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Abstract

Innocent  bystander  haemolysis (IBH) is an uncommon but clinically significant
immunohaematological phenomenon in which antigen-negative red blood cells (RBCs) are destroyed
through complement activation triggered by immune complex formation. Although its global
incidence remains poorly defined. IBH causes significant transfusion-related problems. In sickle cell
patients, hyperhaemolysis occurs in 10-15% of transfusions. The condition is frequently associated
with delayed haemolytic transfusion reactions, drug-induced immune haemolytic anaemia, and
complement-mediated hyperhaemolysis syndrome.Diagnostic confirmation remains challenging
because serological assays, including the direct antiglobulin test, may show isolated complement
deposition or transient alloantibody reactivity. Recent mechanistic studies highlight dysregulated
activation of complement components C3 and C5, membrane attack complex (MAC) formation, IL-6-
mediated cytokine amplification, and macrophage hyperactivity as key drivers of RBC
destruction.Therapeutic breakthroughs include ravulizumab, a long-acting C5 inhibitor that provides
sustained complement blockade for up to eight weeks, and eculizumab, its shorter-acting predecessor.
Beyond complement inhibition, tocilizumab, an IL-6 receptor antagonist, has demonstrated efficacy in
mitigating cytokine-driven macrophage activation and controlling refractory hyperhaemolysis. These
agents have shown rapid stabilization of haemoglobin levels and resolution of haemolytic crises in case
series and early trialsIBH remains a diagnostic and therapeutic challenge, especially in
resource-limited settings. Improved understanding of its immunopathogenesis, early recognition
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using complement-specific assays, and integration of biologic therapies into transfusion protocols are
essential to enhance patient safety and outcomes.

Keywords: Innocent bystander haemolysis (IBH), Complement activation (C3, C5, MAC),
Hyperhaemolysis syndrome in sickle cell disease, Ravulizumab and eculizumab (C5
inhibitors), Tocilizumab (IL-6 receptor antagonist)

INTRODUCTION

Global burden and definition

Innocent bystander haemolysis (IBH) represents a rare but clinically significant
immunohaematological phenomenon in which antigen-negative red blood cells (RBCs) are
destroyed as collateral damage from complement activation triggered by immune reactions
against foreign antigens (Evangelidis etal.,2024; Gavriilaki efal., 2024). Unlike classical
immune haemolysis, the affected RBCs are not the direct targets of antigen-antibody
binding; instead, complement proteins generated during immune complex formation diffuse
to adjacent erythrocytes, causing unintended haemolysis (Petz & Garratty, 2021;
Chonat et al., 2021). This mechanism has been increasingly implicated in delayed haemolytic
transfusion  reactions (DHTRs), drug-induced immune haemolytic anaemia,
hyperhaemolysis syndrome (HHS), passenger lymphocyte syndrome, and severe
transfusion-related complications, particularly among chronically transfused patients with
sickle cell disease (Vidler et al., 2023). Globally, the burden of IBH is underestimated because
its presentation overlaps with other haemolytic disorders, yet its contribution to
transfusion-related morbidity and mortality is substantial. Dysregulated complement
activation, macrophage hyperactivity, and inflammatory cytokine signaling are now
recognized as central drivers of disease severity, highlighting the need for early recognition
and intervention (Poston et al., 2024).

Current diagnostic bottlenecks

Despite advances in immunohaematology, IBH remains diagnostically elusive. Clinical and
laboratory features often mimic autoimmune haemolytic anaemia (AIHA) and acute
transfusion reactions, leading to misclassification or delayed diagnosis. Conventional
serological testing may fail to identify causative antibodies, particularly when transient
alloantibodies or complement-mediated destruction occur without significant IgG coating of
RBCs (Vidler et al., 2023; Poston et al., 2024). The direct antiglobulin test (DAT), a cornerstone
of haemolytic evaluation for the detection of IgG sensitized RBC, may yield negative or
weakly positive results, further complicating interpretation. In chronically transfused
populations especially those with sickle cell disease these diagnostic limitations contribute
to recurrent hyperhaemolysis episodes, severe anaemia, and renal injury. The absence of
standardized diagnostic algorithms and limited awareness among clinicians mostly
countries still evolving in the use of advanced techniques routinely, may exacerbate
under-recognition, underscoring the need for improved laboratory markers of complement
activation and immune complex-mediated haemolysis.

