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Abstract 

 
Clearance and Resistance of Red Blood Cells during Incompatible Transfusions 

 
 

By Justine S. Liepkalns 
 

 Transfusion therapy is widely used to treat acute and chronic anemia. Although 

compatibility testing has been used to avoid pathophysiologies such as hemolytic 

transfusion reactions (HTRs), incompatible transfusions still occur. Some incompatible 

transfusions do not lead to pathophysiology and the survival of incompatible RBCs is 

normal. This dissertation sought to study RBC survival in the context of a novel murine 

model of incompatible transfusions.  

 Studies herein were done using monoclonal antibodies against the human blood 

group glycophorin A (hGPA) and Duffy (as part of a fusion protein called HOD) antigens. 

Anti-Duffy antibodies were found to clear HOD expressing RBCs via Fc-receptors. In 

contrast, anti-hGPA antibodies were found to clear RBCs via a third novel biphasic 

mechanism. In the first phase, anti-hGPA antibodies agglutinate RBCs, sequestering 

them from circulation. During the second phase, phagocytic cells are required for 

removal of the sequestered RBCs independent of Fc-receptors and of complement. A 

coinciding cytokine burst was found to require Fc-receptors, which suggests a 

decoupling of phagocytosis and cytokine secretion during the clearance of incompatible 

hGPA RBCs. 

 With the knowledge of the clearance pathways of RBCs bearing these 2 antigens, 

we investigated the RBC’s ability to survive in vivo. Not all hGPA and HOD RBCs 

cleared when faced with a bolus of anti-hGPA and anti-Duffy antibodies, respectively. 

During hGPA or HOD incompatible transfusions, a population of RBCs was found to be 



resistant. Resistance of hGPA or HOD RBCs was found to not require C3, contradicting 

previous findings. A titration of anti-hGPA antibody-mediated clearance suggests a 

spectrum of RBC susceptibly among hGPA RBCs. Incompatible transfusion studies with 

HOD RBCs suggest that the resulting resistant RBCs did not acquire the ability to resist 

but rather resistance is an innate quality of that population of RBCs. 

 Overall, incompatible RBC clearance pathways seem to vary among blood group 

antigens and/or binding antibody. The resulting RBC resistance may be relative to the 

blood group in question. This thesis elucidates a novel RBC clearance pathway and 

confirms incompatible RBC resistance as a phenomenon. In this particular system, 

resistance was not found to require Complement as previously suggested in other 

systems. 
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Historical background 

Throughout history, blood has sparked human interest. From 770 BC to 221 BC, the 

Chinese Huang Di Nei Ching believed that blood contained the soul of the person. In 450 

BC, Hippocrates believed that disease was caused by an imbalance of the 4 humors: black 

bile, yellow bile, phlegm and blood. For centuries, throughout much of Europe, blood was 

generally considered to be a tonic for various ailments. Romans drank blood from departed 

gladiators in the hopes of gaining their vigor.1  

 This idea of blood being a rejuvenating agent transitioned into the medical field. In 

1492, Pope Innocent VIII fell into a coma and was given blood orally from 3 young boys who 

were promised a ducat (a French coin at the time).  Unfortunately, neither the boys not the 

pope survived the procedure. Later, in 1667, Jean Baptiste Denis (one of Louis XIV’s 

physicians) performed multiple transfusions on a 34-year-old patient afflicted with mental 

illness named Antoine Mauroy who was known for beating his wife, running through the 

streets after stripping off his clothes and setting houses on fire. Denis thought that blood 

from animals was purer than human’s blood, which was tainted by man’s “debauchery and 

irregularities in eating and drinking.” Denis, therefore, transfused calves’ blood in the hopes 

of replacing the ‘bad’ human blood with ‘good’ animal blood. Mauroy complained of heat 

moving through his arm during the 1st transfusion. During a 2nd transfusion, more blood was 

used and the patient complained of kidney pains. Mauroy later vomited and excreted urine 

“black as soot.” Physicians thought it to be the ‘bad spirit’ leaving the patient’s body. It was 

later understood by the medical community that Mauroy’s black urine contained, instead, 

dead red blood cells (RBCs) from the transfused animal’s blood. Mauroy eventually died 

shortly after the series of transfusions. This matter went to court for malpractice, however, 

once an autopsy was performed, Mauroy was found to have been poisoned with arsenic (by 

his wife). Even though Denis was exonerated, human transfusions were banned by the 

French and English courts as well as by much of Europe.1  
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 It was not until the late 18th century, in 1795, that the first human-to-human 

transfusion was performed. Jean Henry Leacock’s dissertation in 1816 on “the transfusion of 

blood in extreme cases of hemorrhage” and his subsequent animal research demonstrated 

the importance of matching donor and recipient of any transfusion by species. Later, in 

August 1825, James Blundell performed the first recorded successful human-to-human 

transfusion to treat postpartum hemorrhaging in a woman using her husband’s blood. After a 

few more successful transfusions in Europe and the use of this therapy during the American 

Civil War by the Union Army, Emil Ponfick and Leonard Landois further investigated the 

issue of incompatibility between species during the late 1800s. It was with animal models 

that Ponfick described the symptoms of incompatible transfusions, including hemorrhage 

and “congestion” of the kidneys, lungs and liver. Landois’ experiment of mixing human blood 

and serum from other species ex vivo (known as compatibility testing) revealed that the 

blood was incompatible due to hemolysis (RBC lysis) in vitro. It was not until the discovery 

of ABO in 1901, that all human blood was no longer thought to be the same. Karl 

Landsteiner was awarded the Nobel Prize in Physiology or Medicine in 1930 “for his 

discovery of human blood groups.” Richard Weil was the first to perform blood typing 

(testing the blood for presence of specific blood group antigens) and testing for compatibility 

(cross-matching donor and recipient) a few years later. A study by Ottenberg and Kaliski, 

later reinforced the importance of cross-matching with the transfusion of 128 patients.2 

During cross-matching, RBCs from the donor are mixed with serum from the recipient. If 

this mixture induces hemolysis or agglutination, the recipient is considered incompatible for 

the blood tested due to presence of antibodies against donor RBC antigens.  
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Blood group discoveries 

