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Abstract

Background: SCD is strongly associated with sterile inflammation (STERIN) and septic inflammation 
(SEPTIN). Thus, in addition to haemolysis, anaemia in SCD has dual ‘inflammatory’ components; (1)-
anaemia of sterile inflammation (ASTERIN) and (2)-anaemia of septic inflammation (ASEPTIN). Hence, 
the need to explore the relatively understated but important concept of ‘anaemia of inflammation in SCD’. 
Objectives: The objectives of this review are tri-fold; (1)-To reappraise the aetiopathogenesis of STERIN 
and SEPTIN in SCD; (2)-To highlight the roles of STERIN and SEPTIN in causation of ASTERIN and 
ASEPTIN in SCD; and (3)-To underscore the roles of mitigators of STERIN and SEPTIN in 
managing/preventing ASTERIN and ASEPTIN in SCD.
Methodology: Literature search was done using terms relevant to ‘SCD/inflammation/anaemia’. Only 
articles on aetiopathogenesis, management, and/or prevention of STERIN/ASTERIN and/or 
SEPTIN/ASEPTIN were selected.
Results: Hyper-inflammation in SCD has dual components; STERIN (caused by tissue injury/haemolysis) 
and SEPTIN (caused by infections). Accordingly, ‘anaemia of inflammation in SCD’ has dual components; 
ASTERIN and ASEPTIN. ASTERIN is driven by STERIN, which is relentless and occurs even in steady-
state, and is often aggravated by crisis and/or autoimmune diseases. ASEPTIN is driven by SEPTIN, which 
occurs only during infections. Hence, during infection, ASTERIN and ASEPTIN act synergistically to 
worsen anaemia and increase transfusion risk in SCD. Mitigators of STERIN (e.g., hydroxyurea, immune-
modulators) and SEPTIN (e.g., anti-microbials, vaccines) have beneficial roles in managing and preventing 
ASTERIN and ASEPTIN in SCD.
Conclusion: Anaemia in SCD has significant inflammatory components. Hence, managing/preventing 
STERIN and SEPTIN are important strategies for down-regulating ASTERIN and ASEPTIN, improving 
Hb-concentration, and reducing transfusion risk in SCD.

Key Words: Sickle Cell Disease, Anaemia of Inflammation, Sterile Inflammation, Septic Inflammation, 
Aetiopathogenesis, Management, Prevention.

Introduction
The sickle cell haemoglobin (HbS) is a variant of the normal haemoglobin (HbA). HbS arises as a result of 
GAG>GTG base transition at codon-6 of the β-globin gene on chromosome-11, which corresponds to a 
replacement of glutamic acid (a polar amino acid) by valine (a neutral amino acid) in the sixth position of the 
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1,2β-globin chain (βGlu6Val).  As a result of this 
substitution, HbS has less anionic potential, slower 
electrophoretic mobility, and reduced deoxygenated 
solubility that leads to polymerization and red cell 

1,2sickling.  The prevalence of sickle β-gene in tropical 
3Africa is as high as 25-30%.  The prevalence is high 

because the sickle cell trait (SCT) protects against 
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3severe malaria  and confers survival advantage 
5through natural selection,4 balanced polymorphism,  

as well as immunological and biochemical protective 
6mechanisms against the parasite.  There are at least 

five different sickle β-gene mutation haplotypes that 
vary in HbF levels and disease severity. The Arab-
Asian and Senegal haplotypes are associated with 
relatively higher HbF levels and milder sickle cell 
disease (SCD), while the Benin, Bantu, and 
Cameroon haplotypes are associated with relatively 

7lower HbF levels and severer SCD.
The red cells of persons with SCT have the HbAS dual 
phenotype, thus containing both HbS (20-40%) and 

8HbA (60-80%).  The relative preponderance of HbA 
in SCT red cells prevents sickling and undue 

8haemolysis under physiological circumstances.  
Consequently, SCT red cells have a normal life span, 

9and persons with SCT have normal life expectancy.  
HbS gene is thus genetically recessive, and SCT 
carriers are essentially asymptomatic except for the 

8occasional occurrence of renal papillary necrosis,  
10splenic infarction at high altitude,  or bone pain upon 

11exposure to certain haematopoietic growth factors.  
SCD arises from the homozygous inheritance of HbS 
gene or double heterozygosity of HbS gene with 
another haemoglobinopathy gene (e.g., HbSC, HbSD, 

1HbSE, HbSO, HbSβthal).  Red cell sickling, 
microvascular occlusion, infarctions, painful vaso-
occlusive crisis (VOC), and haemolysis are 

2pathognomonic of SCD.  Consequently, the 
pathophysiology of SCD is dominated by pain (due to 
infarction-induced tissue necrosis), anaemia (due to 
haemolysis), recurrent infections (due to infarctive 
autosplenectomy and immune dysfunctions), and 
inflammation (due to tissue injury, haemolysis, and 

12-16
infections).
Hyper-inflammation in SCD has two components, 
viz: ‘sterile inflammation’ (STERIN) (due to tissue 
injury and haemolysis) and ‘septic inflammation’ 

17(SEPTIN) (due to infections).  The pathophysiology 
of SCD is thus characterized by a hyper-inflammatory 
state with high levels of pro-inflammatory cytokines 

17,18(e.g., TNF-α, IFN-γ, IL-1β, IL-6, and IL-8).  
Unfortunately, SCD patients are usually unable to 
generate sufficient amount of anti-inflammatory 
cytokines (e.g., TGF-β, IL-4, IL-10) to counter-
balance the deleterious effects of pro-inflammatory 