Promise of targeted biologicals

The therapeutic landscape for IBH has evolved rapidly with the introduction of complement
inhibitors such as eculizumab and ravulizumab. These monoclonal antibodies block
terminal complement activation, preventing membrane attack complex (MAC) formation
and protecting bystander RBCs from destruction. Case reports and systematic reviews
published between 2024 and 2025 document encouraging outcomes in refractory
hyperhaemolysis and complement-mediated transfusion reactions (Agel et al., 2025). Beyond
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symptom control, complement blockade offers a mechanistic approach that directly targets
the pathophysiological cascade driving IBH. Ongoing clinical trials are exploring
next-generation inhibitors with extended half-lives and broader complement pathway
coverage, promising durable protection and reduced transfusion-related morbidity. As
complement-directed therapies gain traction, they represent a paradigm shift in managing
immune-mediated haemolysis, transforming IBH from a poorly understood complication
into a treatable immunological disorder.

Historical Background

The concept of innocent bystander haemolysis (IBH) first emerged in the early 1960s,
following reports of haemolytic episodes in patients receiving drugs such as quinidine (Petz
& Garratty, 2021). Clinicians observed that haemolysis could occur even when red blood
cells lacked the antigen against which antibodies were directed. These findings challenged
traditional models of immune haemolysis and introduced the theory that complement
activation could extend beyond target cells, damaging surrounding antigen-negative
erythrocytes.

Subsequent investigations in transfusion medicine revealed similar mechanisms during
delayedhaemolytic transfusion reactions (DHTRs), where alloantibodies directed against
transfused red cells triggered complement activation that spilled over to autologous cells
(Chonat et al., 2021). This collateral destruction became particularly relevant in patients with
sickle cell disease, who frequently develop complex alloimmunization profiles after repeated
transfusions. In these individuals, IBH contributes to hyperhaemolysis syndrome, a
life-threatening complication characterized by destruction of both transfused and native red
cells (Vidler et al., 2023).

Advances in serological testing and later molecular immunohaematology refined
understanding of IBH, confirming that complement components C; and Csplay central roles
in propagating bystander lysis (Gavriilaki et al., 2024). The recognition of IBH as a
mechanism underlying severe transfusion reactions shifted its status from a rare
drug-related curiosity to a major immunopathological pathway in alloimmunization. Today,
IBH is acknowledged as a critical contributor to transfusion morbidity, and its study has
directly informed the development of complement-targeted therapies such as eculizumab
and ravulizumab, as well as cytokine-modulating agents like tocilizumab (Aqel et al., 2025;
Poston et al., 2024).

Immunology of Innocent Bystander Haemolysis

Red blood cell (RBC) destruction occurs through two principal mechanisms: intravascular
haemolysisandextravascular haemolysis.

Intravascular haemolysis results from activation of the complement cascade, culminating in
formation of the membrane attack complex (MAC), which directly lyses RBCs within the
circulation (Evangelidis et al., 2024; Gavriilaki et al., 2024). This process is clinically
associated with hemoglobinemia, hemoglobinuria, and elevated lactate dehydrogenase
(LDH).

Extravascular haemolysis occurs predominantly in the spleen and liver, where sensitized
RBCs are phagocytosed by macrophages via Fc receptor recognition or complement
opsonization (Harmening, 2018; Petz & Garratty, 2021). This pathway is more often linked to
splenomegaly, jaundice, and unconjugated hyperbilirubinemia.
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Innocent bystander haemolysis represents a distinct immunopathological phenomenon.
Here, antibody-mediated immune complexes activate the classical complement pathway,
leading to deposition of complement fragments such as Csd on neighboring
antigen-negative RBCs. These “innocent” cells, not the original immunological target,
undergo destruction due to collateral complement activation.