 Since the discovery of ABO, many other blood group antigens have been revealed 

on the human RBC.  This includes over 200 different blood group antigens (assigned to 29 

blood group systems).3,4 After ABO, P and MN (now known as MNS as the S antigen was 

added later on) were discovered in 1927. In the 1930s, Landsteiner-Weiner was discovered 

with the injection of Rhesus blood into rabbits. Almost a decade later, Rh was revealed in 

mothers of stillborns (1939) and transfused patients (1940).5  

 The nomenclature for these blood groups varies. Some have been named after the 

person in whom it was discovered  (the carrier or the reacting recipient), some after the 

scientist who described it, and still others were named alphabetically or numerically.3 

Currently, the nomenclature used is in accordance with the international society of blood 

transfusion (ISBT) working party. Dr. B.P.L. Moore initiated this organization in order to 

come up with a naming system for blood group antigens that can easily be read by people 

and understood by computers while still referencing the gene of the antigen.6  

 Most blood group antigens are carried by membrane proteins having a single-pass 

(type I and II), multi-pass, or glycosylphosphatidylinositol (GPI)-linked structure.3,7 Others, 

however, do not fall into these categories, such as blood groups Lewis and Chido-Rodgers, 

which are acquired from the host plasma. ABO, H and P blood group systems are 

carbohydrates attached to surface proteins or lipids.7  

 

Clinical significance of recipient antibodies 

 Due to the variety of blood groups found on the human RBC, cross-matching has 

become an essential part of transfusion medicine. Differences that exist on the surface of 

RBCs are called alloantigens to which alloantibodies can bind and elicit a reaction from the 

host. Exposure to RBC alloantigens occurs through transfusions or pregnancy potentially 

resulting in a hemolytic transfusion reaction (HTR) or hemolytic disease of the fetus 
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and newborn (HDFN), respectively. The level of reaction induced by binding antibodies is 

referred to as clinical significance. Antibodies against A and B of the ABO system and 

Rhesus are among the most clinically significant and are a common concern in patients 

undergoing a transfusion or carrying a child. In addition to these antibodies, those against 

Diego, Duffy, Kell, Kidd, Vel blood groups and S, s and U antigens of the MNS system are 

also usually clinically significant. On the other hand, antibodies against Lewis (Leb), Cost, 

Knops, Chido/Rogers, JMH, Xg(a) are generally not clinically significant. A few blood group 

antigens only sometimes lead to adverse reactions such as Colton, Cromer, Dombrock, 

Gerbich, Indian, Landsteiner-Weiner, Scianna. Other blood groups are only clinically 

significant if bound by antibody at 37oC, among those are Lutheran, Lewis (Lea), A1 of the 

ABO system and M, N of the MNS system.3 Cases have been reported of patients 

undergoing no reaction upon ABO incompatible transfusion.8 It has been suggested that 

only about half of ABO incompatible transfusions lead to an HTR. The frequency of these 

reactions seems to vary according to blood group antigens, the reason for which is 

unknown. It is also unclear why some patients have no response while others suffer severe, 

potentially fatal, outcomes with transfusions of the same incompatible blood group.  

 Direct antiglobulin tests (DAT) (or Coombs’ tests)9 are used to determine 

antibody binding by exposing collected RBCs to secondary antibodies (typically rabbit anti-

human Immunoglobulins (Igs)) specific for the Fc portion of antibodies. This test is useful in 

quantifying antibodies on the surface of RBCs by visualizing the level of agglutination. In 

studies performed in this thesis, DATs of RBCs were performed using a fluorescent 

secondary antibody and flow cytometry to quantify RBC surface fluorescence on a per cell 

basis. 
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The ABO blood group system  

 ABO’s discovery in 1901 contradicted the general belief that all human blood was the 

same.1 ABO blood type frequencies vary according to different human populations. This 

variability is due to a glycosyltransferase expression, an enzyme responsible for sequentially 

adding certain monosaccharides in specific linkages leading to a precursor chain, called the 

H antigen.  If an individual has the glycosyltransferase for the A or B phenotype, most of the 

H antigens are converted to the corresponding antigen.1 The glycosyltransferases for the A 

and B antigens differ by 4 amino acids (of 354 amino acids), while the O allele has only a 

single nucleotide deletion resulting in a frame shift and a protein with no enzymatic activity.10 

Other mutations result in subgroup phenotypes within A, B, and O. There have so far been 

41 different A, 18 B, and 61 O subgroup alleles observed in humans.11 These subgroups 

vary in structure and level of surface expression on red cells. The A antigen has 2 major 

subgroups, known as A1 and A2, which have structural differences significant enough for 

possible alloantibody formation in recipients. About 80% of group A phenotypes are A1 and 

express more antigens per red cell than A2 carrying individuals. The frequency of ABO 

antigens are as follows: O>>A2>B>A2B>A1>A1B. Another rare phenotype within the ABO 

blood group is the Bombay phenotype, which does not even express the H antigen. These 

individuals need to be transfused with blood that lacks the H antigen all together (i.e. they 

can only receive transfusions from other Bombay donors due to anti-H antibodies).11 In 

addition to assigning blood types within the ABO system there is also the distinguishing 

nomenclature of Se (secretor) and se (non-secretor) as some individuals were found to have 

these blood group sugars in their secretions.12 

 Even though the ABO blood group system is the most well known, it is also fairly 

unique. Due to the nature of this blood group, individuals who lack the A and B antigens 

develop IgM antibodies against A and B (respectively) soon after birth without exposure to 

these antigens via transfusion. The production of these antibodies (dubbed “natural 



7 

antibodies”) peaks at 5 to 10 years of age and is in response to enteric bacteria (Escherichia 

coli), which were found to also express these sugars.11,13,14  

 The ‘natural’ production of these antibodies poses a particular problem in transfusion 

medicine because these antibodies are commonly found in the population as no prior 

exposure to foreign ABO blood group antigen is necessaryfor their production. In addition, 

upon transfusion, these Anti-A and anti-B antibodies can elicit a potentially fatal HTR and 

are considered to be some of the most clinically significant antibodies.5 

 