19hyper-cytokinemia.  Consequently, the imbalance 
between pro- and anti-inflammatory cytokines is 
often skewed in favour of pro-inflammatory 

19cytokines,  and the imbalance is further accentuated 

20during VOC.  The resultant pro-inflammatory hyper-
cytokinemia causes chronic inflammation, which is 
undesirable in SCD because it increases the risks of 
oxidative stress, VOC, stroke, acute chest syndrome, 
pulmonary hypertension, priapism, leg ulcer, 

14nephropathy, and multi-organ failure syndromes ; 
21neuro-cognitive dysfunction ; and accelerated 
22 23,24premature ageing at genetic,  epigenetic,  and 

25organismal  levels. Moreover, hyper-inflammation in 
SCD will also undesirably aggravate anaemia by 
suppressing renal production of erythropoietin (EPO) 
and reducing the responsiveness of erythroid 

26precursors to EPO,  thus decreasing red cell 
production in keeping with the pathophysiology of 

27anaemia of inflammation.  We therefore reckon that, 
in addition to haemolysis, anaemia in SCD has a 
significant ‘inflammatory’ aetiology due to STERIN 
and SEPTIN, each of which is capable of inducing 

26relative EPO deficiency,  leading to anaemia of 
sterile inflammation (ASTERIN) and anaemia of 

27septic inflammation (ASEPTIN) respectively.  The 
aforementioned pathophysiologic scenario 
underscores a relatively understated but 
pathophysiologically important concept of the 
existence of ‘anaemia of inflammation in SCD’, 
which has two separate but inter-related components, 
viz: ASTERIN and ASEPTIN. There is therefore the 
need to understand the pattern and role of 
inflammation in the causation of anaemia in SCD. The 
clinico-pathological perspectives of inflammation 
vis-à-vis anaemia in SCD are fragmented in the 
literature. Hence, the aim of this overview is to 
present a comprehensive but concise narrative review 
with triple objectives: (1) to reappraise the 
aetiopathogenesis of STERIN and SEPTIN in SCD; 
(2) to highlight pathophysiologic roles of STERIN 
and SEPTIN on erythropoietin production and 
function in the causation of ASTERIN and ASEPTIN 
in SCD; and (3) to underscore the beneficial roles of 
mitigators of STERIN and SEPTIN in the 
management and prevention of ASTERIN and 
ASEPTIN in SCD.

Methodology: Literature search and selection
Literature search was conducted using relevant search 
terms: ‘sickle cell disease, anaemia, pathophysiology, 
sterile inflammation, tissue necrosis, reperfusion, 
haemolysis, iron overload, haemostasis activation, 
complement activation, septic inflammation, acute 
infections, chronic infections, autoimmune disorders, 
connective tissue diseases, chronic inflammation, 
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anti-inflammatory cytokines, pro-inflammatory 
cytokines, erythropoietin suppression, anaemia of 
inflammation’ in various combinations in Pub Med, 
Medline, Bing, Google Scholar, and other online 
search engines. Only articles that reported on 
aetiology, pathogenesis, management, and/or 
prevention of STERIN, ASTERIN, SEPTIN, and/or 
ASEPTIN in patients with SCD were selected for this 
review. The search was unrestricted by year or place 
of publication, and the years of selected publications 
ranged from 1970 to 2024. A total of 149 relevant 
publications were selected, which included 117 peer-
reviewed full articles, 29 peer-reviewed case series 
and reports, 2 edited online textbooks, and 1W.H.O. 
news bulletin as listed in the reference section.

Results 
The literature revealed that hyper-inflammation in 
SCD falls into two main aetiopathogenetic categories; 
STERIN and SEPTIN. STERIN is triggered and 
sustained by two factors; tissue injury (due to vaso-
occlusive necrosis and/or comorbid autoimmune 
connective tissue diseases) and haemolysis. The 
severity of STERIN is correlated with SCD severity 
vis-à-vis variations in haplotypes and HbF levels. 
SEPTIN is driven by immune dysfunction and 
susceptibility to infections, which trigger pathogen-
mediated inflammatory responses. Both STERIN and 
SEPTIN would undermine erythropoietin 
production/function, suppress compensatory 
erythropoiesis, and lead to the development of 

Table 1: Classification, aetiopathogenesis, 
management, and prevention of inflammation and  
anaemia of inflammation in SCD

ASTERIN and ASEPTIN, which would ultimately 
aggravate the background haemolytic anaemia in 
SCD. The classification, aetiopathogenesis, 
management, and prevention of STERIN and 
SEPTIN vis-à-vis ASTERIN and ASEPTIN in SCD 
are outlined in Table 1, and subsequently discussed 
vis-à-vis anaemia of inflammation in SCD as 
elucidated in the discussion section.

Discussion
Anaemia of inflammation in SCD is caused by 
STERIN and SEPTIN, both of which undermine 
erythropoietin production, diminish compensatory 
erythropoiesis, and suppress optimal red cell 
production, ultimately resulting in ASTERIN and 
ASEPTIN. Both ASTERIN and ASEPTIN aggravate 
anaemia and increase the risk of red cell transfusion in 
SCD.

