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Abstract

Purpose of review: The purpose of this review is to summarize the role of complement 

in regulating the removal of a target alloantigen following an incompatible red blood cell 

(RBC) transfusion, the formation of alloantibodies following RBC alloantigen exposure, and the 

development of hyperhemolysis in patients with sickle cell anemia.

Recent findings: Recent studies demonstrate that complement can accelerate alloantibody­

mediated removal of target alloantigens from the RBC surface following incompatible transfusion. 

Complement also influences alloantigen availability during developing alloimmune responses and 

serves as a unique mediator of CD4 T cell-independent alloantibody formation following RBC 

alloantigen exposure. Finally, alternative complement activation appears to play a key role in the 

development of acute hemolytic episodes in patients with sickle cell anemia, providing a potential 

druggable target to prevent acute complications in patients with this disease

Summary: Recent studies suggest that complement can regulate a wide variety of processes 

germane to hematology, from transfusion complications to baseline hemolysis in patients with 

sickle cell anemia. As the role of complement in various disease processes becomes more fully 

understood, the ability to leverage recently developed complement modulating drugs will only 

continue to enhance provider’s ability to favorable intervene on many hematological diseases.
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Introduction

Complement has its origins in the earliest aspects of host immunity, both with respect to 

immune evolution and discovery of host immunity itself. Jules Bordet, who would later 

win the Nobel Prize in Physiology and Medicine in 1919 for his work on complement, 
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among other aspects of immunity, is credited with performing the critical experiments 

associated with complement’s discovery, where he identified the thermosensitive component 

of complement [1,2]. It was not until 1899 that Paul Ehrlich, who won the Nobel Prize in 

Physiology and Medicine in 1908, that the heat-labile alexin was renamed “complement” 

and the complementary heat-stable portion that interacts with complement as “amboceptor,” 

which we now know as antibodies. RBCs were intimately linked to these discoveries; 

before the components of complement were identified, the temperature-sensitive nature 

of complement was determined by storing guinea pig serum at various temperatures and 

observing its ability to hemolyze sheep red blood cells (SRBCs) [2].

Complement activation can occur through three distinct, yet convergent cascades, the 

classical, lectin and the alternative or nonclassical pathways[3–5]. While each pathway 

is initiated by unique effector pathways, all converge on the formation of an enzymatic 

complex that converts complement component 3 (C3) into C3a and C3b[6]. The classical 

or antibody-driven pathway is marked by antibody engagement of C1q, which ultimately 

induces cleavage of C2 and C4. Exposure of thioesters following proteolysis results in the 

covalent attachment of C2a and C4b to the target cell surface and formation of the C3 

convertase. While discovered much later, the lectin and alternative pathways are activated 

by the mannose binding lectin or spontaneous hydrolysis, respectively, which also results in 

the formation of C3 convertases that likewise cleaves C3 into C3a and C3b. Once activated, 

bound C3b can serve as an opsonin while also participating in the formation of a C5 

convertase. Release of C3a and C5a by the C3 and C5 convertases, respectively, results in 

systemic consequences due to their anaphylatoxin activities[6–8]. Bound C5b recruits C6, 

C7 and C8, which as a complex, initiates the insertion of C9 into the plasma membrane as a 

C9 polymer that ultimately results in membrane attack complex (MAC) formation[9] (Figure 

1).

While many elegant studies resulted in the initial discovery and characterization of 

complement pathways, for many years, complement biology was sidelined within much 

of immunology and hematology. The renewed emphasis of complement biology largely 

stems from the advent of complement inhibitors[10], which have not only provided unique 

approaches to treat commonly recognized complement-related diseases, but as result of their 

expanded use, have also uncovered roles for complement in a wide variety of other diseases.

Complement in antibody-induced hemolysis and antigen modulation

Some of the earliest studies examining the consequences of antibody-antigen interactions 

used RBCs as a target surface. RBCs not only provided a useful model to study 

complement-mediated hemolysis due to the ease of obtaining large numbers of cells and 

relative simplicity of measuring membrane rupture (hemolysis), but antibody deposition on 

the RBCs surface and ensuing complement activation became quickly recognized as a key 

feature of hemolytic transfusion reactions. Indeed, detection of complement on the RBC 

surface continues to serve as an important diagnostic feature of blood bank evaluations when 

a hemolytic transfusion reaction is suspected. However, despite a long history of recognizing 

the possible role of complement in the pathophysiology of incompatible RBC transfusions, 
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the consequence of complement activation on the RBCs surface is only beginning to be fully 

understood.

