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Summary

Sickle cell disease (SCD) is a group of recessively inherited disorders of erythrocyte function that 

presents an ongoing threat to reducing childhood mortality around the world. While decades of 

research have led to improved survival for SCD patients in wealthy countries, survival remains 

dismal in low- and middle-income countries. Much of the early mortality associated with SCD is 

attributed to increased risk of infections due to early loss of splenic function. In the West, bacterial 

infections with encapsulated organisms are a primary concern. In sub-Saharan Africa, where the 

majority of infants with SCD are born, the same is true; however malaria presents an additional 

threat to survival. The search for factors that define variability in sickle cell phenotypes should 

include environmental modifiers, such as malaria. Further exploration of this relationship could 

lead to novel strategies to reduce morbidity and mortality attributable to infections. In this review, 

we explore the interactions between SCD, malaria and the spleen to better understand how 

splenomegaly and splenic (dys)function may co-exist in patients with SCD living in malaria-

endemic areas.
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Sickle Cell Disease is a Global Health Concern

Approximately 400,000 infants annually are born with sickle cell disease (SCD) worldwide, 

including over 300,000 in sub-Saharan Africa (SSA; Piel et al, 2013). In all SCD patients, 

haemoglobin S (HbS) is the predominant haemoglobin component. In carrier states, HbS or 

other haemoglobin variants (e.g. HbC and thalassemia) coexist with HbA. These 
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heterozygous traits confer a survival advantage against severe clinical malaria due to 

Plasmodium falciparum (Gong et al, 2013; Fleming et al, 1979). Some West African 

countries report HbS carrier rates as high as 25% (Grosse et al, 2011). The mechanisms of 

sickle trait protection against malaria are not completely understood but include 

plasmodium-induced sickling, impaired parasite growth, and decreased adherence of 

parasitized erythrocytes to microvascular endothelium (Bunn, 2013).

An estimate of survival in successive SCD cohorts in the U.S., Europe and Caribbean in 

2010 demonstrated that survival through childhood has increased markedly over the last 40 

years and is partially attributable to improvements in newborn screening and preventive care 

(Quinn et al, 2010). In a similar period, survival for children with SCD in SSA has not 

improved. An earlier survey in Northern Nigeria identified 98% mortality in the first two 

years of life for children with SCD (Fleming et al, 1979). In a recent Tanzanian SCD cohort, 

the observed under-5 mortality rate, of 7.3 per 100 person-years, was 5-fold higher than 

those that died at later ages, consistent with limited childhood survival (Makani et al, 2011). 

A Nigerian preventive care programme for children and adults with SCD reported an annual 

mortality rate of 20% during the first year of operation (Akinyanju et al, 2005). Overall, an 

estimated 50–90% of children born with SCD in SSA die before 5 years of age (Grosse et al, 
2011). Whereas newborn screening and clinical care programmes are operating in select 

locations across the continent (Ohene-Frempong et al, 2008; McGann et al, 2013; Tubman et 
al, 2016; Kafando et al, 2009; Rahimy et al, 2009), an estimated 50% survival may represent 

the best-case scenario in parts of SSA where care programmes have not been established. 

Unfortunately, no country in SSA has introduced a national newborn screening programme, 

making preventive care an important intervention for improving early childhood survival.

Loss of splenic function increases the risk of early death due to infections among SCD 

patients. Neither encapsulated bacteria nor parasitized erythrocytes can be cleared 

effectively by the spleen in SCD. In patients living outside of SSA, the spleen becomes 

fibrotic and atrophied early in life. In contrast, several malaria-endemic countries have 

reported splenomegaly in children with SCD, including among children with HbSS. 

Splenomegaly is attributed to recurrent infections with Plasmodium species (Adekile et al, 
1988; McAuley et al, 2010; Sadarangani et al, 2009). Hyperreactive malarial splenomegaly 

among patients without SCD is associated with expansion and dysfunction of both the red 

pulp and the lymphoid tissues in the spleen. More detailed studies of splenic function in 

SCD in SSA would elucidate a role for malaria in SCD mortality and highlight immune 

mechanisms critical to sickle pathogenesis.

