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Abstract 

Vaso-occlusive crisis (VOC) is a prominent and painful complication of sickle cell anemia (SCA) characterized by the obstruction 

of blood flow due to the interaction of sickled red blood cells (RBCs) with leukocytes and the vascular endothelium. This review 

highlights the multifaceted role of leukocytes in the pathophysiology of VOC, focusing on their activation, adhesion to the 

endothelium, interaction with sickled RBCs, and contribution to inflammation and thrombosis. The activation of leukocytes leads to 

the release of pro-inflammatory cytokines that exacerbate endothelial dysfunction and enhance leukocyte-endothelial adhesion, 

promoting the accumulation of leukocytes in the microvasculature. The interaction between leukocytes and sickled RBCs creates  a 

feedback loop that further perpetuates inflammation and vascular obstruction. Additionally, activated leukocytes promote a pro-

thrombotic state by enhancing platelet activation and increasing the risk of thrombus formation, compounding the severity of VOC. 

This intricate interplay underscores the critical role of leukocytes in mediating the inflammatory response associated with VOC and 

highlights the importance of understanding these mechanisms to develop effective therapeutic strategies. Targeting leukocyte 

activation and their interactions with endothelial cells and sickled RBCs presents novel therapeutic opportunities to mitigate VOC. 

Potential interventions may include anti-inflammatory agents, adhesion molecule inhibitors, anticoagulants, and leukocyte trafficking 

inhibitors. By elucidating the mechanisms underlying leukocyte involvement in VOC, this review aims to inform future research and 

clinical approaches to improve outcomes for individuals living with sickle cell anemia. 
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Introduction 

Sickle cell anemia (SCA) is a genetic disorder caused by a mutation in the β-

globin gene, leading to the production of abnormal hemoglobin S (HbS). 

Under low-oxygen conditions, HbS undergoes polymerization, resulting in 

the deformation of red blood cells (RBCs) into a characteristic sickle shape. 
This sickling process impairs the deformability of RBCs, increasing their 

tendency to aggregate and obstruct blood flow in the microcirculation. One 

of the most significant and painful complications of SCA is vaso-occlusive 

crisis (VOC), which occurs when sickled RBCs block blood vessels, leading 

to acute pain, tissue ischemia, and organ dysfunction. Understanding the 
underlying mechanisms that contribute to VOC is essential for developing 

effective therapeutic strategies to manage this debilitating condition. 

Leukocytes, or white blood cells, play a crucial role in the pathophysiology 

of VOC. They are key mediators of the inflammatory response and interact 

with both sickled RBCs and the endothelium of blood vessels. The activation 
of leukocytes in SCA is driven by a variety of factors, including chronic 

hemolysis, oxidative stress, and the inflammatory environment that 

characterizes the disease. Once activated, leukocytes undergo changes that 

enhance their adhesive properties and migratory capabilities, allowing them 

to adhere to the endothelium and accumulate in the microvasculature. This 
process exacerbates the obstruction of blood flow and perpetuates the cycle 

of inflammation and pain associated with VOC. [1-5] 

The interaction between leukocytes and the endothelium is mediated by a 

variety of adhesion molecules. In SCA, the upregulation of these molecules  

on endothelial cells enhances the recruitment of leukocytes to the vascular 

wall. Key adhesion molecules involved in this process include E-selectin, P-
selectin, intercellular adhesion molecule-1 (ICAM-1), and vascular cell 

adhesion molecule-1 (VCAM-1). The binding of leukocytes to these 

adhesion molecules facilitates their transmigration across the endothelium, 

contributing to inflammation and tissue injury. The accumulation of 

leukocytes in the microvasculature can lead to the formation of thrombi, 
further complicating the pathogenesis of VOC. In addition to their role in 

inflammation, leukocytes can directly interact with sickled RBCs. These 

interactions can promote the adhesion of sickled RBCs to the endothelium, 

enhancing the risk of vascular occlusion. When activated, leukocytes can 

also release pro-inflammatory cytokines and reactive oxygen species (ROS) 
that exacerbate endothelial dysfunction and promote further sickling of 

RBCs. This interaction creates a feedback loop in which leukocyte activation 

leads to increased sickling, inflammation, and tissue ischemia, ultimately 

contributing to the severity of VOC. [6-10] 