The MNS blood group system 

 The MN antigens were the second blood group antigens to be discovered, later 

joined by S.5 This system includes 2 different proteins known as glycophorin A (GPA) and 

glycophorin B (GPB). This highly polymorphic system has 40 different antigens ranging from 

mild to severe reactions upon antibody binding. Glycophorin E is also part of the gene family 

although it is not clear whether it is expressed on RBCs. GPA and GPB are type I single-

pass membrane sialoglycoproteins (with the N-terminus eposed extracellularly). GPB has 11 

possible O-glycan sites and no N-glycan site, with approximately a molecular weight of 

about 25,000 Da. There are about 200,000 GPB copies per RBC. S and s are antithetical 

antigens found on GPB at position 29. S has a lower occurrence (55% Whites, 30.5% 

Blacks) than s (89% Whites, 94% Blacks).  The S−s− phenotype is rare and mostly found in 

people of African descent, due to a deletion or alteration of GPB. This is also the case in 

individuals said to be negative for the U antigen (Valine at position 33 and Proline 39) also 

found on GPB.1,3 

 The GPA antigen is expressed at approximately 800,000 to 1,000,000 copies per 

RBC. GPA is 43,000 Da and has about 15 O-glycan sites and one N-glycan site. The M and 

N antigens are a result of an amino acid change at positions 1 and 5. The M version of the 

antigen has a Serine at position 1, a Glycine at position 5 and is rarely implicated in HTR 
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and hemolytic disease of the newborn (HDN). N GPA has a Leucine at position 1 and 

Glutamic Acid at position 5, which is also the case with GPB. The N variant of GPA elicits 

antibodies that lead to no noticeable pathophysiology and are therefore considered not 

clinically significant. Rare S-s-U individuals can make anti-U (against GPB), which can cross 

react with N GPA. These antibodies are considered to be clinically significant. Both M and N 

antigens have fairly high frequencies (around 75% in both Blacks and Whites). The human 

RBC will either carry M+N−, M−N+ or M+N+ antigens.1,3 

 Due to the high levels of sialic acid on GPA and GPB, a layer of negative charge is 

generated which is thought to be responsible for preventing RBCs from adhering to each 

other and to the vessel walls. A rare phenotype with RBCs lacking the GPA protein (called 

En(a−)), however do not suffer disease. Unfortunately, GPA can also function as a receptor 

for Plasmodium falciparum (the causal agent of Malaria), which does not have the capacity 

to bind RBCs with the En(a-) phenotype.15 An additional possible GPA function is preventing 

the formation of C5b-7 of the complement system.16 

 GPA can also form homo- and hetero-dimers because of a cluster of positively 

charged amino acids well placed for interactions with negatively charged proteins. 

Interactions with protein 2.1 (Ankyrin), 4.1, 4.9, 6, and Band 3 (carries Diego blood group 

antigens) have been observed.17-19 These proteins are known to interact with the RBC 

cytoskeleton. Specifically, Ankyrin and protein 4.1 mediate the association between 

membrane and RBC cytoskeleton.20 Moreover, Ankyrin links Band 3 to spectrin, a 

protofilament stabilized by proteins such as protein 4.9 and may be responsible for the 

RBC’s general flexibility.20,21 Protein 4.1 enhances spectrin affinity to actin by binding 2 

spectrin subunits.20 Other associations with GPA involve chaperoning integral membrane 

proteins to the plasma membrane.3,4,22,23  

 Investigations on membrane flexibility, using an ektacytometer, have shown that 

binding of GPA by lectin or antibody increases rigidity of the RBC membrane.24-27 It has 
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been proposed that this increased rigidity induced by GPA binding could be a mechanism of 

clearing infected RBCs from the circulation (such as with Malaria).4  

 Experimentally, the glycophorin protein can be a useful tool. Since glycophorins are 

frequently present on RBCs, it is used by investigators as an RBC marker.28 In a murine 

model, a monoclonal antibody called TER119, used to identify murine RBCs, binds to a 

GPA-associated epitope and does not cross react with the human form of GPA.18,29 A 

transgenic mouse expressing the human form of glycophorin A has since been created in 

order to study the protein in vivo. The human protein was shown to not dimerize with the 

murine glycophorin A but may compete for Band 3 binding.18 

 

The Duffy blood group system 

 In 1950, after receiving multiple transfusions, a male patient with Hemophilia A 

produced antibodies against a blood antigen later named Duffy (after the patient).30 The 

Duffy multipass membrane glycoprotein resembles the G-protein coupled receptor with an 

extracellular N-terminus. The clinical significance of anti-Duffy antibodies ranges from mild 

to severe.3,5,31 The Duffy group system has 6 different antigens including Fya, Fyb, Fy3 and 

Fy6. Fya and Fyb are antithetical antigens of each other with a difference in only one amino 

acid at position 44 (glycine and aspartic acid, respectively). The frequency of Fya is high 

among Asian and Thai populations (over 95%), moderate in Whites (66%) and is fairly low in 

Black populations (10%). Fyb frequency is higher in Whites (83%), however is low in Thai 

(31%), Black (23%), Japanese (18.5%), and Chinese (9.2%) populations. Mild to severe 

clinical significant reactions can result from antibodies against Fya and Fyb, with anti-Fyb 

rarely inducing mild forms of HDN. F(a−b−) phenotype also exists (predominantly in people 

of African descent). This phenotype is due to a disruptive amino acid substitution resulting in 

a Duffy null phenotype on RBCs, however Duffy is still expressed normally on non-erythroid 

cells. Fy6 (Serine-31 and aspartic acid-40) has only been defined in a murine model using 
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monoclonal antibodies. The Fy3 antigen is found on the 3rd extra cellular loop of the Duffy 

antigen. When individuals are missing the Fy3 antigen, the Duffy protein is not expressed on 

their RBCs. The frequency of the Fy3 blood group is found in nearly 100% in White, Oriental 

and Yemen Jewish populations, however it is only found in 32% of Blacks.3 The Duffy 

protein was identified as a receptor for Plasmodium vivax potentially explaining the lack of 

