesity [25] and Alzheimer’s disease [26].
Monocytes have long been considered important to SCD pathophysiology; however, few studies have sought
to characterize monocyte populations from SCD patients.

Most patients with SCD have monocytosis [7,27,28]. This finding is positively correlated with markers of
hemolysis and negatively correlated with hemoglobin concentration, suggesting a worsening clinical course
[29]. Similarly to SCD neutrophils, SCD monocytes are chronically activated, expressing a greater amount of
CD11b on their surface and producing higher levels of interleukin (IL)-1b and tumor necrosis factor (TNF)-
alpha than monocytes from healthy controls [30]. These cytokines activate the endothelium through the
nuclear factor (NF)-kappa beta pathway, increasing endothelial expression of E-selectin, vascular adhesion
molecule-1 (VCAM) and intracellular adhesion molecule-1 (ICAM) [30,31]. Importantly, sickle erythrocytes
can form abnormal attachments with the endothelium through VCAM and ICAM [32]. These adhesion
molecules also play key roles in leukocyte recruitment and attachment to the endothelium [33,34]. Thus,
activated monocytes in SCD antagonize the endothelium and predispose its adherence to sickle RBC and
activated leukocytes, heightening the risk for VOC.

SCD patients also suffer from intravascular hemolysis, which results in the release of hemoglobin and its
breakdown product, heme, into the circulation. Excessive free heme causes oxidative damage and induces an
inflammatory cascade that further irritates the endothelial lining [35], increases vascular remodeling [36],
and induces vascular stasis [37]. Heme oxygenase-1 (HO-1) directs the body’s response to hemolysis by
degrading heme into carbon dioxide, ferrous iron, and biliverdin. Induction of HO-1 has been shown to
protect the endothelium against hemolysis and oxidative stress [38]. The human leukocyte with the highest
HO-1 production is the circulating monocyte, specifically the nonclassical CD14dimCD16+ monocyte subset
[39]. This subset, also known as endothelial patrolling monocytes (PMos), are intravascular housekeepers
that surveil the endothelium for attached particles and phagocytose cellular debris from damaged vascular
endothelium [40]. PMos in SCD patients express higher levels of HO-1 than in healthy individuals and SCD
patients with recent VOC have depleted PMos levels [41]. Additionally, mice lacking PMos display more
vascular stasis in the presence of sickle RBC than control mice [41]. Interestingly, the control phenotype is
recoverable with reintroduction of PMos [41], suggesting that this subset plays a critical role in maintaining
the integrity of SCD vasculature and preventing VOC. In this study, we sought to characterize the monocyte
populations found in SCD patients by performing morphologic, enzymatic, and immunophenotypic analysis
via flow cytometry on the peripheral blood of SCD patients hospitalized for VOC.

This article was previously presented as a poster at the American Society of Hematology Annual Meeting,
December 2023.

Materials And Methods
Sample collection
Peripheral blood samples were obtained from 17 SCD patients during hospitalization for VOC. All patients
were homozygotes for the sickle cell allele aside from one heterozygous patient with hemoglobin C disease.
The patients included nine males and eight females ages 20-63. Peripheral blood was also obtained from 10
healthy volunteers ages 20-79. The white blood cell count showed a median value of 16,370 cells/mL in SCD
patients and 9,250 cells/mL in controls. The absolute monocyte count ranged from 341 cells/mL to 2,576
cells/mL in SCD patients (median, 1105 cells/mL) and from 324 cells/mL to 1008 cells/mL in controls
(median, 696 cells/mL). The samples were collected in ethylenediaminetetraacetate acid (EDTA) tubes and
processed within six hours of venipuncture by the hematology laboratory of Case Western Reserve University
at MetroHealth Medical Center Cleveland, Ohio. 

Specimen processing
Blood specimens were processed using a standard lysed whole-blood technique. 100 mL of blood was
combined with 20 mL of each antibody except for My-4 for which only 5 mL was added. This mixture was
then incubated first for 15 minutes at room temperature. A second incubation was performed in the dark
after 2.0 mL of fluorescence-activated cell sorting (FACS) lysing solution (Becton Dickson Immunocytometry
Systems, San Jose, CA, USA) was added to each tube and vortexed. The cells were then centrifuged for five
minutes at 1200 rpm, washed in phosphate-buffered saline (pH 7.4) twice, and resuspended in .5 mL of .5%
paraformaldehyde. 

All monoclonal antibodies were obtained from either Coulter Cytometry or Becton Dickinson
Immunocytometry Systems. Automated cell blood counts (CBCs) (Sysmex XE 2100, Lincolnshire, IL, USA),
mononuclear cell separation (Ficoll-Hypaque), and monoclonal antibody staining were completed within six
hours. To obtain co-expression of monocyte antigens, each specimen was labeled with a three-color
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combination of the following monoclonal antiantibodies: (1) CD14 (My-4); (2) CD16 (Leu-11c); (3) CD4 (Leu-
3a); or (4) anti-HLA-DR. Leu-11c and anti-HLA-DR were coupled with phycoerythrin (PE). Leu-3a was
coupled with peridinin chlorophyll protein (PerCP). My-4 was coupled with fluorescein isothiocyanate
(FITC). The fluorochrome compensation of each sample was adjusted with a combination of anti-CD8-FITC,
anti-CD4-PerCP, and anti-CD19-PE. There were no electronic setting adjustments for the monocyte fraction
analysis. 