Recent studies emphasize that this mechanism blurs the traditional boundary between
intravascular and extravascular haemolysis. Complement deposition may initiate
intravascular lysis via MAC formation, but opsonized RBCs are also cleared extravascularly
by macrophages. For example, drug-induced immune haemolysisandpost-transfusion
reactions often demonstrate mixed features, with complement activation driving both direct
lysis and enhanced splenic clearance (Zhou et al., 2023; Berentsen, 2024).

Pathophysiology and Mechanisms

Innocent bystander haemolysis is a multifactorial process involving complement activation,
macrophage hyperactivity, cytokine release, and immune dysregulation. Rather than
viewing these mechanisms as discrete, contemporary literature emphasizes their interplay in
driving red blood cell (RBC) destruction.

Complement-Mediated Mechanisms

Complement activation remains the central driver of innocent bystander haemolysis.
Antibodies directed against donor RBC antigens, drugs, or immune complexes initiate the
classical pathway, activating C1, C2, C3, and C5, and culminating in membrane attack
complex (MAC) formation that lyses RBCs intravascularly (Evangelidis et al., 2024;
Gavriilaki et al., 2024).

Recent studies show that complement fragments such as C3d can spread locally and attach
to antigen-negative RBCs, leading to collateral destruction of autologous erythrocytes not
originally targeted (Evangelidis et al., 2024). Gavriilaki et al. (2024) highlight this “innocent
bystander” phenomenon as a critical pathogenic mechanism in transfusion-related
hyperhaemolysis, particularly in sickle cell disease.

Cytokine-Driven Macrophage Hyperactivity

Inflammatory cytokines amplify haemolysis by enhancing macrophage activation. Tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interferon-gamma increase
erythrophagocytosis in the spleen and liver. This pathway is especially relevant in
hyperhaemolysis syndrome among sickle cell patients, where cytokine storms exacerbate
RBC clearance (Chonat et al., 2021; Poston et al., 2024). Importantly, cytokine-mediated
macrophage activity often acts synergistically with complement opsonization, blurring the
line between intravascular and extravascular destruction.

Drug-Induced Immune Complex Formation

Certain drugs form immune complexes with plasma proteins, which then trigger antibody
production and complement activation. Quinidine, ceftriaxone, penicillin, and NSAIDs have
been implicated in drug-induced bystander haemolysis. These cases illustrate how
exogenous agents can initiate complement-mediated intravascular lysis while
simultaneously promoting macrophage-mediated clearance of opsonized RBCs.

Integrated Perspective

Rather than treating complement, cytokines, and drug-induced mechanisms as isolated
pathways, current literature frames innocent bystander haemolysis as a networked
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immunopathology. Complement activation initiates RBC injury, cytokines amplify
macrophage clearance, and drugs can act as triggers for immune complex formation.
Clinically, this manifests as mixed intravascular and extravascular haemolysis, complicating
transfusion medicine and sickle cell management.

Therapeutically, complement inhibitors (e.g., eculizumab, ravulizumab) target intravascular
destruction, while immunomodulators aimed at cytokine pathways may mitigate
macrophage hyperactivity. Recognition of these overlapping mechanisms is essential for
designing effective interventions.

Hyperhaemolysis Syndrome in Sickle Cell Disease

Hyperhaemolysis syndrome (HHS) is a rare but devastating transfusion complication in
sickle cell disease (SCD), marked by destruction of both transfused donor red blood cells
and autologous erythrocytes. Repeated transfusions predispose patients to
alloimmunization, and upon re-exposure to donor antigens, an exaggerated immune
response occurs. Recent systematic reviews highlight complement activation and
macrophage hyperactivity as dominant mechanisms, with complement fragments such as
C3d depositing on antigen-negative host cells and pro-inflammatory cytokines (TNF-a, IL-6,
IFN-y) amplifying erythrophagocytosis (Chonat et al., 2021; Madu et al., 2021; Agel et al.,
2025). Clinically, HHS is distinguished by haemoglobin concentrations paradoxically lower
than pre-transfusion baselines, reticulocytopenia, and laboratory evidence of both
intravascular and extravascular haemolysis, often progressing to multiorgan dysfunction
and life-threatening anaemia (Vellanki et al., 2025; Winters et al., 2024).