Duffy expression in persons originating from West Africa.32 An additional function that Duffy 

may have is receptor for chemokines (cytokines that induce chemotaxis).  It has been 

hypothesized that Duffy acts as a sink to dampen excess levels of chemokines released into 

the circulation.1 Duffy has been shown to bind members of the C-X-C chemokine family, 

such as interleukin-8 (IL-8) and melanoma growth stimulatory activity (MGSA), as well as 

members of the C-C family including monocyte chemotactic peptide-1 (MCP-1), 

macrophage inflammatory protein-1 (MIP-1) and RANTES (regulated upon activation, 

normally T-cell expressed and secreted).33,34 

 

Blood transfusion therapy 

 Transfusions were not routinely used until 25 years after World War II,5 during which 

direct transfusions from donor artery to recipient vein were phased out and transfusions of 

stored blood were increasingly practiced.5,11,35 Loutit and Mollison in 1943 had developed 

acid citrate dextrose (ACD) solution for blood collection in order to prevent clotting of 

donated blood.11 As a result, it was possible to store blood for weeks instead of days. Prior 

to the use of ACD, sodium citrate was used at a small scale during World War I as an anti-

coagulant, however, the blood could only be stored for a few days. 

 

Transfusion Therapy and Anemia  

 Transfusions are performed in order to treat anemia (acute or chronic) and 

coagulation disorders. Anemia is defined as having lower than normal levels of hemoglobin 
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(Hb) per blood volume. Normal Hb levels in men are from 138 to 172g/L, and for women 

from 120 to 156 g/L,36 however these ranges vary according to the source. Hematocrit (Hct) 

levels are also used to determine total RBC content in the blood. Normal levels in men are 

between 41-50% and women between 35-46%.36 After considerable blood loss, the body 

reacts by redistributing blood flow via selective vasoconstriction towards the brain and the 

heart, away from the skin and subcutaneous tissues resulting in skin pallor or jaundice.37 

Cardiac output is also increased as a compensatory measure. A study on pigs by Räsänen 

showed that a 70% decrease in blood Hb level resulted in a sustained 22% elevation in 

heart rate and an initial gradual 44% elevated cardiac output.38 A human study showed 

similar trends with a decrease in Hb levels from normal (125-134g/L) to 45-54g/L, during 

which a 59% increase (58 to 92 beats per min) in heart rate occurred.39 Signs and 

symptoms of anemia include faintness, dizziness, thirst, sweating, weak / rapid pulse, and 

rapid respiration. In severe anemia with Hb levels below 70g/L can be associated with 

headache, vertigo, seeing spots, and bizarre behaviors.36   

 The body can tolerate some level of anemia although this depends on the overall 

blood loss, the amount lost overtime, and the rapidity of the blood loss. A sudden loss of 1/3 

of a patient’s blood volume can be fatal, whereas a gradual loss of 2/3 of blood volume over 

the course of 24 hours can be tolerated.36 Massive blood loss can be managed with large 

amounts of volume expanders (such as saline or crystalloid solutions) to avoid hypovelimia 

and shock, followed by a red cell transfusion.37  

 Patients that need a transfusion may be suffering from various other ailments, which 

can affect their ability to tolerate anemia. A study on anemic baboons showed that 

hemoglobin levels as low as 50 to 30g/L can be tolerated with resulting isochemic 

electrocardiographic changes and depressed ventricular function in otherwise healthy 

baboons.1,40 However, in animals with coronary stenosis, these heart complications are 

noticed at 70 to 100g/L of Hb.1 
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 Even though some anemia can be tolerated, human observations in patients refusing 

blood transfusions due to religious beliefs and in areas where transfusions are not available 

demonstrated a higher likelihood of morbidity and mortality in patients with low Hb or 

hematocrits, highlighting the importance of transfusion therapy.41-45 A series of elective 

surgeries were performed on patients refusing blood transfusions with blood loss ranging 

from less than 500ml to more than 2L during surgery. Some patients died after losing more 

than 500ml of blood (9/43 and 4/54 patients),42,43 which was exacerbated with low 

preoperative Hb levels.42,43,45 Other observations in postpartum hemorrhaging women 

demonstrated that as hematocrit levels decreased, mortality increased with a total of 18 out 

of 92 deaths.41 In 542 Jehovah’s Witness patients undergoing various surgeries (including 

cardiac surgery), 15 out of the 51 deaths were interpreted as being linked to excessive 

blood loss.46 Age can also play a role in tolerance of lower than normal hemoglobin levels.1 

These studies show that patients can endure low Hb levels to a certain extent, however age 

and other medical conditions may make the patient more sensitive to blood loss, reinforcing 

the importance of transfusions.  

 Clinically, each unit of packed red blood cell used to treat anemia contains about 

200ml of RBCs at a hematocrit of 70-80% in plasma (about 50-75ml of plasma).47 Each unit 

of blood is given in the course of 4 hours. If given any slower, the patient runs the risk of 

getting a bacterial infection.36 Physicians determine the cause of anemia by looking at the 

patient’s history and their symptoms as well as their RBC’s physical characteristics such as 

morphology and size. The mean cell volume (MCV), for which the normal range is between 

80 and 100fL, is an indication of the type of anemia. Microcytic anemias (MCV of <80 fL) 

can be associated with low iron or reduced heme synthesis. Macrocytic anemias (MCV of 

>100 fL) can be due to liver disease, alcoholism, folate deficiency, deficiency in vitamin 

B12,48 and to stress on erythropoiesis, which is due to the rapid development of new RBCs in 

response to acute anemic stress.49 Finally, normacytic anemias (MCV between 80 and 
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100fL) can be a result of inflammation (from chronic disease), growth factor deficiencies 

(thyroid hormone, testosterone), or from pathologies that disrupt normal bone marrow 

architecture.50  

 

Chronic Transfusions 

 Conditions leading to chronic anemia include thalassemia,51 sickle cell anemia,52  

autoimmune hemolytic anemia (AIHA),53 leukemia,54 other cancers, and conditions of 

chronic low volume blood loss such as colonic polyps. Iron-overload is a common problem 

for patients needing multiple transfusions and will be discussed later in this chapter. Iron is 

important for RBC function in oxygen binding and release. It is typically contained within the 

hemoglobin complex in the RBC, however upon RBC death the free iron can lead to 

pathophysiology. Patients requiring transfusions experience high levels of RBC death and 

therefore are at risk of enduring iron overload. 