Flow cytometry
Flow cytometry analysis was performed using a FACScan flow cytometer (Becton Dickinson) in the
manufacturer-set configuration and a Consort 30 computer (HP 9000, model 310, Hewlett Packard
Company, North Hollywood, CA, USA). Following electronic fluorochrome compensation adjustment, 10,000
events per sample were acquired. These events were analyzed using Paint-A-Gate and FACScan research
software (Becton Dickinson). Five parameter histograms made up of six dot plots were used to display the
fluorescence data in the Paint-A-Gait program. Weakly positive CD14-positive neutrophils were excluded
using dual parameter gating. These gates were set by painting cells displaying light-scatter characteristics of
monocytes with one color and CD14-positive cells with another color. Cells possessing both colors were
selected for analysis using the Paint-A-Gait program and FACScan research software. Dual parameter
histograms were created for PE vs FITC, PE vs PerCP, and FITC vs PerCP using FACScan research software.
The percentage of positive cells for each set of monoclonal antibodies was determined by setting positive
and negative quadrants and using appropriate fluorochrome-labeled isotype controls. 

Cytochemical staining
Buffy coat slides were prepared from 17 SCD patients and 10 healthy controls. Wright and α-naphthyl
butyrate esterase (ANBE) stains were applied using standard procedure to both sets of slides to compare the
morphological and cytochemical characteristics of SCD patients and control peripheral smears. The
percentage of ANBE-positive monocytes was determined by counting 100 monocytes from each sample. 

Statistical methods
All quantitative data comparisons between patients and controls were made using an independent samples
t-test. All analyses were performed using statistical software and statistical significance was evaluated at the
0.05 level. 

The protocol was submitted to the Institutional Review Board (IRB) at MetroHealth Medical Center in
Cleveland, Ohio, where the study took place. After review, it was determined that the protocol qualified for
exemption.

Results
CBC findings during an acute VOC
SCD is known to be marked by absolute monocytosis and leukocytosis [7,28]. Here we demonstrate these
findings in the setting of SCD both quantitatively (Table 1) and qualitatively (Figure 1). As expected, our
patients had an increase in both monocytes and neutrophils, contributing to the greater levels of WBCs
observed in SCD patients compared to healthy controls (Table 1). Our patients additionally had the
anticipated decreases in RBC count and hemoglobin (Hb)/hematocrit (Hct) that are expected for SCD
patients hospitalized for VOC.
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 SCD Control

WBC (/uL) 14,620* 8,370

Monocytes (/uL) 1,223* 671

Neutrophils (/uL) 9,348* 5,455

RBC (x106/uL) 3.09* 4.26

Hb (g/dL) 8.04* 12.49

Hct (%) 23.43* 37.37

Platelet (/uL) 304,100 260,600

TABLE 1: Comparison of automated complete blood count data between sickle cell disease
patients and controls.
RBC = Red Blood cells

Hb = Hemoglobin 

Hct = hematocrit 

SCD = Sickle cell disease 

FIGURE 1: Wright stain (x60) showing leukocytosis and immature
morphology of monocytes including high nuclear/cytoplasmic ratio,
indented or less lobular nuclei and decreased cytoplasmic vacuolation.
SCD = Sickle cell disease 

Immature morphology in SCD monocytes
The monocytes obtained from SCD patients’ peripheral blood were found to have features resembling
monocytes in the blastic or promonocytic stages of development. These characteristics included high
nuclear/cytoplasm ratio, indented or less lobular nuclei, and decreased cytoplasmic vacuolation (Figure 1).
ANBE activity was also significantly decreased in SCD monocytes compared to control monocytes. 

Surface protein expression patterns from SCD patients and controls 
Three-color flow cytometric analysis revealed a significant decrease in sickle monocyte co-expression of
CD4 with CD14, HLA-DR, and CD16. This was observed both qualitatively (Figure 2C) and quantitatively
(Figure 3). Predictably, we found concurrent increases in all CD4- monocyte subsets (Figure 4). This included
significant increases in the CD14+CD16-CD4- (64.22% vs 18.09%) and CD14+CD4-HLA-DR- (67.91% vs
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44.96%) monocyte fractions compared to controls (Figure 4). Finally, we also found a larger proportion of
CD14+HLA-DR- (10.87% vs 2.19%) and CD14+CD16+ (15.88% vs 5.46%) SCD monocytes compared to healthy
patients (Figure 4). Qualitatively, we can see the CD14+CD16+ subset is largely composed of
CD14dimCD16+ monocytes (Figure 2).

FIGURE 2: HLA-DR, CD4, CD14, and CD16 expression in 3-color flow
cytometry from SCD patients (yellow arrow highlights CD14dimCD16+
monocyte subpopulation from SCD patients).
PE= Phycoerythrin

PerCP= Peridinin-Chlorophyll-Protein

FITC = fluorescein isothiocyanate

SSC = Side scatter

FSC = Forward scatter

HLA = Human leukocyte antigen 

SCD = Sickle cell disease 
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FIGURE 3: Comparison of HLA-DR, CD4, CD14 and CD16 expression
from sickle cell disease patients and controls.
CD = Cluster of differentiation

HLA = Human leukocyte antigen 

SCD = Sickle cell disease 

 

FIGURE 4: Comparison of expression patterns using 3-color flow
cytometry from sickle cell disease patients and controls. All expression
differences were found to be significant (p < .05)
HLA = Human leukocyte antigen

CD = Cluster of differentiation 

SCD = Sickle cell disease 
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Discussion
The clinical course of SCD is punctuated by painful VOC. Recurrent VOC promotes pro-inflammatory
changes in the immune profile that result in chronic activation of neutrophils and monocytes [6,7]. These
innate immune cells actively contribute to microvasculature obstruction through their interactions with the
vascular endothelium and sickle RBC [10,11]. Our study provides further evidence of monocyte
abnormalities in SCD and sheds light on the monocytic contribution to VOC genesis. 