The spleen

The spleen is organized to facilitate interactions between lymphocytes and antigen-

presenting cells, allowing for the development of humoral immunity, though B lymphocyte 

proliferation, and for innate immunity, through cytokine signalling and phagocytosis (Fig. 1, 

2A). Approximately 5% of the cardiac output is directed to the spleen each minute (William 

and Corazza, 2007). Through the splenic artery, blood enters the spleen through the 

perifollicular zone. Ninety per cent of blood travels to the red pulp, where blood flow slows 

as cells squeeze through splenic cords to re-enter circulation through the splenic vein. Cells 
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with impaired deformability, including sickled cells and parasitized cells, cannot pass 

through the cords. Red pulp macrophages engulf and digest these damaged or senescent 

cells. The remaining 10% of blood is directed to the white pulp, crossing the periarteriolar 

lymphoid sheath and follicle. In the follicle, blood interacts with follicular T and B 

lymphocytes and dendritic cells en route to the marginal zone.

In the marginal zone, pathogens encounter lymphocytes, dendritic cells, and macrophages. 

The marginal zone is home to a specialized subset of non-switched memory B cells, or 

marginal zone B (MZB) lymphocytes (MZBs). MZBs facilitate T-cell independent humoral 

immune responses, detecting blood-borne pathogens and differentiating into plasma cells 

that produce immunoglobulin M (IgM). This action is critical for response to polysaccharide 

antigens, such as the pneumococcal polysaccharide vaccine. Absence of splenic MZBs is 

associated with increased risk of invasive pneumococcal disease and impaired response to 

pneumococcal vaccines (Wardemann et al, 2002). MZBs also function as antigen-presenting 

cells, recognizing pathogens and migrating into the follicle and periarteriolar lymphoid 

sheath for a T-cell dependent response.

MZB lymphocytes are critical for the development of the spleen and for normal immune 

function in murine models and humans. Absence of signalling from Notch-2, a regulator of 

cellular differentiation, leads to almost complete absence of MZBs in a conditional knockout 

mouse model (Saito et al, 2003). When MZBs are absent from a transgenic murine model, 

marginal zone macrophages and the structure of the marginal zone fail to develop (Nolte et 
al, 2004; Mebius and Kraal, 2005). Mice lacking tumour necrosis factor (TNF) or 

lymphotoxin-α demonstrate absent or disorganized marginal zone architecture (Korner et al, 
2001; Martin and Kearney, 2002). Human studies suggest that the spleen is necessary to 

maintain the MZB subset. After splenectomy, adults do not maintain normal levels of 

circulating MZBs in the peripheral blood (pbMZB; Lammers et al, 2012). Similarly, in 

patients with congenital asplenia, the pbMZB compartment is appropriate for age below 4 

years, but does not persist at normal levels as patient age increases (Weill et al, 2009). 

Without MZB, and thus without a functional spleen, protection against S. pneumoniae is 

diminished or wanes (Weller et al, 2005).

Measuring splenic function

Splenic function is measured by microscopic, biochemical, flow cytometric and radiographic 

techniques. Howell Jolly bodies (HJB) are intraerythrocytic nucleic acid remnants whose 

presence in erythrocytes marks splenic dysfunction. Cells containing HJBs are usually 

trapped by the spleen as their impaired deformability prevents passage through splenic 

cords. Patients with normal splenic function are expected to have no more than 300 HJB per 

106 erythrocytes (Rogers et al, 2011). HJBs are typically identified by manual counting on a 

peripheral blood smear, which is labour-intense and poorly reproducible (Casper et al, 
1976). A method for determining HJBs by flow cytometry has been described, but is not 

widely available (Harrod et al, 2007). Furthermore, as the flow cytometry assay described 

identifies DNA in erythrocytes, it is probably confounded by the presence of 

intraerythrocytic parasites in the setting of malaria (Dertinger et al, 2000).
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Counting pitted red blood cells (RBC) visualized by direct interference contrast microscopy 

measures splenic dysfunction and correlates well with HJB count by flow cytometry (Rogers 

et al, 2011). Senescent erythrocytes, which accumulate microvesicles (i.e. ‘pits’) under the 

cell membrane, are normally cleared by the spleen. Patients with functional spleens should 

have less than 3.5% pitted RBCs when counted manually (Rogers et al, 1982; Rogers et al, 
2011). Assessment of pitted RBCs is labour intensive and requires specialized instruments. 