 Blood transfusions are aimed to maintain a Hb level of 90-100g/L51 in order to 

increase oxygen-carrying capacity by correcting anemia as well as suppressing 

erythropoiesis and perhaps inhibiting increases in iron gastrointestinal absorption.55 If 

transfusion is avoided, iron accumulation occurs as patients absorb more iron than they 

need,55,56 however this is a double-edged sword since transfusions also lead to iron 

accumulation. Since the spleen is a major organ for RBC removal (discussed later in this 

chapter), splenectomies can help decrease transfusion requirements and may be needed 

for patients requiring transfusions exceeding 200ml packed RBCs per kg body weight.57	
  	
  

	
   Halt in erythropoiesis (RBC production) leads to a 10% per week (or 1% per day) 

RBC decline in an individual. Hemolysis or chronic blood loss may be involved if a greater 

rate of decline is observed.36 In human adult males, the average RBC volume is 30ml/kg 

with an average lifespan of 115 days. RBC daily production is on average 30ml of RBCs/kg 

per day. A 70kg man produces approximately 18ml of RBCs per day, 12ml if only 100g/L Hb 
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is needed to be maintained. In order to maintain the same Hb levels in a patient with total 

RBC production failure, the volume of blood to be transfused per day is 24ml. This volume is 

doubled, however, since RBCs collected from donors and stored are of mixed ages with an 

average lifespan of 57.7days. Taking into consideration some loss of blood from storage 

conditions and RBCs left in the collection bag, 200ml (1 unit) of RBCs per week are needed 

to maintain a minimum Hb level of 100g/L with transfusion.5 

 Unfortunately, transfusion therapy can be limited by the alloimmunization that 

sometimes ensues. Various studies have investigated the level of alloimmunization (and 

autoimmunization) that results from the frequent use of transfusion therapy and have found 

the rate of alloimmunization to range from 0.2% to 22.6% (and of autoimmunization from 

0.1% to 1.7%).58-65 These studies were done in different countries and with different 

numbers of total participants. Among the larger studies, Spanos et al. found that 220 out of 

973 (22.6%) Greeks were alloimmunized60, which was supported by another study from 

Michail-Merianou et al. who found a similar rate of alloimmunization (23 out of 120 or 

19.2%)59 in Greek participants. Among the 220 alloimmunized participants in the Spanos 

study, 160 (72%) were immunized against Rhesus, 140 (64%) against Kell, 37 (16%) 

against MNS, and 19 against Duffy (8%).60 About half of alloimmunized patients had 

antibodies against more than one blood group (30% had antibodies against more than 3). 

An additional finding in this study was that if patients started the transfusion regimen prior to 

three years of age, 20.9% (196/937) developed alloantibodies while if the regimen started 

after the age of three, 47.8% (48/101) were found to have alloantibodies.60 A Canadian 

study summarized 1/36 (2.8%) transfused patients (with a total of 2082 follow ups) were 

alloimmunized and added that other studies found frequencies of 1/128 (0.8%) and 1/461 

(0.2%).61  

 Studies done in Iran found 12.1% (101/835)64 and 5.3% (38/711)63 alloimmunization 

rates. Among the 101 immunized patients, 22% (22/101) had antibodies against more than 
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one blood group.64 A cooperative study done in Italy with 1,435 patient participation found a 

5.2% alloimmunization rate with clinically significant antibodies. Alloantibodies included 

those against blood groups RhD (35.3%), Kell (33.1%), Duffy (6.6%), and MNS (3.7%).58 

The rate of alloimmunizations is relatively low when compared to immune responses to 

disease during which antibody responses are close to 100%. The low rate of 

alloimmunization is not likely due to a weak immunogenic nature of the RBC alloantigen 

because solid organ transplants lead to near 100% rejection without potent pharmacological 

intervention.66 

 The majority of these studies were performed in young patients. The rate of 

alloimmunization may be increased with the increased number of transfusions in adults, as 

one study found to be the case.	
  60 After cross-matching blood for ABO, these studies 

showed that patients become alloimmunized against a variety of other blood groups 

including RhD, Kell, Duffy, and MNS. This variety in alloantibodies found in serums of 

chronically transfused patients makes it very difficult to find compatible units. Not only is it 

not guaranteed that a compatible unit will be found but this search can be very time 

consuming (may take up to 24-48 hours) and delay a much needed transfusion.1 The 

problem of alloimmunization persists essentially unaltered today. Transfusion is a life-

sustaining therapy for patients with chronic anemia. As demonstrated by the above studies, 

alloimmunization increases with transfusion frequency, therefore decreasing the number of 

available compatible units for these patients. If no compatible blood is found, patients 

unfortunately succumb to the disease.66	
    

 Despite the risks involved in incompatible transfusions, physicians at times choose 

the ‘least incompatible’ units and transfuse the smallest volume needed to improve life-

threatening conditions while closely monitoring the patient.1,67 Transfusion of incompatible 

units may also proceed if blood bank evaluations are not completed in time. When cardiac 

or cerebral functions are compromised, patients are transfused regardless of compatibility.1  
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Conditions causing chronic anemia 

 Patients with certain forms of thalassemia require transfusions as early as 6 months 

of age in order to survive. Hb levels in these patients range from 20 to 70g/L and levels as 

low as 50g/L are well tolerated.5 Hb is a tetramer with 2 α-globin and 2 β-globin subunits, 

mutations of which lead to α- and β-thalassemias, respectively. α-thalassemia is usually 

associated with only mild anemia. β-Thalassemia has 3 different phenotypes: minor, 

intermediate, and major (Cooley’s anemia) with 200 different mutations leading to reduced 

or abolished expression of β-globin genes.68 Patients with Cooley’s form have severe 

anemia (less than 80g/L Hb)68 and frequently require transfusions while those with 

intermediate thalassemia require no or occasional transfusions.	
  Symptoms include bone 

deformities, jaundice, and leg ulcers.51 Patients undergoing hyper-transfusions early in life 

were found to maintain a Hb level of about 92g/L pre-transfusion and about 130g/L post-

transfusion with no observable change in bone development.69 If left untreated children with 

Cooley’s anemia die by the age 5, however with occasional transfusions patients live into 

their second decade.51 Once iron chelators were added to their treatment regimen, patients 

lived well into adulthood.70 Despite some risks involved in transfusions, it is still a life 

sustaining therapy for patients with Cooley’s anemia; thus, avoiding transfusion is not a 

viable strategy. 