1.  STERIN and ASTERIN in SCD: Aetiology and 
Pathogenesis
Undoubtedly, red cell sickling and tissue infarction 

12are more prominent during VOC.  Nonetheless,  even 
in steady state, SCD is characterized by subclinical 

28but incessant red cell sickling,  which leads to tissue 
29infarction, haemolysis, and STERIN.  The role of 

steady state STERIN and its suppressive effect on 
EPO production is buttressed by earlier findings of 

29,30,31high levels of inflammatory markers  coupled 
with inappropriately low levels of EPO among SCD 
patients even in steady state in the absence of 

32,33infection or renal dysfunction.  The aforementioned 
29,30,31combination of STERIN  and inappropriately low 

32,33level of EPO  in steady state is consistent with the 
pathophysiology and existence of ASTERIN in 

27,29patients with SCD.  Steady state tissue infarction 
and haemolysis are two intertwined triggers of 

29STERIN,  which down-regulates EPO production 
26,27

and function,  and lead to ASTERIN in SCD. On the 
one hand, most pro-inflammatory cytokines (notably 
IL-1 and IL-6) can ‘directly’ diminish the production 
of EPO and decrease responsiveness of erythroid EPO 

26,27receptors.  On the other hand, some pro-
inflammatory cytokines (notably IFN-α) have been 
shown to also ‘indirectly’ down regulate EPO 
receptor responsiveness via their interactions with 
haemolysis-derived haem as recently demonstrated in 

34SCD models.  We thus surmise that the tripartite 
17,18,29-effects of hyper-inflammation due to STERIN,

31,35 32,33 inappropriately low levels of EPO,  and 
34diminished EPO receptor responsiveness,  create 
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ASTERIN,  which undes i rably  depresses  
erythropoietic response to the chronic haemolysis in 
SCD. The l i terature reveals  three main 
pathophysiologic causes of STERIN and ASTERIN 
in SCD; viz: tissue infarction, haemolysis, and 
autoimmune and connective tissue diseases. The 
pathophysiologic roles of tissue infarction, 
haemolysis, and autoimmune and connective tissue 
diseases in the causation of STERIN and ASTERIN in 
SCD is elucidated in subsequent paragraphs. 

1a. Infarctive and Necrotic Triggers of STERIN 
and ASTERIN in SCD: tDAMPs, Reperfusion, 
and Free Radicals
Vaso-occlusion leads to tissue injury and necrosis, 

29,36which is usually followed by reperfusion.  
Repeated episodes of vaso-occlusion and reperfusion 

29,36contribute to ischemia-reperfusion injury.  
Ischemia-reperfusion injury leads to generation of 
reactive oxygen species (ROS), microvascular 
dysfunction, activation of innate and adaptive 

29,36immune responses, and eventually cell death.  
ROS-dependent damage of cellular proteins, lipids, 
DNA, and RNA contribute to activation of cell death 
via apoptosis, necrosis, autophagy, and release of 
neutrophil extra-cellular traps (NETs), all of which 
eventually lead to the release of various tissue-derived 
d a m a g e  a s s o c i a t e d  m o l e c u l a r  p a t t e r n s  

29,36,37(tDAMPs).  In addition to promotion  of toll-like 
receptor-4 (TLR4) activity in the plasma of SCD 
patients, tDAMPs promote innate immune response 
by priming TLR4 signaling in endothelial cells and 

29,36,37leukocytes.  Consequently, TLR4 signaling 
causes activation of nuclear factor kappa B (NF-κB), 
mitogen-activated-protein-kinase, and type-I 
interferon pathways, all of which result in the 
production of wide ranging pro-inflammatory 
cytokines and chemokines (e.g., TNF-α, IFN-ɣ, IL-
1β, IL-6, and IL-8) that contribute to the development 

29,36,37
of STERIN and ASTERIN in SCD.  From 
pathophysiologic perspective, VOC would 
undesirably cause acute aggravation of pre-existing 

28steady state infarcts  and worsen steady state 
30,31,35STERIN and ASTERIN.  This is consistent with 

previous reports that VOC was associated with the 
development of additional pro-inflammatory 
changes, which included elevation in the levels of 
pro-inflammatory cytokines and chemokines such as 
CD40L, IL-6, IL-8, and IL-18 as well as rise in acute 
phase reactants such as C-reactive protein, Pentraxin-

35,383, and  Leukotriene-B4.

1b. Haemolytic Triggers of STERIN and 
ASTERIN in SCD: eDAMPs, Hb, Haem, 
Complement, Haemostasis, and Iron Overload
Circulating irreversibly sickled red cells as well as 
sickled and dense red cells that are trapped in the 
microvasculature and necrotic tissues invariably 

16undergo haemolysis,  which is an important factor in 
the continuation and propagation of STERIN in 

29,35SCD.  About two thirds of steady state haemolysis 
in SCD is extravascular and is attributable to the 
interactions between sickled red cells and the 

16reticuloendothelial system.  The remaining one third 
of steady state haemolysis in SCD is intravascular and 
is attributable to cytolytic effects of free radicals 
and/or increased fragility of irreversibly sickled red 

16cells.  Like other haemolytic diseases, SCD is 
16associated with elevated levels of xanthine oxidase.  

Xanthine oxidase catalyzes the oxidation of 
hypoxanthine to uric acid; a reaction that generates 
cytolytic free radicals that injure red cell membranes 
and serves as an important driver of steady state 

16intravascular haemolysis in patients with SCD.  
Intravascular haemolysis in SCD leads to the 
production of cell-free Hb, haem, and erythrocyte-

13,29,35,39derived DAMPs (eDAMPs).  Upon release from 
haemolysed sickled cells, eDAMPs would act 
synergistically with various tDAMPs to escalate the 

13,29,34-37,39level of STERIN and ASTERIN in SCD.  
Furthermore, redox reactions in the plasma lead to an 
elevated production of haem and its oxidized form, 

13,29,34,35,39haematin.  Both haem and haematin are potent 
TLR4 agonists that contribute to a pro-inflammatory 
and procoagulant state, which is characterized by 
activated leukocytes, platelets, endothelial cells, 
tissue factor, nitric oxide depletion, and generation of 
ROS with resultant high level of oxidative stress 