In the malaria-exposed patient, counting is also potentially confounded by erythrocytes that 

have similar microvesicles due to prior removal of intraerythrocytic parasites after crossing 

the spleen (Anyona et al, 2006).

Flow cytometry and radiographic techniques are least commonly used. Quantifying pbMZB 

by flow cytometry has been used to define splenic function in disorders, such as coeliac 

disease, autoimmune lymphoproliferative syndrome, immune thrombocytopenia, and in 

adults with SCD (Di Sabatino et al, 2013; Wasserstrom et al, 2008; Lammers et al, 2012; 

Neven et al, 2014). MZBs develop in the spleen throughout infancy and circulate in the 

peripheral blood. MZBs, characterized by surface markers IgM+IgDloCD27+ are present in 

the spleen, lymph nodes, tonsils and gut-associated lymphoid tissues (Weill et al, 2009). 

PbMZB comprise 1% of the peripheral B lymphocyte population in cord blood, but increase 

to adult levels (15–20%) by 2 years of age (Weill et al, 2009; Timens et al, 1987). 

Widespread use of pbMZB quantification in paediatric patients must be adjusted for the 

variability of normal values with age. 99m Technectium (99mTc) scan correlates with the 

percentage of non-switched memory B cells (Lammers et al, 2012). Measuring macrophage 

uptake of 99mTc by liver/spleen (L/S) scan has been used to assess spleen function in 

multiple clinical investigations (Pearson et al, 1969; Rogers et al, 2011). Exposure to 

radiation, though limited, inhibits widespread use of this technique for monitoring.

The spleen in SCD

The spleen is one of the first organs affected in children with SCD. Children with SCD 

demonstrate abnormal uptake on L/S scan during infancy (Pearson et al, 1969). On 

histopathologic review, the spleen tissue from patients with SCD reveals red pulp engorged 

with sickled erythrocytes and fibrosis in the microvasculature (Fig. 2B). In some SCD 

patients exposed to malaria, the architecture of the follicle appears to be maintained and 

engorging of the red pulp is apparent (Figs. 2C, 2D). Malaria pigment, or haemozoin, is 

prominently observed throughout the spleen in a patient exposed to malaria (Fig. 2E). Also 

striking are the presence of gamna gandy bodies, deposits of haemosiderin, fibrous tissue 

and cellular debris, which are seen in both SCD and in malaria (Fig. 2F). Once the red pulp 

becomes fully engorged, erythrocytes redirect toward the white pulp, where they are 

engulfed by macrophages (William and Corazza, 2007; Pearson et al, 1969). In both human 

studies and murine models, disorganization of the white pulp has also been observed 

(Brousse et al, 2014; Szczepanek et al, 2012). Disorganization of both compartments 

probably contributes to splenic dysfunction.

Splenic dysfunction occurs commonly, but may not be permanent. In a US-based study, 75% 

of paediatric patients with HbSS demonstrated decreased or absent splenic function by 9 

months of age, rising to 90% by age 15 months (Rogers et al, 2011). Patients in the US and 
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Europe exhibit transient splenomegaly followed by splenic atrophy and fibrosis with 

corresponding increase in markers of splenic dysfunction by age 6 years (Rogers et al, 2011; 

Pearson et al, 1969). Splenic dysfunction has been reversed with chronic transfusion (Wang 

et al, 2001; Pearson et al, 1970) and with hydroxycarbamide (also termed hydroxyurea) 

(Hankins et al, 2008).

Clinical markers of splenic dysfunction correlate well with patient outcomes in non-African 

cohorts. In a retrospective investigation, patients with SCD and recurrent infection had 

higher pitted RBC counts than those without infection (De Ceulaer et al, 1985). US adults 

with HbSS and splenectomized patients were found to have significantly lower portions of 

non-switched memory B cells than controls or patients with HbSC. These findings 

correlated with response to pneumococcal polysaccharide vaccine (Lammers et al, 2012). In 

a meta-analysis of studies on infections, a 36-fold increased risk of infection with S. 
pneumoniae was observed amongst patients with SCD in SSA compared to patients without 

SCD, mirroring the risk of infection seen in the USA (Ramakrishnan et al, 2010; Wong et al, 
1992).