 Another hemoglobinopathy is the well-known sickle cell anemia (or sickle cell 

disease (SCD)). First described in 1910,71 SCD is seen in 2-3% of African-Americans36 with 

a rate of approximately 1 in 350 African-Americans born with homozygous HbSS.72 Various 

phenotypes exist including HbSS (homozygous for the Sickle-cell gene), HbS/C 

(heterozygous), or HbS/b (with a form of thalassemia).71 As opposed to Thalassemia, the Hb 

in SCD is present in normal amounts and alpha/beta ratios; however the Hb is misshapen 

resulting in a hydrophobic interaction between Hb molecules forming large Hb polymers in 
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deoxygenated RBCs not seen in normal RBCs.73 The resulting banana, or sickle shaped, 

RBCs causes anemia due to hemolysis and shortened RBC lifespan, as well as 

vasculopathy characterized by increased vaso-occlusion and activation of coagulation 

cascade. The major causes of morbidity and mortality are infection, stroke, splenic 

sequestration, pulmonary thromboemboli, renal failure, and pulmonary hypertension (in 

decreasing order of frequency). Transfusion therapy is used to not only increase oxygen 

carrying capacity of RBCs but also to decrease the viscosity and improve blood flow in 

microvasculature. Two transfusion therapy approaches are used: (1) simple transfusion of 

normal RBCs into a patient diluting the HbSS RBCs and (2) exchange transfusion which 

involves aphaeresis (removal) of the HbSS while transfusing normal RBCs, thus diluting 

HbSS containing RBCs while limiting volume fluctuation. When used chronically, exchange 

transfusion can prevent iron overload, stroke, and organ damage.5,72  

 Cerebral infarctions are a particular problem for patients with the SS phenotype with 

an average onset at 7.7 years old (most being at 5 years old) and a recurrence rate of 

67%.74 A randomized study designed by Adams et al. following the progression of Sickle 

patients undergoing transfusions aimed at keeping Hb S below 30% (with simple or 

exchange transfusion) showed a 93% decrease in stroke risk as compared to patients 

transfused only when clinically indicated.75,76   

 Due to the frequent need for transfusions, SCD patients develop antibodies against 

multiple antigens making compatible blood challenging to find and at times impossible to 

find.71,77-82 A compiled average frequency of the most common alloantibodies in SCD 

patients include those against Rhesus (E, D, C) (42%), Kell (18%), Duffy (12%), and MNS 

(10%).1 Vichinsky et al. found that out of 85 SCD children 42 were given transfusions and 10 

(24%) had alloantibodies. Among the 73 adults 65 were previously transfused and 22 (34%) 

developed alloantibodies. The observed trend was a slight correlation between increased 

number of transfusions per patients and increased rates of alloimmunization. In patients with 
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alloantibodies, an average of 23 transfusions were given (with a range of 3 to 46 per 

patient); in contrast patients in whom no alloantibodies were found received on average 13 

transfusions (with a range of 1 to 45). Alloantibodies found in transfused patients were 

against Kell (26% of transfused patients), Duffy (5.6%), and MNS (4.5%).82 A larger study on 

SCD with various genotypes also found a correlation between number of transfusions and 

sensitization. The study included 1,205 patients less than 10 years old, 801 between the 

ages of 10 and 20 years old, and 925 adults over the age of 20.  Adults over the age of 20 

and females between 10 and 20 years old were among the most alloimmunized. This study 

also identified alloantibodies in 339 patients with 93 having antibodies against more than 3 

different blood groups. Two patients had more than 10 different alloantibodies. Specificities 

for these alloantibodies also included RhD, Duffy, and MNS.81 A possible approach to 

decreasing the rate of alloimmunization is through the use of ethnically matched blood due 

to differences in allelic frequencies of various blood groups between populations. Since the 

prevalence of SCD is higher in patients of African dissent, and donors are mostly 

Caucasian, this presents a supply problem.83 The most common phenotype in African-

Americans (found in 93%) is RhE−, RhC−, Duffy(a−), Kell−, Kidd(b−), which is found in only 

7% of Caucasians. On the other hand, the phenotype RhE−, RhC+, Duffy(a+), Kell−, 

Kidd(b+) is found in 95% of Caucasians and in only 5% of African-Americans.83,84 Matching 

blood based on ethnic background may help decrease the rate of alloimmunization in 

frequently transfused patients, however this would need to be done at the level of recruiting 

volunteer donors.  

 Certain cancers can also lead to anemia via the cancer itself or cancer treatment 

such as chemotherapy. Reduced RBC production can be due to decreased erythropoietin 

(which stimulates RBC production), decreased responsiveness of the bone marrow to 

erythropoietin, or stimulation of cytokines interfering with bone marrow function. 

Erythropoeitic therapy is offered to patients undergoing chemotherapy with Hb levels below 
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120g/L, which accounts for 26% of cancer patients. TchekMedyian summarized that Hb 

levels in 37% of oncology patients were below 120g/L at baseline and, over the course of 

chemotherapy treatments, an additional 41% of patients had Hb levels that low.85  

 Autoimmune hemolytic anemia (AIHA) is a unique type of anemia with the added 

complication of autoantibodies. AIHA is an autoimmune disease resulting in shortened 

native and transfused RBC lifespan via antibody binding.1,86 Because autoantibodies are 

typically against common epitopes found ubiquitously on human RBCs, identification of 

antigen negative units for transfusion is seldom possible.  Some studies have shown that 

autoantibodies (in addition to alloantibodies) can also arise in frequently transfused patients 

at a rate of 1 to 17%.63-65  

 The temperature at which these antibodies react or bind their antigen has been used 

as a distinguishing factor between the major types of AIHA. Warm AIHA is characteristic of 

IgG antibodies binding at 37oC (IgA and IgM are rare). Cold AIHA autoantibodies bind 

antigens resulting in agglutination at 4 to 18oC and are mostly of the IgM isotype. 