In our patient cohort, we observed an increase in WBCs that was largely due to increases in neutrophils and
monocytes. These elevations along with the enhanced adhesive properties of these cells in SCD are well-
described in the literature [10,11,30]. Moreover, high levels of neutrophils and monocytes are known to
function as predictors of disease severity, indicating a worsening clinical course [13,29]. This could be
partially explained by the reciprocal activating effects between monocytes and vascular endothelial cells.
These effects likely generate a positive feedback loop wherein the endothelium recruits and stimulates
monocytes from hematopoietic stores that then drive the chronic inflammation that characterizes SCD
vasculature [30-32]. Interestingly, TNF-a blockers etanercept and infliximab have been shown to ameliorate
monocyte activation and endothelial inflammation in sickle transgenic mice [42]. This study also found that
the IL-1b receptor antagonist anakinra was less effective than TNF blockers in reducing monocyte activation
and inflammation, suggesting that monocyte-derived TNF-a may be the sentinel cytokine in the SCD
inflammatory axis [42].

The SCD monocytes we analyzed possessed an immature phenotype. This was demonstrated
immunophenotypically by decreased CD4 expression. CD4 expression is known to be low in neonatal
monocytes and is associated with a diminished capacity for antigen presentation [43,44]. Indeed, HLA class
II molecules require CD4 costimulation during antigen presentation. Monocyte CD4 molecules are also
thought to interact with the Fc receptors of other immune cells to facilitate clearance of pathogens and
antigen-antibody complexes [45]. Monocytes from COVID-19 patients and post-trauma patients also have
decreased CD4 expression, suggesting that the impaired immune response of SCD patients could be related
to the immunological dysregulation observed in these disease states [46,47].

The immaturity of SCD monocytes was also demonstrated by decreased ANBE activity. ANBE is a plasma
ectoenzyme thought to be involved in chemotaxis of mature monocytes [48]. Peripheral blood smear
analysis revealed that SCD monocytes had less vacuoles and a smaller amount of cytoplasm when compared
to healthy monocytes. These same enzymatic and morphologic findings are seen in the monocytes of
newborn and post-trauma patients. Of note, both newborn and post-trauma patients are known to have
slow, diminished immune responses and increased susceptibility to infection [49,50]. Previous studies have
shown monocytes from post-trauma and newborn patients have diminished HLA-DR positivity. This made
us curious about the HLA-DR expression levels of SCD monocytes. We found no significant difference in the
HLA-DR expression pattern between SCD and control monocytes. However, we did observe significantly
increased fractions of CD14+CD16-CD4- and CD14+CD4-HLA-DR- monocytes which are also seen in
newborns and post-trauma patients [43,47]. To our knowledge, the morphologic, cytochemical and
immunophenotypic properties of SCD monocytes during acute VOC have not been reported. 

Most abnormal monocyte subsets we observed in SCD patients can be explained by diminished CD4
positivity. However, the increases in CD14+HLA-DR- and CD14+CD16+ require additional consideration.
CD14+HLA-DR- monocytes have exquisite immunosuppressive activity and have been found in increases
proportions in the tumor microenvironment of pancreatic, prostate, and ovarian cancers [51-53].
Importantly, this subset is associated with disease progression, suggesting CD14+HLA-DR- monocytes could
be partially responsible for the diminished immune surveillance that occurs in malignancy [52]. This
subpopulation is also increased in viral infection and acute myocardial infarction which furthers the
argument that these cells may trigger immune dysregulation in many disease states [54,55].

Recently, CD14dimCD16+ monocytes, also referred to as patrolling monocytes, have received a great deal of
attention for their role in endothelial surveillance. These cells, specifically high HO-1 patrolling monocytes,
have been shown to play an important role in protecting SCD vasculature and preventing VOC. While we did
not measure HO-1 expression in this study, we can speculate that the CD14dimCD16+ subset we found likely
possessed high HO-1 activity. Previous work has shown HO-1high patrolling monocytes are depleted
following VOC. Herein, we demonstrate an elevation in patrolling monocytes during VOC which suggests
these are likely the same cells being consumed during the VOC inflammatory cascade. 