A unique course of spleen growth among SCD patients in SSA suggests a physiology 

different than what is observed outside of SSA. Contrary to the US experience of splenic 

atrophy within the first 6 years, multiple descriptive and cross-sectional studies of SCD 

cohorts in SSA have described splenomegaly into the second decade of life. In a study of 

Nigerian adults with SCD, 4% had splenomegaly at a mean age of 23 years (Babadoko et al, 
2012). In Kenya, splenomegaly was present in 10% of children with SCD under 2 years of 

age, which parallels the transient growth described in the US. However, in this cohort, 

splenomegaly peaked in prevalence at 44% in children aged 6–8 years (Sadarangani et al, 
2009). In the Muhimbili Sickle Cohort (MSC), splenomegaly was noted in 10% of 

outpatient visits for patients without clinical malaria, where the average age was 13 years 

(Makani et al, 2010). Splenomegaly has similarly been described in SCD cohorts in 

malarious regions of India and the Middle East (Al-Salem, 2011; Chopra et al, 2005).

Functional studies paired with clinical observations are needed to clarify the impact of 

splenomegaly on infections and on the immune function of the spleen. Reports describing 

immune function in enlarged spleens in SSA have yielded conflicting results. Elevated HJB-

containing RBCs were observed in one cohort of patients with splenomegaly, suggesting 

splenomegaly is associated with impaired splenic function (Awotua-Efebo et al, 2004). In 

another cohort, a statistically significant inverse relationship between spleen size and pitted 

RBC count was observed, suggesting that splenic function is retained as spleen size 

increases (Adekile et al, 1993).

Splenomegaly has been associated with numerous complications among patients with SCD 

(Al-Salem, 2011). Acute splenic sequestration occurs in early childhood and is known to 

recur frequently with high mortality (Rogers et al, 1978; Gill et al, 1995). Splenomegaly 

may co-exist with hypersplenism or trapping of whole blood in the spleen, thereby 

exacerbating anaemia. In patients with SCD, hypersplenism is associated with more frequent 

hospitalization and increased transfusion requirement (Brousse et al, 2014). Splenic 
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infarctions occur in patients with sickle cell trait and in patients with ‘milder’, compound 

heterozygous forms of SCD, who are less likely to undergo early splenic atrophy.

The finding of persistent splenomegaly in patients with HbSS has been attributed to malaria 

exposure, though data is limited. Among Nigerian patients with HbSS, those with 

splenomegaly had a higher mean parasite density in the peripheral blood than patients with 

HbSS without splenomegaly (Awotua-Efebo et al, 2004). An African patient found to have 

splenomegaly after emigrating to the US was hypothesized to have splenomegaly to allow 

for some clearance/sequestering of malaria, suggesting that the parasite exacts a change on 

the host that counteracts the natural progression of SCD (De Franceschi et al, 2005). Anti-

malarial IgG titres increased with spleen size in a Nigerian SCD cohort, suggesting a 

relationship between size and malaria infections (Adekile et al, 1993). However, during two 

years of observation in a Kenyan SCD cohort, spleen size did not correlate with clinical 

episodes of malaria (Sadarangani et al, 2009).

P. falciparum malaria

P. falciparum is an intraerythrocytic protozoan parasite endemic to SSA. The clinical 

syndrome involves cyclic fevers and anaemia, but can include severe neurological, renal and 

other end organ toxicities. The asexual stage of the parasite infects humans and matures in 

erythrocytes. The parasite feeds on haem, causing cell lysis as it matures and releases 

merozoites and pro-inflammatory parasite proteins into the serum. These proteins coat non-

infected erythrocytes, stimulating a systemic inflammatory response. P. falciparum 
erythrocyte membrane protein-1 (PfEMP1), a parasite-derived protein, is expressed on the 

ERYTHROCYTE membrane during later stages of parasite development. PfEMP1 is highly 

immunogenic. It facilitates adhesion to vascular endothelium, preventing presentation of 

later-stage infected erythrocytes to the spleen. Early-stage parasitized erythrocytes and 

coated erythrocytes travel to the spleen and sequester in the spleen through macrophage 

activation and by mechanical inability to traverse splenic slits (Haldar and Mohandas, 2009).