Therapeutic management remains challenging, as further transfusion may exacerbate
haemolysis. Immunosuppressive strategies such as corticosteroids, intravenous
immunoglobulin, and rituximab have shown variable efficacy, while emerging complement
inhibitors (eculizumab, ravulizumab) offer targeted intervention by attenuating
intravascular destruction. Recognition of HHS as a distinct immunopathological entity
underscores the need for early diagnosis, careful transfusion strategies, and development of
therapies that modulate both complement and macrophage activity to reduce morbidity and
mortality in SCD patients.
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Innocent Bystander Haemolysis (IBH):
Mechanisms, Diagnosis, and Treatment
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Plate 1: Innocent Bystander Haemolysis (IBH): Mechanisms, Diagnosis, and Therapeutic
Advances (Aghatise et al., 2026).
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Role of the Complement System in Modern Research

Recent studies have renewed interest in complement-mediated bystander haemolysis.
Gavriilaki et al., (2024) reported that complement dysregulation may explain the severe
intravascular haemolysis observed in delayed transfusion reactions and passenger
lymphocyte syndrome. Furthermore, emerging evidence supports the therapeutic use of
complement inhibitors such as eculizumab and ravulizumab in severe refractory
haemolysis.

A 2025 case report documented successful use of ravulizumab in stabilizing life-threatening
intravascular haemolysis caused by delayed haemolytic transfusion reaction due to anti-e
and anti-Jka alloantibodies, further supporting the role of terminal complement inhibition in
management of severe complement-mediated haemolysis (Bezirgiannidou et al., 2025).

6.0. Clinical Significance in Transfusion Medicine

Innocent bystander haemolysis poses unique challenges in transfusion medicine because its
presentation overlaps with other haemolytic reactions yet carries distinctive features that
complicate diagnosis and management. Unlike routine haemolysis, IBH and HHS are
characterized by paradoxical drops in haemoglobinbelow pre-transfusion baselines,
reticulocytopenia, and evidence of both intravascular and extravascular destruction. These
features make recognition difficult, as patients may initially present with nonspecific signs
such as fever or pallor, but the hallmark is theunexpected worsening of anaemia despite
transfusion (Poston et al., 2024; Vidler et al., 2023; Aqel et al., 2025).

Clinically, this translates into reduced survival of transfused red cells, haemoglobinuria,
jaundice, renal impairment, and in severe cases, multiorgan dysfunction. Chronically
transfused patients, particularly those with sickle cell disease, are at greatest risk, with HHS
representing a life-threatening complication that can precipitate shock and high morbidity
(Chonat et al., 2021; Vellanki et al., 2025). Recognition of these unique diagnostic markers,
especially the paradoxical haemoglobin dropremains critical for timely intervention, guiding
clinicians toward immunosuppressive or complement-targeted therapies rather than
additional transfusion, which may exacerbate haemolysis.

Clinical Presentation

Hyperhaemolysis syndrome (HHS) is distinguished from routine haemolytic transfusion
reactions by its paradoxical clinical course. Patients, often with sickle cell disease, present
with haemoglobin concentrations that fall below pre-transfusion baselines, a hallmark
feature that strongly suggests bystander destruction of autologous red blood cells alongside
transfused donor cells (Chonat et al., 2021; Aqgel et al., 2025). Laboratory findings typically
reveal reticulocytopenia, elevated lactate dehydrogenase, indirect hyperbilirubinemia, and
evidence of both intravascular haemolysis (hemoglobinemia, hemoglobinuria) and
extravascular clearance (splenomegaly, jaundice) (Vellanki et al., 2025).

Clinically, patients may develop profound anaemia, fatigue, and pallor, but the unique
diagnosticmarker is the paradoxical post-transfusion haemoglobin drop. Severe cases
progress to multiorgan dysfunction, including renal impairment and hepatic injury, and
may culminate in shock. These features complicate transfusion medicine, as additional
transfusions often exacerbate haemolysis. Since clinical presentation alone is not sufficient to
differentiate between these entities, robust pathophysiological features need to be used for
early diagnosis and appropriate treatment(Gavriilakiet al.,2019;Bortolottiet al., 2023).