Advancements in gene therapy and hematopoietic stem cell transplant are likely the future of curative SCD
care. However, these therapies are not widely available due to an inadequate compatible donor population,
cost, and other factors. Targeted immunotherapies against specific members of the innate immune system
are a treatment modality showing promise in SCD. Currently, neutrophils and platelets are able to be
pharmacologically restrained with pan-selectin inhibitors and ADP-receptor antagonists [27].
Crizanlizumab, a monoclonal antibody against p-selectin, has been shown to reduce the median rate of VOC
by 45% compared to placebo [56]. Invariant natural killer T-cell depletion is another novel therapy being
developed [27]. To our knowledge, there are not any therapies currently being trialed that specifically target
monocytes. One therapy that may be useful in managing VOC is monocyte-specific leukocytapheresis.
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Indeed, extracorporeal elimination of pro-inflammatory monocytes is known to be efficacious in
attenuating the immune response in refractory inflammatory conditions of the skin and gastrointestinal
tract [57-59]. Previously, TNF-a producing CD14dimCD16+ monocyte apheresis has been performed in
Ulcerative colitis patients [59]. Perhaps, a cytopheretic method could be added to the armamentarium of SCD
therapies that removes CD11b+ SCD monocytes that produce TNF-a and/or IL-1b in patients who fail to
respond to first- or second-line treatment.

Conclusions
Taken together, our findings suggest that SCD patients mobilize relatively immature monocytes that
possess a lower capacity for antigen presentation with the potential for immune dysfunction. However, the
conclusions from our work are weakened by a relatively small sample size and lack of correlation to long-
term outcomes. More investigation is needed to elucidate the precise molecular mechanisms of monocyte
involvement in preventing, generating, and resolving VOC. While we wait for widespread curative SCD
treatments, better anteroom therapies are needed. Monocyte-specific leukocytopheresis may be one such
treatment that could meaningfully diminish the morbidity and mortality of SCD in patients without access
to gene therapy or transplant. 

Additional Information
Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Acquisition, analysis, or interpretation of data:  Luke Gingell

Drafting of the manuscript:  Luke Gingell

Concept and design:  Borys Hrinczenko

Critical review of the manuscript for important intellectual content:  Borys Hrinczenko

Supervision:  Borys Hrinczenko

Disclosures
Human subjects: Consent was obtained or waived by all participants in this study. Institutional Review
Board (IRB) at MetroHealth Medical Center in Cleveland, Ohio issued approval Exempt. The protocol was
submitted to the Institutional Review Board (IRB) at MetroHealth Medical Center in Cleveland, Ohio, where
the study took place. After review, it was determined that the protocol qualified for exemption as non-
human subject research. This decision was based on the fact that the study involved the analysis of
previously collected CBC diff tubes using Flow Cytometry, with the samples obtained from individuals with
sickle cell disease. These samples were considered to be pre-existing biospecimens with limited information
available, such as the patients' diagnosis and date of birth. No other identifying information was included.
The IRB determined that the study did not involve human subjects as defined by the Department of Health
and Human Services (DHHS) Common Rule and FDA regulations, as there was no direct intervention or
interaction with the patients. Animal subjects: All authors have confirmed that this study did not involve
animal subjects or tissue. Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all
authors declare the following: Payment/services info: All authors have declared that no financial support
was received from any organization for the submitted work. Financial relationships: All authors have
declared that they have no financial relationships at present or within the previous three years with any
organizations that might have an interest in the submitted work. Other relationships: All authors have
declared that there are no other relationships or activities that could appear to have influenced the
submitted work.

References
1. Ballas SK, Lusardi M: Hospital readmission for adult acute sickle cell painful episodes: frequency, etiology,

and prognostic significance. Am J Hematol. 2005, 79:17-25. 10.1002/ajh.20336
2. Platt OS, Brambilla DJ, Rosse WF, Milner PF, Castro O, Steinberg MH, Klug PP: Mortality in sickle cell

disease. Life expectancy and risk factors for early death. N Engl J Med. 1994, 330:1639-44.
10.1056/NEJM199406093302303

3. Brousse V, Buffet P, Rees D: The spleen and sickle cell disease: the sick(led) spleen . Br J Haematol. 2014,
166:165-76. 10.1111/bjh.12950

4. Booth C, Inusa B, Obaro SK: Infection in sickle cell disease: a review . Int J Infect Dis. 2010, 14:e2-e12.
10.1016/j.ijid.2009.03.010

5. Leikin SL, Gallagher D, Kinney TR, Sloane D, Klug P, Rida W: Mortality in children and adolescents with
sickle cell disease. Cooperative Study of Sickle Cell Disease. Pediatrics. 1989, 84:500-8.

6. Conran N, Belcher JD: Inflammation in sickle cell disease . Clin Hemorheol Microcirc. 2018, 68:263-99.

2024 Gingell et al. Cureus 16(5): e60703. DOI 10.7759/cureus.60703 8 of 10

javascript:void(0)
javascript:void(0)
https://dx.doi.org/10.1002/ajh.20336
https://dx.doi.org/10.1002/ajh.20336
https://dx.doi.org/10.1056/NEJM199406093302303
https://dx.doi.org/10.1056/NEJM199406093302303
https://dx.doi.org/10.1111/bjh.12950
https://dx.doi.org/10.1111/bjh.12950
https://dx.doi.org/10.1016/j.ijid.2009.03.010
https://dx.doi.org/10.1016/j.ijid.2009.03.010
https://pubmed.ncbi.nlm.nih.gov/2671914/#:~:text=Comparison of this study's overall,of age with sickle hemoglobinopathies.
https://dx.doi.org/10.3233/CH-189012


10.3233/CH-189012
7. Marchesani S, Bertaina V, Marini O, et al.: Inflammatory status in pediatric sickle cell disease: unravelling

the role of immune cell subsets. Front Mol Biosci. 2022, 9:1075686. 10.3389/fmolb.2022.1075686
8. Chies JA, Nardi NB: Sickle cell disease: a chronic inflammatory condition . Med Hypotheses. 2001, 57:46-50.