Alloantibody engagement of RBC surface alloantigens can initiate the classical complement 

pathway (Figure 2), resulting in the rapid release of C3a and C5a anaphylatoxins, formation 

of the membrane attack complex and extensive hemolysis[11]. However, hemolysis is not 

the inevitable outcome of antibody engagement and complement deposition. Complement 

regulatory proteins on the RBC surface, including CD55 and CD59, serve to inhibit 

complement activation following antibody engagement[12]. Rapid degradation of C3b into 

C3d, for example, prevents bound C3 fragments from serving as opsonins, facilitating 

further C3 activation or ultimately activating the C5-dependent MAC complex[12]. 

In addition to regulatory pathways that drive complement degradation once activated, 

complement deposition on the RBC surface also appears to trigger a relatively unique 

process recently termed antigen modulation[13]. In this setting, alloantibody engagement 

of an alloantigen and subsequent complement fixation can induce the selective removal of 

the target alloantigen. It should be noted that alloantibody-induced alloantigen removal 

can occur independent of complement, as studies examining RBCs that express the 

model HOD antigen (HEL, OVA and Duffy) have demonstrated that antigen removal 

can occur through complement independent, but Fc receptor-dependent pathways[14–16]. 

Additional studies suggest that removal of smaller portions of the HOD antigen (HEL) 

can actually occur completely independent of Fc gamma receptors or complement[17]. 

However, when complement is activated and plays a role in antigen modulation, such as 

following transfusion of RBCs expressing the KEL antigen, antigen removal is much more 

rapid than similar processes orchestrated by Fc gamma receptors[13,18,19]. This likely 

reflects the relatively rapid rate of complement deposition and ensuing engagement of a 

series of unique complement receptors. Complement-mediated antigen modulation does not 

appear to simply reflect decoration and therefore masking of the antigen by complement, 

as alloantibody-induced complement-dependent alloantigen modulation results in complete 

removal of the target antigen from the cell surface[20,21]. Ultimately, antigen modulation 

appears to render RBCs resistant to further alloantibody-induced hemolysis, even in the 

face of circulating anti-alloantigen antibodies[13,14,22,23]. However, fundamental questions 

remain regarding the role of complement in this process. These include what factors 

regulate antibody-induced hemolysis versus antigen modulation, the receptor(s) involved 

in mediating this pathway and the overall mechanism responsible for antigen removal 

independent of RBC hemolysis.

Complement and antibody development

While it was known that B cells have a membrane receptor that can engage C3, the possible 

role of complement in B cell biology initially remained unclear. Early studies examining the 

immune response to SRBCs revealed that removal of complement by cobra venom factor 

(CFV) depletion inhibited antibody formation[24]. Many studies have corroborated these 

initial findings, suggesting that complement plays a critical role in successful antibody 

formation following exposure to numerous antigens. However, not all antigens appear 

to require complement to induce antibody formation. Depletion of complement fails to 

impact the antibody response to streptococcus polysaccharide, suggesting that C3 may not 
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play a role in the antibody response to T-cell independent antigens [24]. Complement 

engagement of the B cell surface occurs through ligation of complement receptors CR1 and 

2 (CR1/2) and targeted deletion of the CR2 locus in mice results in decreased germinal 

center formation and antibody production [25,26]. Crosslinking of the B cell receptor (BCR) 

or CR1/2 with anti-IgM, anti-CR2 or anti-CR1 enhances calcium flux and increases 3H 

thymidine incorporation with CR2 and IgM, suggesting a key role for complement in the 

direct activation and proliferation of B cells [27,28].