31,35,36,39,40
leading to STERIN and ASTERIN.  In 
addition, membrane surfaces of sickled red cells and 
red cell fragments of haemolysed red cells serve as 
template for excessive aseptic activation of 

41 ,42complement and haemostasis.  Activated 
components of complement and haemostatic 
pathways invariably trigger inflammatory reactions 

41,42in patients with SCD.  Moreover, chronic sickle cell 
haemolysis often leads to recurrent transfusion and 

43iron overload,  which is associated with excessive 
generation of free radicals and development of hyper-

44inflammatory state in patients with SCD.  For the 
a f o r e m e n t i o n e d  r e a s o n s ,  a n y  f o r m  o f  
hyperhaemolytic crisis would invariably aggravate 

16pre-existing steady state haemolysis  and worsen 
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30,31,35steady state STERIN and ASTERIN  by releasing 
more eDAMPs, Hb, haem, and red cell membrane 

13,45fragments into circulation.

1c. Correlation Between SCD Severity, STERIN, 
and ASTERIN: Effects of Haplotypes and HbF 
Levels
Previous studies had revealed pathophysiologic 
correlation between SCD severity and level of steady 
state STERIN. For example, SCD beta S-globin 
haplotypes that produce lower level of HbF (e.g., 
Bantu haplotype) are characterized by frequent 

46infarctions and higher haemolysis,  which resulted in 
higher levels of steady state STERIN as previously 

47reported.  In contradistinction, beta S-globin 
haplotypes that produce higher level of HbF (e.g., 
Benin haplotype) are characterized by less severe 
SCD with infrequent infarctions and lower 

46haemolysis,  which resulted in lower levels of steady 
47state STERIN.  The aforementioned ‘haplotype-

47inflammation’ correlation study  underscored the 
protective role of HbF against frequent infarction and 
severe haemolysis, leading to less severe steady state 
STERIN in SCD patients with high HbF producing 

46haplotypes.  Consequently, high HbF is associated 
with less severe ASTERIN (resulting in modest 
steady state anaemia) and less severe clinical 
manifestations of other inflammation-associated 
complications (including multi-organ dysfunctions) 
as already reported in SCD patients with high HbF 

46producing haplotypes.  The aforementioned 
47haplotype-inflammation correlation study  also 

underscored the therapeutically rational and 
efficacious role of epigenetic amplifiers of HbF 
(notably hydroxyurea) in the management and 
prevention of STERIN and ASTERIN in SCD.

1d. Autoimmune Triggers of STERIN and 
ASTERIN in SCD: Autoimmune and Connective 
Tissue Diseases
Splenectomy (whether surgical or due to 
autosplenectomy) constitutes a significant risk factor 
for not only overwhelming sepsis, but also for 
triggering autoimmune diseases (AIDs) as depicted in 

48-52both humans and experimental animals.  The 
natural course of SCD is characterized by 
autosplenectomy due to repeated episodes of vaso-
occlusive infarctions that shrink the spleen into a 

53-55small functionless siderofibrotic nodule.  
Therefore, asplenia due to autosplenectomy 
constitutes a risk factor for AIDs in patients with 

56SCD.  This is consistent with previous studies, which 
had shown that patients with SCD often produce high 
titre  autoantibodies against a wide range of auto-

57,58antigens expressed in solid organs,  and more recent 
studies have reported significantly higher prevalence 
of AIDs in adults with SCD than in the general 

59,60population.  In fact, it is believed that AIDs are 
grossly under-diagnosed,  under-reported, and under-
estimated in SCD. This is because both conditions 
(AID and SCD) share many clinical and biological 
features such as inflammation, anaemia, pain, and 

56,61,62multi-organ damage and dysfunction.
Although autosplenectomy is a strong risk factor for 
AIDs, we believe that the risk associated with 
autosplenectomy in SCD patients is synergistically 
aggravated by additional risk factors for 
autoimmunity that are consistently associated with 
pathogenesis and/or management of SCD. For 
example, on the one hand autosplenectomy is 
associated with recurrent infections and chronic 

63inflammation;  and on the other hand, infections and 
inflammation play significant roles in the 
perturbation of self-tolerance within the concept of 
the so-called ‘second hit hypothesis’ in the cascade of 

64events leading towards the development of AIDs.  
Hence, the high incidence of recurrent infections and 
chronic inflammation may be partly responsible for 
higher prevalence of AIDs in adult patients with SCD 

59,60as compared with the general population.  We thus 
reckon that the high prevalence of AIDs in SCD is 
multi-factorial, and is attributable to the combined, 
synergistic, and inter-related autoimmunity-inducing 

65effects of tissue injury,  recurrent infections and 
64chronic inflammation,  decreased self-tolerance due 

48-52to autosplenectomy and defective splenic function,  
56transfusion-associated chronic immune stimulation,  

release of hidden neo-antigenic epitopes during 
66haemolytic episodes,  haptenic effects of drugs and 

67,68
medications,  and infection-induced molecular 

69,70
mimicry  as appraised by different authors from 
different clinical perspectives. It is therefore not 
surprising that SCD is associated with the production 
of a wide range of autoantibodies that cause a myriad 
of AIDs in various solid organs and tissues, e.g., 
skeletal muscle (myasthenia gravis), smooth muscle 
(autoimmune hepatitis and cholangitis), nuclear 
proteins (SLE), joints (rheumatoid arthritis, RA), 
salivary and lacrimal glands (Sjogren’s syndrome), 
thyroid gland (autoimmune hypothyroidism), 
kidneys (autoimmune nephritis), skin (systemic 
sclerosis), haemostatic tissue components (anti-
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phospholipid syndrome), and several other 
56-60,71-73components of the human tissues.  In similarity 

with solid tissues, the blood is not spared by AIDs in 
SCD as several cases of primary and secondary 
autoimmune hemolytic anemia (AIHA) mediated by 
warm IgG autoantibodies and cold IgM 
autoantibodies were frequently reported among SCD 