The pro-thrombotic state observed in SCA is another critical aspect of 
leukocyte involvement in VOC. Activated leukocytes can enhance platelet 
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activation and aggregation through the release of pro-coagulant factors, such 
as tissue factor (TF) and platelet-activating factor (PAF). This pro-

thrombotic environment increases the risk of thrombus formation within the 

microcirculation, exacerbating the obstruction of blood flow and further 

perpetuating the occurrence of VOC.  The inflammatory response in SCA is 

characterized by the overproduction of various cytokines, including tumor 
necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6). These cytokines  

contribute to the activation of endothelial cells, leading to increased 

expression of adhesion molecules and further recruitment of leukocytes. This 

cytokine storm exacerbates the inflammatory environment and perpetuates  

the cycle of endothelial dysfunction, leukocyte adhesion, and vascular 
occlusion. The interplay between leukocytes and inflammatory cytokines  

underscores the complexity of the pathophysiological mechanisms 

underlying VOC.[11-15] 

Mechanisms of Leukocyte Involvement in VOC 

The involvement of leukocytes in vaso-occlusive crisis (VOC) in sickle cell 
anemia (SCA) is multifaceted and encompasses various mechanisms that 

contribute to the pathophysiology of this painful complication. The 

following sections outline the key mechanisms through which leukocytes  

influence the development and severity of VOC. 

1. Activation of Leukocytes 

Leukocytes in SCA are often in a state of heightened activation due to 

chronic inflammation and oxidative stress caused by hemolysis and sickling. 

Activated leukocytes, particularly neutrophils and monocytes, exhibit 

increased expression of adhesion molecules and enhanced migratory 

abilities. The activation of these immune cells leads to the release of pro-
inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), 

interleukin-1 beta (IL-1β), and interleukin-6 (IL-6). These cytokines not only 

promote the inflammatory response but also contribute to the activation of 

the endothelium, leading to the upregulation of adhesion molecules that 
facilitate leukocyte adhesion to the vascular wall. The sustained activation 

of leukocytes is a critical factor in the initiation and perpetuation of VOC. 

[16-20] 

2. Adhesion to Endothelial Cells 

Leukocyte adhesion to the endothelium is a central event in the pathogenesis  
of VOC. This process is mediated by the interaction between adhesion 

molecules expressed on endothelial cells and ligands on leukocytes. Key 

adhesion molecules involved in this interaction include E-selectin, P-

selectin, ICAM-1, and VCAM-1. In SCA, the inflammatory environment 

leads to the upregulation of these adhesion molecules on endothelial cells, 
enhancing the recruitment of leukocytes to the vascular wall. Once adhered, 

leukocytes can undergo diapedesis, migrating through the endothelium into 

the surrounding tissue. This accumulation of leukocytes in the 

microvasculature contributes to the obstruction of blood flow and 

exacerbates the ischemic conditions associated with VOC. [21-23] 

3. Interaction with Sickled Red Blood Cells 

Leukocytes can also directly interact with sickled RBCs, further 

complicating the pathophysiology of VOC. Activated leukocytes promote 

the adhesion of sickled RBCs to the endothelium through the expression of 

adhesion molecules such as PSGL-1 (P-selectin glycoprotein ligand-1) and 
LFA-1 (lymphocyte function-associated antigen-1). These interactions can 

lead to increased RBC aggregation and promote vaso-occlusion. 

Additionally, leukocytes can release inflammatory mediators, including 

ROS and cytokines, which exacerbate endothelial dysfunction and enhance 

the sickling process. This feedback loop between leukocytes and sickled 
RBCs perpetuates inflammation and tissue injury, contributing to the 

severity of VOC.[24-26] 

4. Promotion of Thrombosis 

Leukocytes also play a significant role in the pro-thrombotic state observed 

in SCA. Activated leukocytes release pro-coagulant factors such as tissue 

factor (TF), which initiates the extrinsic pathway of the coagulation cascade, 
and platelet-activating factor (PAF), which promotes platelet activation and 

aggregation. The interaction between activated leukocytes and platelets can 

lead to the formation of thrombi in the microvasculature, further obstructing 

blood flow and worsening ischemia. This thrombotic environment is 

compounded by the presence of sickled RBCs, creating a vicious cycle that 
exacerbates the risk of VOC. [27-30] 