While the direct role of complement in signaling B cell activation and antibody production 

has been studied extensively following exposure to infectious organisms and model antigens, 

despite the common evaluation of complement levels on RBCs following an incompatible 

transfusion, the role complement may play in actually shaping an immune response to RBC 

alloantigens had remained less clear. Given the role of complement in driving antibody 

formation against a wide variety of antigens, the potential role of complement in driving 

RBC alloimmunization appeared to be especially intriguing when considering that antibody 

formation following RBC transfusion often occurs in the absence of a known adjuvant, 

suggesting that early IgM antibody formation and subsequent complement activation may 

serve as surrogate for exogenous adjuvants. Consistent with this, models of alloantibody 

formation suggest that early IgM antibody formation occurs independent of CD4 T cells 

and is likely dictated by target antigen density[29,30]. These and other findings motivated 

several studies to define the role of complement in alloantibody formation. This was 

accomplished by coupling the model systems described above with complement deletion 

recipients to define the role of complement in alloimmunization. Using this approach, 

transfusion of HOD RBCs into C3 knock out (KO) recipients resulted in antibody 

formation that was found to be no different than the same transfusion into wild type (WT) 

recipients[20], suggesting that unlike antibody formation in response to many infectious 

challenges, anti-RBC alloantibody formation does not require complement activation. In 

contrast to HOD RBC-induced antibody formation, KEL RBCs not only can successfully 

drive antibody development in C3 KO recipients, but antibody formation in this setting is 

paradoxically increased when compared to similar transfusion into WT recipients[20]. These 

results suggest that following exposure to KEL, C3 may play an unexpected inhibitory 

role. Conflicting results have been reported for the role C3 plays in the formation of 

alloantibodies against other alloantigens, such as the clotting factor, fVIII, which is likewise 

capable of inducing alloantibody formation in the absence of adjuvant. Early studies 

demonstrated that depletion of complement in hemophilia A mice attenuates anti-fVIII 

antibody formation, while subsequent studies using C3 KO mice on a fVIII sufficient 

background failed to detect a similar role for complement in this process[31,32]. Genetic 

deletion of C3 and Fc gamma receptors did result in the diminution of anti-fVIII antibody 

formation, suggesting a complementary role for these antibody effector systems in anti-fVIII 

antibody development[32]. Differences in recipient backgrounds (hemophilia versus WT), 

complement removal strategy (CVF depletion versus C3 genetic deletion) or other variables 

altogether may contribute to these varied outcomes.

The ability of complement to regulate alloantibody formation in distinct ways following 

exposure to different alloantigens is intriguing and remains incompletely understood. Given 

the consequences of alloantibody engagement following an incompatible transfusion, several 
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studies have examined the potential outcome of alloantibody engagement of alloantigen 

levels during an alloimmune response. Alloantibody engagement of the HOD antigen, for 

example, results in gradual reductions in the HEL antigen over time. However, despite low 

levels of complement deposition, decreases in the HEL antigen appear to occur independent 

of C3 or Fc gamma receptors[17,20]. In contrast, while KEL antigen levels also decrease 

during the developing anti-KEL immune response, the rate of antigen decline over time 

is significantly blunted following transfusion into C3 KO mice, despite higher anti-KEL 

antibody levels[20]. While soluble KEL may be predicted to similarly drive the humoral 

immune response following KEL RBC exposure, the impact of antigen density on the 

development of anti-KEL antibodies strongly suggests that surface-associated KEL is key 

in ligating the B cell receptor and therefore facilitating the ongoing immune responses[30]. 

These results suggest that C3-mediated removal of cell surface associated KEL antigen may 

attenuate an ongoing immune response by reducing surface antigen substrate (Figure 3).

In addition to regulating antigen availability during a developing immune response, 

complement may actually play a key role in dictating what type of humoral response is 

engaged following RBC alloantigen exposure. RBC-induced alloimmunization has been 

thought to uniformly require CD4 T cells, an understandable paradigm given the traditional 

requirement of CD4 T cells and more specifically T follicular helper (TFH) cells in 

the development of IgG antibody responses. Appropriate activation of TFH cells and 

development of germinal center reactions is thought to be critical in the formation of 

long-lived plasma cells that are responsible for sustaining antibody formation long after 

alloantigen exposure. However, in contrast to the possible requirement of TFH in the 

development of alloantibodies, the KEL system provides a unique example of an alloantigen 

capable of inducing alloantibodies in the complete absence of CD4 T cells[33]. Indeed, 

KEL RBCs induce equivalent anti-KEL alloantibodies following transfusion into wild type, 