 66-70,74-83patients.
AIDs that affect solid tissues (typified by RA and 
SLE) are strongly associated with tissue damage (that 
releases more pro-inflammatory tDAMPs), immune 
activation, and inflammatory responses that lead to 

27STERIN and ASTERIN, even in non-SCD patients.  
Comorbid AIDs would therefore aggravate SCD-
associated STERIN and worsen steady state 
ASTERIN in patients with SCD. Moreover, comorbid 
AIDs that increase haemolysis (typified by AIHA) 
would further aggravate SCD-associated STERIN 
and ASTERIN by releasing more pro-inflammatory 

13,45eDAMPs into circulation.  It is thus imperative that 
AIDs in SCD are promptly identified and treated in 
order to ameliorate STERIN and ASTERIN and 
restore optimal steady state Hb concentration. 
Unfortunately, diagnosis of AIDs in SCD is often 
unduly delayed. This because comorbid AIDs in SCD 
patients are often ‘clinically disguised’ since they 
usually increase inflammation, worsen anaemia, raise 
blood viscosity, and aggravate vaso-occlusive 
morbidities, which often blend with the pre-existing 

84symptoms of SCD.  This scenario often leads to 
delayed diagnosis and increased risk of severe AID-
associated organ damage in patients with SCD and 
comorbid AIDs. For examples, delayed diagnosis of 
RA would result in severe arthropathy in SCD patients 
with comorbid juvenile RA,85 and delayed diagnosis 
of SLE in SCD patients would lead to immune 

86-88
complex nephropathy.  Hence, high index of 
suspicion is required for prompt diagnosis of AIDs in 
SCD.
The afore-discussed multi-faceted roles of tissue 
infarction, haemolysis, and AIDs in the pathogenesis 
of STERIN and ASTERIN vis-à-vis their adverse 
roles as erythropoiesis-suppressors and anaemia-
aggravators in SCD call for a therapeutic strategy 
against STERIN and ASTERIN in SCD as described 
below.  

1e. Therapeutic Strategy Against STERIN and 
ASTERIN in SCD
It can be deduced from the literature that sickling, 
tissue infarction, haemolysis and autoimmunity, and 

their pathophysiologic consequences can act 
individually and synergistically to generate STERIN 
and ASTERIN as highlighted in afore-presented 
paragraphs. Hence, therapeutic and prophylactic 
management of STERIN and ASTERIN in SCD can 
be achieved via separate or combined application of 
the following five therapeutic strategies, viz: 1. 
Reduce production of pro-inflammatory cytokines 
and molecules; 2. Block actions of pro-inflammatory 
cytokines and molecules; 3. Increase production of 
anti-inflammatory cytokines; 4. Administer natural 
modulators of inflammation; and/or  5. Apply 
immune suppressants to reduce production of 
autoantibodies as explained below.

1f. Management and Prevention of STERIN and 
ASTERIN in SCD: Hydroxyurea and Adjunct 
Drugs  
The use of conventional non-steroidal inflammatory 
drugs (NSAIDs) for SCD is largely restricted to short-
term control of acute STERIN-induced infarctive 

2pain during vaso-occlusive crisis.  Despite their anti-
inflammatory effect, NSAIDs cannot be safely used 
for long-term control of chronic STERIN because of 
the risks of NSAID-related renal, gastrointestinal, and 

2cardiovascular complications.  However, chronic 
STERIN is a relentless aetiologic factor for ASTERIN 
in SCD, which should be tackled with long-term 
application of medications that are safer and more 
tolerable than conventional NSAIDs. The therapeutic 
objectives of tackling STERIN and ASTERIN in SCD 
is to minimize inflammation, improve EPO 
production, enhance red cell production, ameliorate 
anaemia, and attain an ‘optimal level’ of steady state 
Hb concentration. The roles of hydroxyurea and other 
drugs in achieving the aforementioned therapeutic 
objectives are explained below.
The success of hydroxyurea in treating SCD is due to 
its dual actions as an enhancer of  HbF and a 
modulator of  inflammation. First, hydroxyurea-

89induced elevation of HbF  is associated with decrease 
90in haemolysis and vaso-occlusive tissue damage,  

thereby reducing the production of pro-inflammatory 
eDAMPs and tDAMPs. In addition, hydroxyurea has 
been shown to decrease levels of pro-inflammatory 
cytokines with reciprocal increase in the levels of 

91anti-inflammatory cytokines in SCD patients.  
Hence, it can be surmised that the overall 
improvement in steady state Hb concentration as seen 
in hydroxyurea-treated SCD patients is attributable to 
the combined effects of reduced levels of eDAMPs 



Ahmed SG et al Anaemia of inflammation in SCD...

www.ibommedicaljournal.org007 Ibom Med. J. Vol.18 No.1. Jan.-April, 2025

90(due to reduced haemolysis),  reduced levels of 
tDAMPs (due to alleviated vaso-occlusive tissue 

90necrosis),  decreased levels of pro-inflammatory 
91cytokines,  and increased levels of anti-inflammatory 
91cytokines.  The aforementioned multi-faceted effect 

of hydroxyurea against STERIN is evidenced by 
significant rise in levels of EPO in the plasma of SCD 