5. Inflammatory Cytokine Release 

The release of inflammatory cytokines from activated leukocytes contributes  

to the pathogenesis of VOC by promoting endothelial activation and 

dysfunction. Cytokines such as TNF-α and IL-6 can increase the expression 
of adhesion molecules on endothelial cells, further enhancing leukocyte 

recruitment and adhesion. Additionally, these cytokines can induce a state of 

endothelial dysfunction characterized by increased permeability and reduced 

vasodilation, which exacerbates the conditions leading to VOC. The 

inflammatory milieu generated by leukocytes can also activate other immune 
cells, perpetuating the cycle of inflammation and further driving the 

pathogenesis of VOC. [31-34] 

6. Reactive Oxygen Species (ROS) Production 

Leukocytes produce reactive oxygen species (ROS) as part of their immune 

response to pathogens and tissue injury. In SCA, the excessive generation of 
ROS contributes to oxidative stress and endothelial damage. Elevated ROS 

levels can lead to the oxidation of lipids, proteins, and DNA, impairing 

endothelial function and promoting inflammation. ROS can also react with 

nitric oxide (NO), reducing its bioavailability and further contributing to 

endothelial dysfunction. The interplay between leukocyte-derived ROS and 
endothelial cells is critical in the pathogenesis of VOC, as it exacerbates the 

inflammatory response and promotes vascular obstruction. [35-38] 

7. Impact on Hemolysis and Inflammation 

The chronic hemolysis observed in SCA leads to the release of free 
hemoglobin into circulation, which can scavenge nitric oxide (NO) and 

further contribute to endothelial dysfunction. Inflammatory cytokines  

released by activated leukocytes can also enhance the rate of hemolysis, 

creating a feedback loop that perpetuates the cycle of inflammation and vaso-

occlusion. This relationship underscores the interconnectedness of 
hemolysis, inflammation, and leukocyte activation in the pathophysiology of 

VOC. [39-42] 

8. Role of Monocytes and Macrophages 

Monocytes and macrophages play a significant role in the inflammatory 

response in SCA. Upon activation, these cells can produce a variety of pro-
inflammatory cytokines and chemokines that attract additional leukocytes to 

the site of inflammation. Macrophages can also contribute to tissue injury 

through the release of proteolytic enzymes and ROS. The presence of 

activated monocytes and macrophages in the microvasculature during VOC 

can exacerbate tissue damage and enhance the inflammatory response, 
further promoting the severity of VOC. [43-45] 

Therapeutic Implications 

Targeted interventions can address the activation, adhesion, and 

inflammatory processes mediated by leukocytes, as well as their interactions  

with sickled red blood cells (RBCs) and the vascular endothelium. The 
following therapeutic implications highlight potential strategies to improve 

patient outcomes in SCA. Given the pivotal role of inflammation in the 

pathogenesis of VOC, the use of anti-inflammatory agents represents a 

promising therapeutic strategy. Medications such as corticosteroids can be 

employed to reduce the overall inflammatory response during acute VOC 
episodes. Corticosteroids help to decrease the levels of inflammatory 

cytokines, thereby reducing leukocyte activation and adhesion to the 

endothelium. Clinical studies exploring the efficacy of corticosteroids in 

SCA patients experiencing VOC are warranted to establish optimal dosing 

and timing for intervention. Targeting the adhesion molecules that facilitate 
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leukocyte-endothelial interactions may provide a means to prevent leukocyte 
recruitment and accumulation in the microvasculature. Potential 

interventions could include monoclonal antibodies or small molecule 

inhibitors that block the interactions between leukocytes and endothelial 

cells. For example, inhibitors targeting E-selectin, P-selectin, or integrins  

such as LFA-1 may effectively reduce leukocyte adhesion and, consequently, 
the incidence of VOC. Research into these adhesion molecule inhibitors is 

critical for assessing their safety and efficacy in SCA patients. [46-50] 

The production of reactive oxygen species (ROS) by activated leukocytes  

contributes to oxidative stress and endothelial dysfunction in SCA. 