10.1054/mehy.2000.1310
9. Williams TN, Thein SL: Sickle cell anemia and its phenotypes . Annu Rev Genomics Hum Genet. 2018,

19:113-47. 10.1146/annurev-genom-083117-021320
10. Hidalgo A, Chang J, Jang JE, Peired AJ, Chiang EY, Frenette PS: Heterotypic interactions enabled by

polarized neutrophil microdomains mediate thromboinflammatory injury. Nat Med. 2009, 15:384-91.
10.1038/nm.1939

11. Turhan A, Weiss LA, Mohandas N, Coller BS, Frenette PS: Primary role for adherent leukocytes in sickle cell
vascular occlusion: a new paradigm. Proc Natl Acad Sci U S A. 2002, 99:3047-51. 10.1073/pnas.052522799

12. Fadlon E, Vordermeier S, Pearson TC, et al.: Blood polymorphonuclear leukocytes from the majority of
sickle cell patients in the crisis phase of the disease show enhanced adhesion to vascular endothelium and
increased expression of CD64. Blood. 1998, 91:266-74.

13. Anyaegbu CC, Okpala IE, Akren'Ova YA, Salimonu LS: Peripheral blood neutrophil count and candidacidal
activity correlate with the clinical severity of sickle cell anaemia (SCA). Eur J Haematol. 1998, 60:267-8.
10.1111/j.1600-0609.1998.tb01036.x

14. Guilliams M, Ginhoux F, Jakubzick C, et al.: Dendritic cells, monocytes and macrophages: a unified
nomenclature based on ontogeny. Nat Rev Immunol. 2014, 14:571-8. 10.1038/nri3712

15. Passlick B, Flieger D, Ziegler-Heitbrock HW: Identification and characterization of a novel monocyte
subpopulation in human peripheral blood. Blood. 1989, 74:2527-34.

16. Grage-Griebenow E, Zawatzky R, Kahlert H, Brade L, Flad H, Ernst M: Identification of a novel dendritic
cell-like subset of CD64(+) / CD16(+) blood monocytes. Eur J Immunol. 2001, 31:48-56. 10.1002/1521-
4141(200101)31:1&#60;48::aid-immu48&#62;3.0.co;2-5

17. Zawada AM, Rogacev KS, Rotter B, Winter P, Marell RR, Fliser D, Heine GH: SuperSAGE evidence for
CD14++CD16+ monocytes as a third monocyte subset. Blood. 2011, 118:e50-61. 10.1182/blood-2011-01-
326827

18. Sugimoto C, Hasegawa A, Saito Y, et al.: Differentiation kinetics of blood monocytes and dendritic cells in
macaques: insights to understanding human myeloid cell development. J Immunol. 2015, 195:1774-81.
10.4049/jimmunol.1500522

19. Tak T, Drylewicz J, Conemans L, de Boer RJ, Koenderman L, Borghans JA, Tesselaar K: Circulatory and
maturation kinetics of human monocyte subsets in vivo. Blood. 2017, 130:1474-7. 10.1182/blood-2017-03-
771261

20. Wong KL, Tai JJ, Wong WC, et al.: Gene expression profiling reveals the defining features of the classical,
intermediate, and nonclassical human monocyte subsets. Blood. 2011, 118:e16-31. 10.1182/blood-2010-12-
326355

21. Weber C, Belge KU, von Hundelshausen P, et al.: Differential chemokine receptor expression and function in
human monocyte subpopulations. J Leukoc Biol. 2000, 67:699-704. 10.1002/jlb.67.5.699

22. Zawada AM, Schneider JS, Michel AI, et al.: DNA methylation profiling reveals differences in the 3 human
monocyte subsets and identifies uremia to induce DNA methylation changes during differentiation.
Epigenetics. 2016, 11:259-72. 10.1080/15592294.2016.1158363

23. Askenase MH, Han SJ, Byrd AL, et al.: Bone-marrow-resident NK cells prime monocytes for regulatory
function during infection. Immunity. 2015, 42:1130-42. 10.1016/j.immuni.2015.05.011

24. Yáñez A, Coetzee SG, Olsson A, et al.: Granulocyte-monocyte progenitors and monocyte-dendritic cell
progenitors independently produce functionally distinct monocytes. Immunity. 2017, 47:890-902.e4.
10.1016/j.immuni.2017.10.021

25. Poitou C, Dalmas E, Renovato M, et al.: CD14dimCD16+ and CD14+CD16+ monocytes in obesity and during
weight loss: relationships with fat mass and subclinical atherosclerosis. Arterioscler Thromb Vasc Biol.
2011, 31:2322-30. 10.1161/ATVBAHA.111.230979

26. Jordão MJ, Sankowski R, Brendecke SM, et al.: Single-cell profiling identifies myeloid cell subsets with
distinct fates during neuroinflammation. Science. 2019, 363:10.1126/science.aat7554

27. Allali S, Maciel TT, Hermine O, de Montalembert M: Innate immune cells, major protagonists of sickle cell
disease pathophysiology. Haematologica. 2020, 105:273-83. 10.3324/haematol.2019.229989

28. Mahoney DH Jr, Fernbach DJ: Monocyte functions in sickle cell disorders . Am J Pediatr Hematol Oncol.
1983, 5:409-11. 10.1097/00043426-198324000-00016

29. Wongtong N, Jones S, Deng Y, Cai J, Ataga KI: Monocytosis is associated with hemolysis in sickle cell
disease. Hematology. 2015, 20:593-7. 10.1179/1607845415Y.0000000011

30. Belcher JD, Marker PH, Weber JP, Hebbel RP, Vercellotti GM: Activated monocytes in sickle cell disease:
potential role in the activation of vascular endothelium and vaso-occlusion. Blood. 2000, 96:2451-9.