Paroxysmal cold hemoglobinuria is another AIHA subtype usually seen after a viral infection 

(such as Varicella) or, less commonly, after a bacterial infection. After such an infection, 

patients can present with hemoglobinemia, hemoglobinuria, jaundice, severe anemia and 

sometimes, renal failure. Occasionally, a patient will experience paroxysms of 

hemoglobinuria upon exposure to cold, in addition to other symptoms such as fever, back 

pain, leg pain, and rigors. AIHA can also be associated with a drug such as one that can 

bind RBC membrane (ie. Penicillin).1,87 Generally, T cells need to give B cells the go-ahead 

to make antibodies, both these cells need to see the same antigen in order for that 

agreement to occur. This partnership is to prevent autoimmune diseases, which is more 

likely to occur if only one of the two cells were needed to produce an immune response. 

Sometimes, however, this linked recognition is deceived when two different antigens are 

bound together and the T cell recognizes one antigen while the B cell recognizes the other 
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antigen. This break in linked-recognition is thought to occur in drug induced AIHA during 

which the T cell identifies the bound drug as foreign and gives help to a B cell that 

mistakenly recognizes a self-antigen on the drug-bound RBC. In this case, the B cell goes 

on to produce autoantibodies.88 Another way a drug can induce hemolysis is via the 

formation of immune complexes in which antibodies (usually IgM) bind multiple antigens and 

each antigen can bind more than one antibody. This complex can then adhere to RBCs and 

induce hemolysis. Methyldopa-induced AIHA has also been observed, however the 

mechanism of induction is unknown. A study showed dose dependent curves of methyldopa 

use and incidences of antibody bound RBCs in patients.89 

 Cold AIHA is usually a mild anemia and patients are advised to stay away from the 

cold, which can prevent exacerbation of the disease. Since human core temperature is 

maintained at 37oC, physicians are not typically concerned about cold agglutinating 

antibodies. Warm AIHA however can lead to abrupt or gradual severe hemolysis. Together 

with hyperdynamic circulation and decrease in oxygen-carrying capacity, anemia can lead to 

hepatomegaly, pulmonary edema, lethargy and obtundation. Splenomegaly can also occur 

due to the enlargement of the white pulp (containing white blood cells).	
  1	
  

 Current default therapies target macrophage dependent RBC clearance. Some 

therapies are aimed at controlling B cell populations. Hematocrit and Hb levels are 

monitored in these patients in order to avoid severe anemia. Hematocrits of less than 20% 

require urgent intervention. Upon such life threatening situations patients are transfused with 

RBCs missing the problematic antigen if the autoantibodies have been identified (in only 1-

2% of cases).1 Various Rh alleles have been found to be the culprit.1,67,90 A summary of 8 

different studies showed that out of 647 sera tested, alloantibodies were found in 209 (32%) 

patients with autoantibodies.91 Patient serum is therefore tested against a panel of RBC 

antigens including Rhesus(D,C,E,c,e), Kell, Duffy(a,b), Kidd(a,b), and MNS(S,s). In warm 

AIHA, autoantibodies generally react with all RBCs tested during cross-matching making it 
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difficult to determine the specificity of autoantibodies.67 Finding compatible RBC units 

therefore becomes particularly challenging and time consuming since the patient is already 

immunized against one or more sef-antigen(s).86 As previously mentioned incompatible units 

may be used if the patient cardiac or cerebral functions are compromised.1	
   

 

Risks of Transfusion therapy 

 In addition to potentially fatal HTRs due to incompatible transfusions, other 

problematic conditions can arise from either compatible or incompatible transfusions, 

ranging from mild to life threatening. Transfer of blood born infections is rare. Other non-

infectious serious hazards (NiSHOTs) in addition to HTRs include transfusion related acute 

lung injury (TRALI), transfusion-associated circulatory overload (TACO), iron overload, post-

transfusion purpura (PTP), and transfusion-associated graft versus host disease (TA-

GvHD). Potential problems with unknown significance include transfusion-associated 

microchimerism (TA-MC) and transfusion related immunomodulation (TRIM). 

 As previously mentioned, patients needing chronic transfusions are at risk of iron 

overload (starting at 10-25g). Each RBC contains 200-500mg of iron and therefore 50-100 

RBC products would be needed to reach medically harmful levels. Iron is needed for the 

production of sufficient RBCs due to its role in oxygen transport. Iron is also used in the 

electron transport chain and metalloenzyme-catalyzed reactions. Due to its Fenton 

chemistry reaction, iron (ferrous, Fe2+) leads to the production of hydroxyl radicals (OH−), 

which can attack proteins, nucleic acids, carbohydrates, and lipids.92 Higher iron levels due 

to diet or excess hemolysis have been correlated with higher incidences of infections.92-94 

Ferritin (an intracellular chelator) and transferrin (an extracellular transport protein) are 

safeguards against free ferrous iron accumulation. During RBC turn over, macrophages 

clear about 20ml of RBCs and approximately 20mg of iron daily (about 1mg per hour). Each 

transfusion adds a bolus of RBCs that eventually is cleared by the reticuloendothelial 
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system (described later in this chapter), therefore increasing the levels of iron in the 

recipient. In animal models, iron induced pathophysiology is enhanced with the use of older 

RBC units because of the decreased viability observed post transfusion.92,95,96  

 Bacterial contamination occurs at a rate of about 2.6 in 100,000 RBC products 

transfused with a resulting reaction at rate of about 1 in 250,000. Severe reactions occur 

with RBCs stored for over 3-4 weeks and usually result from warm water bath 

contamination. Symptoms include fever (over 38.5oC), chills, septic shock and can lead to 

death. Yersinia enterocolitica has been reported to be associated with RBC associated 

sepsis in about 60% of the cases (70% of those cases were fatal), due to its ability to 

proliferate at 4oC. Other bacterial infections via transfusion were found to result from 