92,93patients on hydroxyurea therapy;  a scenario that 
would undoubtedly improve erythropoiesis, optimize 
compensation of SCD-related chronic haemolysis, 
down regulate ASTERIN, and ameliorate Hb 
concentrations among patients with SCD. While 
hydroxyurea is clinically proven to be a useful and 
safe drug against STERIN and other complications of 
SCD, the anti-inflammatory effect of hydroxyurea 
can be augmented by combined use of drugs that can 
inhibit sickling, haemolysis, vaso-occlusive tissue 
infarct, and/or oxidative stress. Such drugs include 

94Mitapivat (pyruvate kinase inhibitor),  Febuxostat 
95(xanthine oxidase inhibitor),  and L-glutamine (anti-

96oxidant),  each of which can act synergistically with 
hydroxyurea to decrease the generation of pro-
inflammatory mediators such as free radicals, 
cytokines, eDAMPs, and tDAMPs. Low levels of pro-
inflammatory mediators would  ultimately ameliorate 
steady state STERIN, enhance EPO production, 
mitigate ASTERIN, and improve anaemia in SCD. 
Potentially useful experimental interventions against 
STERIN in SCD include use of monoclonal 
antibodies (MoAbs) against pro-inflammatory 

9 7cytokines,  application of MoAbs against 
complement activation products in the lectin and 

98alternate pathways,  and administration of natural 
99anti-inflammatory lipid mediators.  Iron overloaded 

SCD patients should receive mandatory iron 
chelation therapy in order to reduce iron burden and 

44its associated pro-inflammatory sequelae.  Several 
iron chelators such as Deferiprone, Deferoxamine, 
and Deferasirox have already demonstrated 
significant anti-inflammatory effects in various 

100clinical settings.
SCD patients with comorbid AIDs present therapeutic 
challenge in the choice of immune suppressive drugs 
needed to decrease autoantibody production, down 
regulate STERIN and ASTERIN, and improve Hb 
concentrate. This is because steroidal immune 
suppressants (such as prednisolone) must be used 
cautiously in the treatment of AIDs in patients with 

56
SCD as they may trigger VOC.  This may dictate the 
use of more expensive non-steroidal immune 

56suppressants such as anti-TNF.  As earlier 

mentioned, immunological studies strongly associate 
48-52autosplenectomy  with the high prevalence of AIDs 

59,60in patients with SCD.  It is thus predictable that the 
risk and incidence of AIDs in patients with SCD can 
be mitigated or prevented by the ‘spleen-preservation’ 
effect of hydroxyurea, if the drug administration is 
started in early childhood before the onset of 

101autosplenectomy.  Interestingly, hydroxyurea may 
even possibly ‘reverse’ splenic fibrosis and ‘restore’ 
splenic parenchymal and immune functions in older 

102SCD patients with established autosplenectomy.  
101These dual ‘spleen preservation’  and ‘spleen 

102restoration’  effects of hydroxyurea would 
optimistically prevent the development of 
autosplenectomy-induced AIDs in patients with SCD 
on hydroxyurea.

2. SEPTIN and ASEPTIN in SCD: Aetiology and 
Pathogenesis
SCD patients’ susceptibility to infections is the main 
driver of SEPTIN, which subsequently aggravates 
pre-existing STERIN. Hence, pre-existing ASTERIN 
in SCD patients becomes aggravated by ASEPTIN 
during the course of comorbid infections as explained 
in subsequent paragraphs.

2a. Immune Dysfunctions: Susceptibility to 
Infections, SEPTIN, and ASEPTIN
SCD is associated with increased susceptibility to 
acute and chronic infections. This is partly due to 
functional hyposplenism and autosplenectomy 
resulting from recurrent vaso-occlusive infarcts 

15within the spleen.  Several other factors that 
predispose patients with SCD to infections include 
abnormalities of opsonization, antibody production, 
alternate complement pathway, and cell-mediated 

103-105immunity.   The range of SCD associated immune 
abnormalities basically determines the pattern of 
susceptibility to microbial agents in SCD as described 
below.
Hyposplenism and autosplenectomy predispose to 
severe infections with erythrocytotropic and 
erythrocytopathic infections (such as Malaria, 
Babesia, and Bartonella species) as well as 
encapsulated organisms (such as Haemophilus 

15,103influenzae and Streptococcus pneumoniae).  Low 
serum IgM levels, impaired opsonization, and 
abnormality of alternate complement pathway would 
further increase susceptibility to other common 
pathogens such as Mycoplasma pneumoniae, 
Salmonella typhimurium, Staphylococcus aureus, 
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103-106and Escherichia coli.  Vaso-occlusive tissue 
necrosis is an important risk factor for infection. This 
is because necrotic tissue provides ‘sequestered’ foci 
of infections that are easily spread and propagated 
within the context of the pre-existing immunological 

107dysfunction associated with SCD.  Moreover, it had 
been proposed that the ability of salmonella to survive 
within hypo-perfused and poorly oxygenated necrotic 
tissues makes it a very common infective agent in 

108patients with SCD.  Indeed, it had been 
demonstrated that salmonella species can survive and 

109flourish under the sanctuary of low oxygen tension.  
This is because hypoxia suppresses macrophage 
antimicrobial activity, and at the same time augment 
bacterial proliferation and virulence of salmonella 
species as demonstrated by a study on Salmonella 

109typhimurium.  Hyper-transfusion therapy for SCD 
associated disorders (such as stroke, priapism, acute 
chest syndrome, and chronic renal failure) causes 
transfusion-associated immune suppression (due to 
the effects of apoptotic and micro-particulate debris, 
and bioactive substances released from allogeneic 