31. Hebbel RP: Adhesive interactions of sickle erythrocytes with endothelium . J Clin Invest. 1997, 100:S83-6.
32. Hebbel RP, Vercellotti GM: The endothelial biology of sickle cell disease . J Lab Clin Med. 1997, 129:288-93.

10.1016/s0022-2143(97)90176-1
33. Springer TA: Traffic signals for lymphocyte recirculation and leukocyte emigration: the multistep paradigm .

Cell. 1994, 76:301-14. 10.1016/0092-8674(94)90337-9
34. Carlos TM, Harlan JM: Leukocyte-endothelial adhesion molecules. Blood. 1994, 84:2068-101.
35. Belcher JD, Beckman JD, Balla G, Balla J, Vercellotti G: Heme degradation and vascular injury . Antioxid

Redox Signal. 2010, 12:233-48. 10.1089/ars.2009.2822
36. Kato GJ, Steinberg MH, Gladwin MT: Intravascular hemolysis and the pathophysiology of sickle cell disease .

J Clin Invest. 2017, 127:750-60. 10.1172/JCI89741
37. Belcher JD, Chen C, Nguyen J, et al.: Heme triggers TLR4 signaling leading to endothelial cell activation and

vaso-occlusion in murine sickle cell disease. Blood. 2014, 123:377-90. 10.1182/blood-2013-04-495887
38. Wu ML, Ho YC, Yet SF: A central role of heme oxygenase-1 in cardiovascular protection . Antioxid Redox

Signal. 2011, 15:1835-46. 10.1089/ars.2010.3726

2024 Gingell et al. Cureus 16(5): e60703. DOI 10.7759/cureus.60703 9 of 10

https://dx.doi.org/10.3233/CH-189012
https://dx.doi.org/10.3389/fmolb.2022.1075686
https://dx.doi.org/10.3389/fmolb.2022.1075686
https://dx.doi.org/10.1054/mehy.2000.1310
https://dx.doi.org/10.1054/mehy.2000.1310
https://dx.doi.org/10.1146/annurev-genom-083117-021320
https://dx.doi.org/10.1146/annurev-genom-083117-021320
https://dx.doi.org/10.1038/nm.1939
https://dx.doi.org/10.1038/nm.1939
https://dx.doi.org/10.1073/pnas.052522799
https://dx.doi.org/10.1073/pnas.052522799
https://pubmed.ncbi.nlm.nih.gov/9414294/
https://dx.doi.org/10.1111/j.1600-0609.1998.tb01036.x
https://dx.doi.org/10.1111/j.1600-0609.1998.tb01036.x
https://dx.doi.org/10.1038/nri3712
https://dx.doi.org/10.1038/nri3712
https://pubmed.ncbi.nlm.nih.gov/2478233/
https://dx.doi.org/10.1002/1521-4141(200101)31:1&#60;48::aid-immu48&#62;3.0.co;2-5
https://dx.doi.org/10.1002/1521-4141(200101)31:1&#60;48::aid-immu48&#62;3.0.co;2-5
https://dx.doi.org/10.1182/blood-2011-01-326827
https://dx.doi.org/10.1182/blood-2011-01-326827
https://dx.doi.org/10.4049/jimmunol.1500522
https://dx.doi.org/10.4049/jimmunol.1500522
https://dx.doi.org/10.1182/blood-2017-03-771261
https://dx.doi.org/10.1182/blood-2017-03-771261
https://dx.doi.org/10.1182/blood-2010-12-326355
https://dx.doi.org/10.1182/blood-2010-12-326355
https://dx.doi.org/10.1002/jlb.67.5.699
https://dx.doi.org/10.1002/jlb.67.5.699
https://dx.doi.org/10.1080/15592294.2016.1158363
https://dx.doi.org/10.1080/15592294.2016.1158363
https://dx.doi.org/10.1016/j.immuni.2015.05.011
https://dx.doi.org/10.1016/j.immuni.2015.05.011
https://dx.doi.org/10.1016/j.immuni.2017.10.021
https://dx.doi.org/10.1016/j.immuni.2017.10.021
https://dx.doi.org/10.1161/ATVBAHA.111.230979
https://dx.doi.org/10.1161/ATVBAHA.111.230979
https://dx.doi.org/10.1126/science.aat7554
https://dx.doi.org/10.1126/science.aat7554
https://dx.doi.org/10.3324/haematol.2019.229989
https://dx.doi.org/10.3324/haematol.2019.229989
https://dx.doi.org/10.1097/00043426-198324000-00016
https://dx.doi.org/10.1097/00043426-198324000-00016
https://dx.doi.org/10.1179/1607845415Y.0000000011
https://dx.doi.org/10.1179/1607845415Y.0000000011
https://pubmed.ncbi.nlm.nih.gov/11001897/
https://pubmed.ncbi.nlm.nih.gov/9413407/
https://dx.doi.org/10.1016/s0022-2143(97)90176-1
https://dx.doi.org/10.1016/s0022-2143(97)90176-1
https://dx.doi.org/10.1016/0092-8674(94)90337-9
https://dx.doi.org/10.1016/0092-8674(94)90337-9
https://pubmed.ncbi.nlm.nih.gov/7522621/
https://dx.doi.org/10.1089/ars.2009.2822
https://dx.doi.org/10.1089/ars.2009.2822
https://dx.doi.org/10.1172/JCI89741
https://dx.doi.org/10.1172/JCI89741
https://dx.doi.org/10.1182/blood-2013-04-495887
https://dx.doi.org/10.1182/blood-2013-04-495887
https://dx.doi.org/10.1089/ars.2010.3726
https://dx.doi.org/10.1089/ars.2010.3726