Antioxidant therapies aimed at reducing oxidative stress may therefore offer 
therapeutic benefits. Agents such as N-acetylcysteine (NAC), which 

replenishes intracellular glutathione levels, and vitamin E, a potent lipid-

soluble antioxidant, could help mitigate oxidative damage to endothelial 

cells. Clinical trials investigating the efficacy of these antioxidants in 

reducing VOC frequency and severity are needed to determine their potential 
role in SCA management. Strategies aimed at inhibiting leukocyte 

trafficking may help prevent the migration of activated leukocytes to sites of 

injury. These interventions could involve the use of chemokine receptor 

antagonists or small molecules that disrupt leukocyte signaling pathways 

involved in adhesion and migration. By preventing leukocyte recruitment to 
the endothelium, these therapies could reduce the inflammatory response and 

subsequent vascular obstruction associated with VOC. Given the pro-

thrombotic state associated with leukocyte activation in SCA, the use of 

anticoagulant therapies may be beneficial in managing VOC. Low molecular 

weight heparin (LMWH) and direct oral anticoagulants (DOACs) can help 
reduce thrombus formation and improve blood flow during VOC episodes. 

Research into the appropriate use of anticoagulants in SCA patients is 

essential to determine their safety and efficacy, particularly in the context of 

VOC. [51-55] 

Hydroxyurea is a cornerstone treatment for SCA, primarily due to its ability 

to increase fetal hemoglobin levels and reduce leukocyte counts. By 

decreasing the overall number of circulating leukocytes, hydroxyurea may 

help mitigate the inflammatory response and reduce the frequency of VOC. 

Additionally, hydroxyurea has been shown to reduce the expression of 
adhesion molecules on endothelial cells, further decreasing leukocyte 

recruitment. Ongoing studies continue to elucidate the full benefits of 

hydroxyurea in managing SCA complications. Biologic agents that target 

specific inflammatory cytokines involved in the pathogenesis of VOC may 

provide another therapeutic avenue. Monoclonal antibodies that inhibit 
cytokines such as TNF-α or IL-6 could help reduce the inflammatory 

response and subsequent leukocyte activation. The development of these 

targeted therapies requires careful evaluation through clinical trials to 

determine their safety and efficacy in SCA patients. Advancements in gene 

therapy hold promise for the future of SCA treatment. Approaches aimed at 
correcting the underlying genetic mutation responsible for sickle hemoglobin 

production or enhancing the production of fetal hemoglobin could 

significantly alter the disease course. Gene editing technologies, such as 

CRISPR/Cas9, offer the potential to directly modify the β-globin gene, 

potentially reducing the incidence of VOC by addressing the root cause of 
the disease. [56-60] A multidisciplinary approach to managing SCA can 

optimize patient outcomes and reduce the frequency of VOC. 

Comprehensive care strategies should include regular monitoring for signs 

of VOC, patient education on recognizing early symptoms, and adherence to 

treatment regimens. Coordination among hematologists, primary care 
providers, and supportive care specialists is essential to ensure that patients  

receive comprehensive and individualized care.[61] 

Conclusion 

Vaso-occlusive crisis (VOC) remains one of the most challenging 
complications of sickle cell anemia (SCA), characterized by acute pain and 

significant morbidity. Leukocytes play a central role in the pathophysiology 

of VOC through their involvement in inflammation, adhesion to the 

endothelium, and interaction with sickled red blood cells (RBCs). The 

activation of leukocytes leads to a cascade of events that exacerbates  

endothelial dysfunction, promotes vascular occlusion, and contributes to the 
overall inflammatory milieu associated with VOC. Understanding these 

mechanisms provide valuable insights into the intricate interplay between 

leukocytes and other components of the blood, paving the way for targeted 

therapeutic strategies. The potential for developing interventions aimed at 

modulating leukocyte activity, reducing inflammation, and preventing 
thrombus formation offers hope for improved management of VOC in SCA 

patients. Therapeutic approaches, including anti-inflammatory agents, 

adhesion molecule inhibitors, antioxidant therapies, and anticoagulants, hold 

promise for alleviating the burden of VOC. Additionally, advancements in 

gene therapy and comprehensive care strategies may further enhance 
treatment outcomes for individuals living with sickle cell anemia. 
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