110leucocytes, platelets, and red cells),  and increases 
the risks of transfusion transmissible infections (such 

111 112as HIV and viral hepatitis)  and iron overload.  
Transfusion-induced iron overload is a risk factor for 
infections with siderophilic bacteria such as Yersinia 
enterocolitica as reported in transfusion dependent 

113patients, including those with SCD.  Unfortunately, 
chelation therapy which is the gold standard for 
treating iron overload in SCD patients, is also an 
additional and independent risk factor for infection 
with Yersinia enterocolitica; the risk being higher 

114with Deferoxamine than Deferiprone.  Sickling-
induced renal damage causes zincuria and zinc 
deficiency, which has been linked to impaired 
immunity and increased risk of infections in patients 

115with SCD.  Paradoxically, neutrophilia is a major 
haematological manifestation of SCD even in steady 

116state , nonetheless the neutrophils do not optimally 
protect the SCD patients from infections because of 

117their phagocytic dysfunctions.  Interestingly, the 
overall susceptibility of SCD patients to infection is 
partly determined by genetic polymorphism of the 

118human leucocyte antigen (HLA) system.  The HLA 
system has been shown to modulate susceptibility to 

118bacteraemia in patients  with SCD.  While some 
alleles such as the HLA class II DRB1*15 have been 
shown to be protective, others like the HLA class II 
DQB1*03 occur significantly more in SCD patients 
with major infections, suggesting an increased 

118susceptibility of the latter group to infections.

2b. Infective Triggers of SEPTIN and ASEPTIN: 
Pathogen-Induced Acute Phase Reactions
Acute and chronic infections are major morbidities 
and triggers of SEPTIN in patients with SCD 

103especially in low resource tropical regions,  which 
carry the heaviest burden of SCD and wherein the 

119majority of SCD patients reside.  Infections in 
patients with SCD would generate pathogen 

120,121associated molecular patterns (PAMPs).  PAMPs 
subsequently trigger antimicrobial immune 
responses, generate pro-inflammatory hyper-

120,121cytokinemia, and ultimately establish SEPTIN.  
SEPTIN would pathophysiologically suppress 

26production of EPO,  and eventually cause 
27ASEPTIN.  It is therefore conceivable that SCD 

patients with frequent, acute, or chronic infections 
would have lower Hb concentrations in comparison 
with their uninfected counterparts as explained below.
Malaria is a frequent and prototype acute infection in 

122hyposplenic and asplenic patients in general,  
123including those with SCD in particular.  Despite the 

fact that malarial anaemia is largely attributable to 
hyperhaemolysis of phagocytosed parasitized red 

124cells,  EPO-suppressive effect of pro-inflammatory 
cytokines-induced SEPTIN and ASEPTIN are 

125,126additional components of malarial anaemia.  
Chronic infections are also important causes of 

27SEPTIN and ASEPTIN even in non-SCD patient.  
Moreover, SCD patients are more vulnerable to EPO-
suppressive effect of SEPTIN and erythropoiesis-
suppressive effects of ASEPTIN than non-SCD 
individuals. This is because chronic SEPTIN in SCD 
would synergistically aggravate a pre-existing SCD-

30,31associated chronic STERIN,  depress a pre-existing 
32,33inappropriately low EPO levels,  and cause greater 

inflammatory suppression of erythropoiesis resulting 
in severer anaemia via dual effects of ASTERIN and 

27ASEPTIN.  This scenario is typified by HIV and 
tuberculosis, both of which are prototype chronic 
infections that consistently cause SEPTIN and 

127,128ASEPTIN even among persons without SCD.  We 
reckon that patients with SCD have reduced 
expression of CCR5 and CCR7 chemokine receptors 
with a concomitant lower risk of acquisition and 

129progression of HIV infection.  Nonetheless, multi-
transfused SCD patients in low resource African 

130,131
setting remain at high risk of HIV infection,  as a 

132result of poor transfusion safety.  The separate and 
combined anaemia-aggravating effects of HIV and 
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TB-induced SEPTIN and ASEPTIN in SCD patients 
had been classically revealed in three studies. The first 
study revealed that in comparison with their 
uninfected counterparts, HIV infected SCD patients 
tend to be more anaemic with lower Hb 

133concentrations despite antiretroviral therapy.  The 
second study revealed that in comparison with their 
uninfected counterparts, SCD patients with non HIV-
associated pulmonary TB had lower levels of 
h a e m a t o c r i t  c o u p l e d  w i t h  s u b - o p t i m a l  

134reticulocytosis.  And the third study had shown that 
dual co-infections with HIV and TB (each of which is 
an independent inducer of SEPTIN) in patients with 
SCD was associated with very high risk of ASEPTIN 

135and transfusion dependence.  The aforementioned 
133-135three studies  had confirmed that SEPTIN and 

ASEPTIN are negative modifiers and aggravators of 
anaemia in SCD, which by implication would 
undesirably decrease well being and increase the 
frequency of blood transfusion in infected patients 
with SCD. There is thus a need for therapeutic 
strategy against SEPTIN and ASEPTIN in SCD as 
described below. 

2c. Therapeutic Strategy Against SEPTIN and 
ASEPTIN in SCD
Acute and chronic infections are the major triggers 
and sustainers of SEPTIN and ASEPTIN in SCD. 
Hence, therapeutic and prophylactic management of 
SEPTIN and ASEPTIN in SCD can be achieved via 
separate or combined application of the following 
three therapeutic strategies, viz: 1. Anti-microbial 
chemotherapy for active infections; 2. Anti-microbial 
chemoprophylaxis to prevent recurrence of 
infections; and 3. Immunoprophylaxis and/or use of 
hydroxyurea to boost patient resistance against 
pathogens as explained in subsequent paragraphs.