39. Mizuno K, Toma T, Tsukiji H, et al.: Selective expansion of CD16highCCR2- subpopulation of circulating
monocytes with preferential production of haem oxygenase (HO)-1 in response to acute inflammation. Clin
Exp Immunol. 2005, 142:461-70. 10.1111/j.1365-2249.2005.02932.x

40. Carlin LM, Stamatiades EG, Auffray C, et al.: Nr4a1-dependent Ly6C(low) monocytes monitor endothelial
cells and orchestrate their disposal. Cell. 2013, 153:362-75. 10.1016/j.cell.2013.03.010

41. Liu Y, Jing F, Yi W, et al.: HO-1(hi) patrolling monocytes protect against vaso-occlusion in sickle cell
disease. Blood. 2018, 131:1600-10. 10.1182/blood-2017-12-819870

42. Solovey A, Somani A, Belcher JD, et al.: A monocyte-TNF-endothelial activation axis in sickle transgenic
mice: therapeutic benefit from TNF blockade. Am J Hematol. 2017, 92:1119-30. 10.1002/ajh.24856

43. Kampalath B, Cleveland RP, Kass L: Reduced CD4 and HLA-DR expression in neonatal monocytes . Clin
Immunol Immunopathol. 1998, 87:93-100. 10.1006/clin.1997.4505

44. Szabo G, Miller CL, Kodys K: Antigen presentation by the CD4 positive monocyte subset . J Leukoc Biol. 1990,
47:111-20. 10.1002/jlb.47.2.111

45. Mehta RL, Lenert P, Zanetti M: Synthetic peptides of human CD4 enhance binding of immunoglobulins to
monocyte/macrophage cells. II. Mechanisms of enhancement. Cell Immunol. 1994, 156:146-54.
10.1006/cimm.1994.1160

46. Kazancioglu S, Yilmaz FM, Bastug A, et al.: Lymphocyte subset alteration and monocyte CD4 expression
reduction in patients with severe COVID-19. Viral Immunol. 2021, 34:342-51. 10.1089/vim.2020.0166

47. Kampalath B, Cleveland RP, Chang CC, Kass L: Monocytes with altered phenotypes in posttrauma patients .
Arch Pathol Lab Med. 2003, 127:1580-5. 10.5858/2003-127-1580-MWAPIP

48. Bozdech MJ, Bainton DF: Identification of alpha-naphthyl butyrate esterase as a plasma membrane
ectoenzyme of monocytes and as a discrete intracellular membrane-bounded organelle in lymphocytes. J
Exp Med. 1981, 153:182-95. 10.1084/jem.153.1.182

49. Orlowski JP, Sieger L, Anthony BF: Bactericidal capacity of monocytes of newborn infants . J Pediatr. 1976,
89:797-801. 10.1016/s0022-3476(76)80810-4

50. Faist E, Kupper TS, Baker CC, Chaudry IH, Dwyer J, Baue AE: Depression of cellular immunity after major
injury. Its association with posttraumatic complications and its reversal with immunomodulation. Arch
Surg. 1986, 121:1000-5. 10.1001/archsurg.1986.01400090026004

51. Javeed N, Gustafson MP, Dutta SK, et al.: Immunosuppressive CD14(+)HLA-DR(lo/neg) monocytes are
elevated in pancreatic cancer and "primed" by tumor-derived exosomes. Oncoimmunology. 2017,
6:e1252013. 10.1080/2162402X.2016.1252013

52. Stenzel AE, Abrams SI, Joseph JM, et al.: Circulating CD14(+) HLA-DR(lo/-) monocytic cells as a biomarker
for epithelial ovarian cancer progression. Am J Reprod Immunol. 2021, 85:e13343. 10.1111/aji.13343

53. Vuk-Pavlović S, Bulur PA, Lin Y, Qin R, Szumlanski CL, Zhao X: Immunosuppressive CD14+HLA-DRlow/-
monocytes in prostate cancer. Prostate. 2010, 70:443-55. 10.1002/pros.2107

54. Ahout IM, Jans J, Haroutiounian L, et al.: Reduced expression of HLA-DR on monocytes during severe
respiratory syncytial virus infections. Pediatr Infect Dis J. 2016, 35:e89-96. 10.1097/INF.0000000000001007