CD4 T cell depleted, MHC class II KO or TCRαβ KO recipients[34]. However, the factors 

capable of driving IgG class switching and overall antibody formation in the absence of 

CD4 T cells initially remained unknown. Subsequent studies demonstrated that in the 

absence of C3, KEL RBCs induces IgG anti-KEL antibody formation in a CD4 T cell 

dependent manner. Additional studies demonstrated that while KEL transfusion into WT 

mice results in IgG antibody formation in the absence of CD4 T cells, KEL RBC-induced 

alloantibody formation in CR1/2 KO recipients also requires CD4 T cells. Additional studies 

demonstrated that CR1/2 expression on B cells, not follicular dendritic cells, is required for 

complement-induced CD4 T cell independent IgG antibody formation[34] (Figure 4).

The ability of C3 to regulate IgG antibody formation following KEL RBC exposure provides 

a unique example of a T cell independent antibody response and illustrates the distinct 

immune pathways alloantigens can engage following RBC transfusion. Most antigens are 

either intrinsically CD4 T cell-dependent or -independent. Indeed, antigens themselves are 

often described with respect to their requirement for CD4 T cells in the induction of an 

IgG antibody response. In contrast, following KEL RBC exposure C3 appears to act as 

an innate immune switch, allowing KEL RBCs to induce IgG antibody formation in the 

absence of CD4 T cells. The ability of complement to regulate B cells in this way not only 

reflects a novel pathway of humoral immunity, but also has significant clinical consequences 

when considering factors that dictate alloantibody responses following transfusion. Not all 
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patients generate alloantibodies following RBC exposure[35]. While several studies have 

linked HLA antigens to alloantibody responses[36,37], HLA preferences do not exist for 

all antigens and are certainly not required for alloantibody formation even when HLA 

associations have been observed. The ability of complement to regulate antibody formation 

in the absence of CD4 T cells at least suggests that in some patients, alloantibody formation 

could bypass CD4 T cell and therefore HLA requirements, providing possible insight into 

a key variable that may influence antibody formation following exposure to allogenic RBC 

transfusion.

Complement in regulating hyperhemolysis

While alloantibodies can certainly activate complement with attendant consequences, recent 

studies have highlighted the key role of the alternative complement activation pathway in 

various hemolytic processes[38–40]. Although pathophysiology and role of complement 

pathways in hemolytic uremic syndrome and paroxysmal nocturnal hemoglobinuria are 

well known [41,42], mechanisms underlying complement dysregulation resulting in host 

tissue damage are increasingly recognized in other diseases such as sickle cell disease 

(SCD), autoimmune hemolytic anemia, and malaria [43–45]. Heme is now recognized as 

an important driver of complement activation in SCD, where chronic hemolytic anemia is 

associated with an increase in plasma free hemoglobin and free heme. Merle et al. reported 

that patients with SCD nephropathy had deposits of C3 and C5b-9 (MAC or terminal 

complement complex) in the glomeruli and vascular endothelium of their kidneys. They 

hypothesized that plasma free heme could activate complement. Phenylhydrazine-induced 

intravascular hemolysis model in mice resulted in the activation of alternative complement 

pathway (ACP) propagated by free heme, and also by microvesicles released by red blood 

cells (RBC) from patients with SCD [43]. Heme was previously shown to activate Toll­

like receptor 4 (TLR4) on endothelial cells thus contributing to the pathophysiology of 

vasoocclusion and acute lung injury in sickle mice [46,47]. Recent data has shown that 

heme/TLR4 mediated P-selectin expression on endothelial cells facilitates the deposition 

of C3b and C3(H2O); the hydrolyzed form provides a positive feedback loop to the ACP 

[48]. In addition to the conventional thinking of ACP being ‘constitutively active,’ these data 

suggest that it may be additionally ‘activated’ by free heme during states of chronic and 

exaggerated hemolysis.

While patients with chronic hemolytic disorders such as RBC membrane, enzyme, or 

hemoglobin disorders can experience excessive hemolysis during periods of stress such 

as infections, or oxidant drugs, the contribution of ACP in hyperhemolysis has been 

best described in patients with SCD. Increased activation of ACP in SCD was first 

reported in 1985 by Chudwin et al., and subsequently by many others [49,50]. The role 

of complement in hyperhemolysis is only becoming increasingly clear, with improved 

knowledge, availability, and understanding of complement testing nuances. Acute and 

chronic hemolytic transfusion reactions (AHTR and DHTR) have served as prime models 

to explore the mechanistic and therapeutic strategies underlying hyperhemolysis[51]. 