2d. Management and Prevention of SEPTIN and 
A S E P T I N  i n  S C D :  C h e m o t h e r a p y ,  
Chemoprophylaxis, Immunoprophylaxis, and 
Hydroxyurea
It is obvious that SEPTIN is a frequent aetiologic 

133-135
factor for ASEPTIN in SCD.  The therapeutic  
objective of tackling SEPTIN and ASEPTIN in SCD 
is to eradicate ongoing infections, improve EPO 
production, enhance red cell production, restore ‘pre-
infection level’ of steady state Hb concentration in the 
short term, and forestall recurrence of infections in the 
long term as explained below. 
In order to mitigate the EPO-suppressive effect of 

SEPTIN and boost Hb concentration of SCD patients, 
it is pertinent to combat acute and chronic infections. 
In the short-term, SCD patients presenting with any 
clinical feature of infection such fever should be 
promptly diagnosed and treated with appropriate 
antimicrobial chemotherapy using standardized 
protocols with the aims of eradicating the infection 
and abrogating any accompanying SEPTIN and 

136ASEPTIN.  For instance, it is particularly important 
to ensure that SCD patient with chronic infections due 
to HIV and/or TB are treated with anti-retroviral and 
anti-TB drugs with the aims of eradicating the 

136infections,  stopping the accompanying SEPTIN and 
127,128ASEPTIN,  and eventually restoring pre-infection 

133-135steady state Hb concentration.  Similarly, SCD 
patients with acute and frequent infections such as 

123malaria  should be promptly diagnosed and treated 
36in order to achieve eradication of infection1  and 

mitigation of accompanying SEPTIN and 
125,126ASEPTIN.  Moreover, there is a long-term need 

for chemoprophylaxis and immunoprophylaxis 
against locally endemic infections among patients 

136with SCD.  For example, malaria is a major and 
recurrent morbidity in SCD patients who are resident 

123in their native tropical malaria endemic regions.  
Hence, all SCD patients living in malaria endemic 
regions should be on lifelong anti-malarial 

1 3 7chemoprophylaxis.  Standard practice for 
preventing common bacterial diseases in SCD should 
include the initiation of chemoprophylaxis with daily 
penicillin at 2 months until the age of 5 years, by 
which time the patient would have completed 

103,104polyvalent pneumococcal vaccines.  In addition, a 
m o r e  c o m p r e h e n s i v e  m u l t i - v a c c i n e  
immunoprophylaxis is highly recommended 
especially for SCD patients living in the tropics who 
should receive a full spectrum of routine vaccines 
consisting of BCG, Polio, Hepatitis-B, Diphtheria, 
Pertussis, Tetanus, Yellow fever, Measles and other 
vaccines against locally prevalent tropical pathogens 
such as Salmonella, Meningococci type-A and C, and 

138Haemophilus influenzae type-B,  as well as the 
RTS,S/AS01 malaria vaccine that was recently 

139approved by the W.H.O.  While SCD patients are 
encouraged to receive all locally relevant vaccines, 
caution should be exercised in HIV-infected SCD 
patients regarding administration of live vaccines vis-
à-vis risk of reactivation and dissemination of 

140
attenuated vaccine-organisms.
A recent and interesting study has revealed that 
hydroxyurea was associated with reduction in the risk 
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and frequency of infections by multiple pathogens in 
141children with SCD in a Ugandan series of patients.  

The study suggested that hydroxyurea might have 
reduced the frequency of infections by improving 
immune function via preservation and restoration of 

101,102splenic functions.  Moreover, the study suggested 
that hydroxyurea might also have anti-infective effect 
via direct antimicrobial activity as previous studies 
had demonstrated hydroxyurea-mediated in-vitro 
microbial killing of many pathogens, including 

142,143Escherichia coli,  and multiple parasites such as 
144,145 144Leishmania species,  Trypanosoma cruzi,  

144,146 147Toxoplasma gondii,  Babesia microti,  and 
148,149Plasmodium falciparum.  It is therefore 

predictable that wider use of hydroxyurea in the 
tropics and malaria endemic countries would reduce 
the incidence of infections, SEPTIN, ASEPTIN, and 
other infection-associated anaemias in patients with 
SCD.
    
Conclusion
Hyper-inflammation in SCD has dual components; 
STERIN and SEPTIN. Accordingly, anaemia of 
inflammation in SCD has dual components; 
ASTERIN and ASEPTIN. On the one hand, 
ASTERIN is driven by STERIN, which is relentless 
and occurs throughout the course of SCD even in 
steady state. However, steady state STERIN and 
ASTERIN are often aggravated by infarctive and 
haemolytic crises, and/or comorbid autoimmune 
diseases. On the other hand, ASEPTIN is driven by 
SEPTIN, which occurs in SCD only during episodes 
of comorbid infections. Hence, during the course of 
infection, both ASTERIN and ASEPTIN act 
synergistically to worsen anaemia and increase the 
risk of red cell transfusion for patients with SCD. 
Anaemia in SCD is therefore not a mere reflection of 
quantitative loss of haemolysed sickled red cells. 
Rather, anaemia in SCD is significantly attributable to 
ASTERIN and ASEPTIN. Therefore, management 
and prevention of STERIN and SEPTIN are important 
strategies for up-regulating EPO production, de-
suppressing erythropoietin function, enhancing red 
cell production, down-regulating ASTERIN and 
ASEPTIN, and ultimately augmenting Hb 
concentration and reducing transfusion requirement 
of patients with SCD.
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