Diagnostic Strategy and Laboratory Evaluation
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Accurate diagnosis of innocent bystander haemolysis requires integration of clinical
findings, transfusion history, serological investigations, and biochemical evidence of
haemolysis. Routine antibody screening may be negative despite severe ongoing
haemolysis, which complicates recognition and contributes significantly to morbidity and
mortality in transfusion-associated hyperhaemolysis syndromes (Poston et al., 2024; Vidler et
al., 2023).

Serology

The Direct Antiglobulin Test (DAT) remains the cornerstone of diagnosis. Most patients
demonstrate positivity for complement components, particularly Csd, while IgG coating
may be weak or absent. A complement-positive DAT in the presence of severe haemolysis
should raise suspicion for bystander haemolysis (Harmening, 2018; Poston et al., 2024). The
Indirect Antiglobulin Test (IAT) may detect alloantibodies or drug-dependent antibodies,
especially when testing is performed in the presence of implicated drugs. Peripheral blood
smear examination often reveals spherocytes, polychromasia, schistocytes, nucleated red
blood cells, and features of severe intravascular haemolysis, providing morphological
support for the diagnosis.

Biochemistry

Biochemical markers provide critical evidence of haemolysis. Severe reductions in
haemoglobin concentration, elevated lactate dehydrogenase (LDH), reduced serum
haptoglobin, and increased unconjugated bilirubin are typical findings. Haemoglobinaemia
and haemoglobinuria further confirm intravascular destruction. Reticulocyte counts are
usually elevated, although paradoxical reticulocytopenia may occur in hyperhaemolysis
syndrome, reflecting marrow suppression (Vellanki et al., 2025). These biochemical
parameters, when interpreted alongside serological results, strengthen diagnostic accuracy.

Advanced Biomarkers and Specialized Testing

Recent evidence suggests that serum free haemoglobin and complement activation markers
provide additional diagnostic value in severe intravascular haemolysis. Haemoglobin
electrophoresis has emerged as a useful tool in distinguishing delayed haemolytic
transfusion reactions from hyperhaemolysis syndrome in sickle cell disease patients (Lukin
et al., 2024). Molecular genotyping is increasingly recommended in chronically transfused
patients to improve antigen matching and reduce alloimmunization, while advanced
molecular assays can identify weak alloantibodies and complement-related immune
mechanisms. These specialized approaches are particularly valuable when routine antibody
screening is negative or when clinical presentation overlaps with autoimmune haemolytic
anaemia and delayed transfusion reactions.

Diagnostic Challenges

The diagnosis of innocent bystander haemolysis is often complicated by negative antibody
screens, transient alloantibodies, and overlapping features with autoimmune haemolytic
anaemia or delayed haemolytic transfusion reactions. Delayed onset after transfusion
further obscures recognition. A high index of suspicion is therefore essential in patients who
develop severe haemolysis after apparently compatible transfusion, and integration of
serological, biochemical, and molecular data remains the most reliable diagnostic strategy.

Preventive Strategies

Preventive measures remain essential in reducing the occurrence of innocent bystander
haemolysis. Current evidence emphasizes the importance of restricting unnecessary
transfusions and adopting extended antigen matching to minimize alloimmunization risk
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(Vidler et al., 2023; Poston et al., 2024). Molecular genotyping is increasingly recommended
for chronically transfused patients, as it enables precise antigen matching and reduces the
likelihood of immune complications. Early detection of alloantibodies through vigilant
screening, combined with regular post-transfusion monitoring, allows timely intervention
before haemolysis becomes severe. Effective prevention also requires a multidisciplinary
approach, with close collaboration between haematologists and transfusion specialists to
optimize transfusion practices and safeguard patient outcomes.

Therapeutic Management

Management of innocent bystander haemolysis focuses on interrupting immune-mediated
destruction, minimizing complement activation, and stabilizing the patient. Immediate
discontinuation of the triggering agent whether a drug or incompatible transfusion is
essential once haemolysis is suspected. Supportive therapy, including intravenous
hydration, oxygen supplementation, correction of electrolyte imbalance, and renal support,
when necessary, helps mitigate secondary complications(Win, 2009; Epstein & Hadley,
2019). Because additional transfusions may exacerbate haemolysis, especially in
hyperhaemolysis syndrome, transfusion decisions must be carefully weighed; when
unavoidable, extensively antigen-matched blood should be selected to reduce
alloimmunization risk.