Hyperhemolysis-mediated activation of ACP was reported in a pediatric patient with SCD, 

presenting with multiple episodes of DHTR. As described earlier in a pre-clinical model, 

this patient case further supported the role ACP could play in acute organ injury [52]. 
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Complement inhibition at C5 by eculizumab has shown to be beneficial in mitigating 

hyperhemolysis and improving organ function in the setting of DHTR [52–54] and other 

SCD complications associated with hyperhemolysis [55]. The extent to which free heme 

and complement activation contribute to the chronic organ injury seen in patients with SCD 

remains unclear. While sickle RBCs, other plasma factors, inflamed endothelium, and other 

yet unknown genetic factors could further contribute to this pathogenesis, it is becoming 

clear that during episodes of acute exacerbation in hemolysis as seen during DHTR, acute 

chest syndrome, vasoocclusion, exuberant activation of ACP from free heme can result in 

further hemolysis and activation of the feedback loop of complement pathways, leading to 

increased morbidity and mortality.

Conclusions

Complement can regulate a wide variety of processes directly relevant to hematology, from 

the development and consequences of alloantibody development to hyperhemolysis in SCD. 

In each of these situations, complement can play a variety of distinct roles, which are likely 

dictated by the distinct types of complement receptors and activation pathways involved. 

Most importantly, a wide variety of complement inhibitors are increasingly becoming 

available, which provides significant promise to favorably manipulate these pathways as 

additional role of complement in hematological diseases become apparent.
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Key Points

• Complement mediates antigen removal following incompatible RBC 

transfusion

• Complement regulates alloantigen availability during alloantibody responses

• Complement induces CD4 T cell-independent alloantibody formation

• Complement enhances acute hemolysis in patients with sickle cell anemia
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Figure 1. Complement activation.
The complement cascade is initiated by one or more of the three pathways; classical, 

lectin, and the alternative pathway. Once a unique effector system initiates each pathway, 

they all converge to form a C3 convertase that cleaves C3 into membrane-bound C3b and 

an anaphylatoxin, C3a. C3b produced by any of the three pathways contributes to the 

amplification loop and cleaves more C3. C3b, along with the C3 convertase, forms a C5 

convertase, which in turn cleaves C5 to form C5a, an anaphylatoxin, and C5b. The formation 

of C5b initiates the formation of the terminal complement complex (C5b9).
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Figure 2: Complement can induce RBC hemolysis through antibody dependent and independent 
pathways.
Transfusion of incompatible RBCs can result in antibody engagement and subsequent 

complement activation, which in turn can result in hemolysis and attendant consequences. 

A variety of situations, including hemolytic transfusion reactions, can result in acute 

increases in heme release, which appears to drive alternative complement pathway 

activation. RBCs from patients with sickle cell anemia appear to be particularly sensitive 

to complement-induced hemolysis even following heme-mediated alternative complement 

pathway activation.
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Figure 3: Complement can accelerate target RBC alloantigen loss following alloantibody 
engagement.
The development of antibody during a primary immune response to RBC alloantigens 

can result in alloantibody engagement and subsequent complement fixation. Complement 

deposition appears to facilitate the selective removal of the target alloantigen, which may 

reduce alloantigen availability, thereby attenuating the ongoing immune response.

Chonat et al. Page 14

Curr Opin Hematol. Author manuscript; available in PMC 2021 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Complement induces CD4 T cell-independent alloantibody formation following 
exposure to KEL RBCS.
In the presence of complement, early alloantibody formation results in complement 

deposition on the RBC surface. RBC surface complement appears to engage CR1/2 on the 

B cell surface to induce B cell activation, class switching and differentiation into antibody 

secreting cells independent of CD4 T cell help. In the absence of complement, the antibody 

deposition does not result in RBC complement deposition and CR1/2 ligation. In this setting, 

CD4 T cells are required for IgG anti-KEL antibody formation.
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