Patients with SCD do not share the protective effect of HbS against malaria seen in patients 

with sickle cell trait. Patients with SCD develop clinical malaria at lower frequency than 

non-SCD patients, but experience higher mortality (Williams and Obaro 2011; Makani et al, 
2011; Komba et al, 2009). In a 10-year retrospective review of patients hospitalized with 

SCD in the Democratic Republic of Congo, 63% of patients with SCD were diagnosed with 

clinical malaria by blood smear review and clinical criteria (Aloni et al, 2013). 

Splenomegaly was noted in 38% of children with SCD and clinical malaria. In a case-

control study in Kenya, mortality among children with HbSS hospitalized for malaria was 8-

fold higher than patients with HbAA, and 25-fold higher than patients with HbAS (McAuley 

et al, 2010). Despite higher mortality, patients with SCD have lower prevalence of 

parasitaemia and lower parasite density relative to patients without SCD (Komba et al, 2009; 

Awotua-Efebo et al, 2004).

Excess morbidity and mortality attributable to malaria in patients with SCD is multi-

factorial. Fever, jaundice and haemoglobin < 50 g/l were more frequently identified in 

patients with SCD and malaria than those without malaria. (Aloni et al, 2013; Scott et al, 
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2011). Severe anaemia, which may result from malaria or SCD, is associated with increased 

risk of mortality. Haemoglobin <50 g/l is an independent predictor of death (Makani et al, 
2011). Bacteraemia is widely understood to complicate acute malaria, and compounds the 

morbidity of malaria infections in patients with SCD (Scott et al, 2011; Berkley et al, 1999; 

Williams et al, 2009). Sickling and inflammation is increased by infected erythrocytes 

adhering to the vascular endothelium, thus reducing distal tissue perfusion. P. falciparum 
preferentially invades younger erythrocytes, including abundant reticulocytes in patients 

with SCD (Pasvol et al, 1980). Impaired splenic function probably retards uptake of 

parasites by the spleen as evidenced by the correlation between parasite load and pitted red 

cell count in patients with SCD (Awotua-Efebo et al, 2004).

The spleen in malaria

The immune response to malaria requires both antibody-mediated immunity and cell-

mediated immunity (Riley and Stewart, 2013). Acute malaria stimulates a massive immune 

response in lymphoid tissues, especially the spleen. During a malaria infection in a non-SCD 

patient, brisk immune responses can lead to expansion of the white and red pulp and 

hypersplenism. After inoculation via mosquito bite, malaria sporozoites are directed to 

lymph tissues. In the spleen, parasites and parasitized cells activate dendritic cells to release 

inflammatory cytokines, which induce TH1 helper cell differentiation (Fig. 1). TH1 helper 

cells activate B cell differentiation and secretion of interferon-γ. Interferon gamma activates 

macrophages, causing TNF-α production and subsequently nitric oxide synthesis. Higher 

levels of TNF-α in the spleen are associated with splenomegaly in acute murine malaria 

(Jacobs et al, 1996). Over time, phagocytic cells loose efficacy as undigested haemosiderin 

deposits limit their function (Figs. 2E, 2F). The spleen may act as a reservoir for parasites 

(Linares et al, 2011; De Franceschi et al, 2005), which may place an additional burden on 

the innate system to control the infection. Developing antibodies to malaria takes decades, 

due to the wide variety of immunogenic proteins produced by the parasite (Wipasa et al, 
2002).

Historically, the prevalence of splenomegaly in a population, termed the ‘spleen rate’, had 

been used as a marker of malaria prevalence (Edington, 1967; Zingman and Viner 1993; 

Shukla et al, 2011). At the extreme end of the spectrum, patients can develop hyperreactive 

malarial splenomegaly, a syndrome of excessive immune response to malaria marked by 

extreme organ enlargement, high total IgM and elevated malaria antibody titres. 

Hyperreactive malarial splenomegaly has been associated with human leucocyte antigen 

(HLA)–DR2 and the immunoglobulin haplotype, IgHG3 (Kelly, 1996; Tano et al, 2014).