55. Fraccarollo D, Neuser J, Möller J, Riehle C, Galuppo P, Bauersachs J: Expansion of CD10(neg) neutrophils
and CD14(+)HLA-DR(neg/low) monocytes driving proinflammatory responses in patients with acute
myocardial infarction. Elife. 2021, 10:10.7554/eLife.66808

56. Ataga KI, Kutlar A, Kanter J, et al.: Crizanlizumab for the prevention of pain crises in sickle cell disease . N
Engl J Med. 2017, 376:429-39. 10.1056/NEJMoa1611770

57. Gnesotto L, Mioso G, Alaibac M: Use of granulocyte and monocyte adsorption apheresis in dermatology
(review). Exp Ther Med. 2022, 24:536. 10.3892/etm.2022.11463

58. Chen XL, Mao JW, Wang YD: Selective granulocyte and monocyte apheresis in inflammatory bowel disease:
its past, present and future. World J Gastrointest Pathophysiol. 2020, 11:43-56. 10.4291/wjgp.v11.i3.43

59. Kanai T, Makita S, Kawamura T, et al.: Extracorporeal elimination of TNF-alpha-producing
CD14(dull)CD16(+) monocytes in leukocytapheresis therapy for ulcerative colitis. Inflamm Bowel Dis. 2007,
13:284-90. 10.1002/ibd.20017

2024 Gingell et al. Cureus 16(5): e60703. DOI 10.7759/cureus.60703 10 of 10

https://dx.doi.org/10.1111/j.1365-2249.2005.02932.x
https://dx.doi.org/10.1111/j.1365-2249.2005.02932.x
https://dx.doi.org/10.1016/j.cell.2013.03.010
https://dx.doi.org/10.1016/j.cell.2013.03.010
https://dx.doi.org/10.1182/blood-2017-12-819870
https://dx.doi.org/10.1182/blood-2017-12-819870
https://dx.doi.org/10.1002/ajh.24856
https://dx.doi.org/10.1002/ajh.24856
https://dx.doi.org/10.1006/clin.1997.4505
https://dx.doi.org/10.1006/clin.1997.4505
https://dx.doi.org/10.1002/jlb.47.2.111
https://dx.doi.org/10.1002/jlb.47.2.111
https://dx.doi.org/10.1006/cimm.1994.1160
https://dx.doi.org/10.1006/cimm.1994.1160
https://dx.doi.org/10.1089/vim.2020.0166
https://dx.doi.org/10.1089/vim.2020.0166
https://dx.doi.org/10.5858/2003-127-1580-MWAPIP
https://dx.doi.org/10.5858/2003-127-1580-MWAPIP
https://dx.doi.org/10.1084/jem.153.1.182
https://dx.doi.org/10.1084/jem.153.1.182
https://dx.doi.org/10.1016/s0022-3476(76)80810-4
https://dx.doi.org/10.1016/s0022-3476(76)80810-4
https://dx.doi.org/10.1001/archsurg.1986.01400090026004
https://dx.doi.org/10.1001/archsurg.1986.01400090026004
https://dx.doi.org/10.1080/2162402X.2016.1252013
https://dx.doi.org/10.1080/2162402X.2016.1252013
https://dx.doi.org/10.1111/aji.13343
https://dx.doi.org/10.1111/aji.13343
https://dx.doi.org/10.1002/pros.2107
https://dx.doi.org/10.1002/pros.2107
https://dx.doi.org/10.1097/INF.0000000000001007
https://dx.doi.org/10.1097/INF.0000000000001007
https://dx.doi.org/10.7554/eLife.66808
https://dx.doi.org/10.7554/eLife.66808
https://dx.doi.org/10.1056/NEJMoa1611770
https://dx.doi.org/10.1056/NEJMoa1611770
https://dx.doi.org/10.3892/etm.2022.11463
https://dx.doi.org/10.3892/etm.2022.11463
https://dx.doi.org/10.4291/wjgp.v11.i3.43
https://dx.doi.org/10.4291/wjgp.v11.i3.43
https://dx.doi.org/10.1002/ibd.20017
https://dx.doi.org/10.1002/ibd.20017

	Characterizing the Immature Immunophenotype of Sickle Cell Disease Monocytes
	Abstract
	Introduction
	Materials And Methods
	Sample collection
	Specimen processing
	Flow cytometry
	Cytochemical staining
	Statistical methods

	Results
	CBC findings during an acute VOC
	TABLE 1: Comparison of automated complete blood count data between sickle cell disease patients and controls.
	FIGURE 1: Wright stain (x60) showing leukocytosis and immature morphology of monocytes including high nuclear/cytoplasmic ratio, indented or less lobular nuclei and decreased cytoplasmic vacuolation.

	Immature morphology in SCD monocytes
	Surface protein expression patterns from SCD patients and controls
	FIGURE 2: HLA-DR, CD4, CD14, and CD16 expression in 3-color flow cytometry from SCD patients (yellow arrow highlights CD14dimCD16+ monocyte subpopulation from SCD patients).
	FIGURE 3: Comparison of HLA-DR, CD4, CD14 and CD16 expression from sickle cell disease patients and controls.
	FIGURE 4: Comparison of expression patterns using 3-color flow cytometry from sickle cell disease patients and controls. All expression differences were found to be significant (p < .05)


	Discussion
	Conclusions
	Additional Information
	Author Contributions
	Disclosures

	References