Immunosuppressive therapy remains central to management. High-dose corticosteroids are
widely used as first-line treatment, suppressing macrophage activation and cytokine release
(Madu et al., 2021; Agel et al., 2025). Intravenous immunoglobulin (IVIG) has demonstrated
efficacy in reducing macrophage-mediated erythrophagocytosis and complement activation,
while rituximab may be beneficial in patients with recurrent alloantibody formation or
refractory haemolysis (Tsitsikas et al., 2023; Aqel et al., 2025). Recent advances in
complement-targeted therapy have transformed outcomes in severe cases. Eculizumab, a
monoclonal antibody against complement protein Cs, has shown success in refractory
hyperhaemolysis, with systematic reviews reporting favorable results in patients with severe
complement-mediated haemolysis (Aqgel et al., 2025). Ravulizumab, a long-acting Cs
inhibitor, has also demonstrated promise in stabilizing life-threatening intravascular
haemolysis in delayed transfusion reactions. Beyond complement blockade,
cytokine-targeted therapy such as tocilizumab, an IL-6 receptor inhibitor, has emerged as a
potential adjunct by reducing macrophage activation and cytokine-driven haemolysis (Desai
et al., 2023; Agel et al.,)

Recommendations and Conclusions

To reduce the burden of innocent bystander haemolysis (IBH), transfusion practice should
emphasize extended antigen matching, molecular genotyping, and avoidance of
unnecessary transfusions (Vidler et al., 2023; Poston et al., 2024). Vigilant post-transfusion
monitoring and early alloantibody detection are vital to minimize hyperhaemolysis risk.
Clinicians must maintain suspicion when patients show paradoxical haemoglobin drops
below baseline, reticulocytopenia, or combined intra- and extravascular haemolysis, even
with negative antibody screens (Chonat et al., 2021; Vellanki et al., 2025). Multidisciplinary
collaboration between haematologists and transfusion specialists is strongly advised (Madu
et al., 2021).

IBH remains diagnostically challenging, particularly in sickle cell disease, as conventional
serology may miss causative antibodies. Confirmation often requires complement-specific
assays, biochemical markers, and molecular testing (Harmening, 2018; Lukin et al., 2024).
Management must balance supportive carehydration, oxygen, renal supportwith targeted
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immunomodulation (Win, 2009; Epstein & Hadley, 2019). Corticosteroids, intravenous
immunoglobulin, and rituximab suppress macrophage activity and alloantibody formation,
while complement inhibitors such as eculizumab and ravulizumab directly block
complement-mediated haemolysis (Aqel et al., 2025; Bezirgiannidou et al., 2025). Tocilizumab
and other cytokine-modulating agents further expand therapeutic options, especially in
refractory cases (Desai et al, 2023). In summary, deeper understanding of IBH
immunopathogenesis, combined with preventive transfusion strategies and biologic
therapies, offers a pathway to reduce morbidity and mortality, transforming IBH into a
manageable immunohaematological disorder.

Future Directions

Despite significant advances, important gaps remain. Future research should focus on
developing standardized diagnostic algorithms that incorporate complement-specific
biomarkers such as soluble Csb-9 and Csd deposition assays (Evangelidis et al., 2024;
Gavriilaki et al., 2024), alongside molecular genotyping, to improve early recognition and
reduce misclassification. Large multicenter registries and prospective trials are needed to
establish the long-term efficacy and safety of biologic therapies, including next-generation
complement inhibitors with extended half-lives and broader pathway coverage (Aqgel et al.,
2025). Expanding access to these therapies in resource-limited settings is critical, as
disparities in availability currently limit their global impact. Additionally, translational
studies exploring cytokine modulation, macrophage biology, and immune complex
dynamics will refine therapeutic strategies and identify novel targets. By integrating
advanced diagnostics, biologic therapies, and equitable access into transfusion protocols,
future work can transform IBH from a poorly recognized complication into a manageable
immunohaematological disorder with improved patient outcomes worldwide.
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