Acute malaria infection is associated with shifts in peripheral blood B lymphocyte 

subclasses, including the pbMZB subset. Memory B lymphocytes rise acutely, and then 

return to normal levels during the recovery phase of malaria infection in children without 

SCD (Asito et al, 2008). Absolute pbMZB counts are lower in infants from malaria-endemic 

areas than in controls from a non-endemic area (Scholzen and Sauerwein 2013). In a murine 

model with P. chaubaudi, splenic MZBs decreased during acute infection and returned after 

clearance of infection with disordered morphology (Achtman et al, 2003; Stephens et al, 
2009). Though peripheral blood lymphocyte subclasses have not been characterized in 
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patients with SCD exposed to malaria, high immunoglobulin levels have been reported in 

patients with splenomegaly (Adekile et al, 1988).

The spleen in SCD in Africa: What is the impact of malaria?

The finding of unexpected splenomegaly in patients with SCD living in malaria-endemic 

areas suggests a ‘’turf war”: malaria is presumed to cause expansion and inefficacy of 

macrophages and lymphocytes in the spleen that are typically destroyed or damaged by 

sickling. Histopathology of the spleen shows both sickled cells and malaria pigment in some 

patients. Where splenic function may be restored with agents such as hydroxycarbamide, the 

impact of malaria on immunity may be an important consideration as hydroxycarbamide use 

expands. Malaria causes expansion of the MZB compartment, while sickling causes it to 

contract. Could recurrent malaria infections alter lymphocyte populations in patients with 

SCD? Given the clinical observation of increased mortality from malaria amongst patients 

with SCD, it is likely that the combined effect of malaria and sickling is detrimental. 

However, a prospective investigation into the combined effect of SCD and malaria on the 

immune systen would verify this relationship and elucidate mechanisms central to loss or 

preservation of splenic function.

In this review, we have shown how these processes overlap and may result in altered splenic 

function. Additional laboratory tools may need to be developed to assess splenic function in 

the presence of malaria. Known predictors of splenomegaly in SCD (e.g. HbF and HbA2) 

and genetic modifiers of malarial splenomegaly (e.g. HLA-DR2 and IgHG3) should be 

investigated in SCD patients with splenomegaly (Bhatia & Crane, 1989; Kelly, 1996; 

Steinberg & Sebastiani, 2012). For example, the HLA-DR2 phenotype is associated with 

hyperreactive splenomegaly (Bhatia and Crane, 1989) and protects against stroke in patients 

with SCD (Styles et al, 2000) but has not been defined in patients with both splenomegaly 

and SCD. Other infections that cause splenomegaly, such as schistosomiasis, human 

immunodeficiency vrius, cytomegalovirus and Epstein–Barr virus may also have a role in 

splenomegaly in SCD. Investigations into shared mechanisms of sickling and malaria 

pathogensis have produced useful tools for therapeutic drug design (Tubman et al, 2015). If 

malaria is associated with splenomegaly in SCD, there is potential to exploit this interaction 

to enhance understanding of SCD in Africa and to reduce the impact of infections on 

patients with SCD around the world.
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Figure 1. Architecture of the spleen
Blood enters the spleen through the afferent splenic artery and is directed either to the 

periarteriolar lymphoid sheath and follicles, or to the red pulp and sinuses. Antigen-

presenting cells interact with phagocytic cells and lymphocytes to mount humoral and innate 

responses to malaria. Figure adapted by permission from Macmillan Publishers Ltd: Nat Rev 
Immunol, Mebius, R. E., Kraal, G. Structure and function of the spleen. 5, 606–616, ©2005
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Figure 2. Histopathology of the spleen from patients with sickle cell disease
(A) In normal spleen tissue, the follicle is organized into germinal centre (GC), mantle zone 

(Mn) and marginal zone (MZ).Senescent red cells are trapped and destroyed in the 

surrounding red pulp. (B) In a US patient with SCD who was splenectomised following 

recovery from splenic sequestration, the red pulp is congested with sickled cells. The 

structure of the follicle is less well defined. (C) An African patient with SCD who was 

splenectomised for splenic sequestration demonstrates congested of red pulp and preserved 

follicular architecture. (D) An African SCD patient who was splenectomised for 

hypersplenism similarly demonstrates engulfment of red pulp and preserved follicular 

architecture. In this patient, haemozoin deposits (E, solid arrowhead) and gamna gandy 

bodies are prominent (E and F, open arrowhead). All images are stained with haematoxylin 

and eosin stain. Magnification: 10x.
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