Eterobacter spp., Campylobacter spp., Serratia spp., Pseudomonas spp., and Escherichia 

coli contamination. In addition, Burkholderia cepacia and Pseudomonas aerognosa have 

been isolated from water baths. As soon as signs and symptoms of an infection are 

recognized, transfusion is stopped and broad-spectrum antibiotics are administered pending 

the identification of the organism responsible.11 

 Acute lung injury (ALI) can occur as a result of pneumonia, toxic inhalation, severe 

sepsis, shock, trauma, drug overdose as well as others, including transfusion-related 

acute lung injury (TRALI). After an allogeneic transfusion, the patient may present with 

symptoms such as shortness of breath, non-cardiogenic pulmonary edema, fever, and 

hypotension. Although TRALI may be over-diagnosed due to the lack of laboratory testing, 

reported frequencies lie between 0.014% and 0.08% per allogeneic blood product. TRALI is 

most often reported when more than 60ml of plasma is present in the transfusion blood 

product. It is currently thought that TRALI is induced by antibodies against human leukocyte 

antigen (HLA) (the human major histocompatibility complex or MHC) or anti-human 

neutrophil antigen (HNA) present in the plasma. Once transfused, these antibodies may 

form leukocyte agglutinates, which pool in the lungs activating the local complement system 
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as well as cytokine secretion.  Multiple mechanisms of TRALI appear to exist, as some 

reported cases resulted from transfusion of autologous units of blood, which had no 

detectable autoantibodies.  TRALI can be fatal (5-10% of cases), although typically TRALI 

lasts only 48-96 hours and rarely over 7 days.11 

 Graft versus host disease (GvHD) is a consequence of white blood cells, from the 

transplanted tissue or transfusion, reacting against recipient cells. White blood cells causing 

Transfusion associated graft versus host disease (TA-GvHD) react mostly against HLA 

rich tissues like the skin, liver, and gastrointestinal tract. The reaction against the host bone 

marrow results in pancytopenia making this disease nearly 100% fatal. Radiation of blood 

products has been used as a preventative measure. Reduced TA-GvHD have been reported 

in the UK (in 1999) after leukoreduction was performed nationally.11 For reasons that are 

unclear, TA-GvHD is much more fulminant and more often fatal than bone marrow 

transplant (BMT) associated GvHD. Patients with TA-GvHD are also less responsive to 

therapy than patients with BMT-associated GvHD. 

 Blood transfusions can have effects on the recipient’s immune system, called 

transfusion related immunomodulation (TRIM), which can be harmful or beneficial. 

Transfusion prior to transplant has been shown to increase transplanted graft survival in 

animals and humans,97,98 although the opposite effect of induced rejection has also been 

demonstrated.99 While members of the field continue to debate the immunomodulatory effect 

of transfusions, the proposed mechanism may be a simultaneous enhancement and 

suppression of two different branches of the immune system. Transfused RBCs may at the 

same time enhance B cell responses and suppress the T cells’ ability to respond.11 

 As previously mentioned Hemolytic transfusion reactions (HTRs) are life-

threatening reactions with signs and symptoms of increased red cell destruction during a 

transfusion. HTRs can occur immediately (acute) or over the course of a few days 

(delayed).1,5  Non-antibody mediated reactions can also occur during a transfusion due to 
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thermal, mechanical, and osmotic stress induced on donor red cells.5 The clinical 

manifestations of acute HTRs include hemoglobinurea, shock, disseminated intravascular 

coagulation (DIC) or bleeding, hemoglobinemia, respiratory distress, fever, renal failure, 

chills, abdominal/back pain, tachycardia, agitation, hypertension, and seizure.100,101  

 The frequency of HTRs (acute or immediate) has been reported by various 

investigators, however some believe that these reports do not represent the totality of HTR 

occurrences. An early study by Kilduffe and DeBakey in 1942 with 43,284 transfusions 

yielded 80 hemolytic reactions (0.18%) and 32 deaths (0.07%).5  

 In more recent years, reports have been published on blood transfusion related 

deaths. From 1964 through 1973, the Mayo Clinic reported 23 cases of delayed HTRs and 

24 cases of acute HTRs.102 In 1975, it became mandatory to report any blood transfusion 

related death to the Bureau of Biologics (BOB) of the Food and Drug Administration (FDA) 

within 7 days of the event;100,103 Two articles interpreted and summarized reported 

transfusion related deaths between 1976 and 1978. One report concluded that 44 out of 64 

deaths were due to acute HTRs.100 The other study deduced from the reported 69 deaths 

that only 22 could be ascribed to acute HTRs.103 Both groups agree that 2 delayed HTRs 

were reported within this period of time and that erroneous transfusions were most often due 

to blood given to the wrong patient.100,103 Reported symptoms of acute HTRs most frequently 

included fever, respiratory distress, hemoglobinuria, and hypotension or shock.100 Based on 

the number of transfusions in 1978 (9.4 million units of blood), the number of transfusions in 

the 3 years studied was estimated to be around 27 million units with a total of about 64 

transfusion-related fatalities, a rate of about 1 per 422,000 units.100 It was estimated that 9 

deaths would have occurred regardless of transfusion.103 

  Sazama later published a more extended summary of all reported transfusion 

related deaths between the years of 1976 and 1985. Out of the 355 reported deaths, 158 

(37%) were due to acute HTRs (by far the most common) and 26 were due to delayed HTRs 
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(7.3%). Delayed HTRs occurred between 6 to 16 days and were reported to be 

predominantly against RhD (34%), Kidd (30%), Duffy (14%), Kell (13%), and MNS (4%) 

blood group systems.104-106 The most common signs reported included (in order of 

decreasing frequency) hemoglobinurea, disseminated intravascular coagulation, hemolysis, 

renal failure, and hypotension. A positive DAT was mentioned in 20 reports.104 

 More recently, in 1992, Linden et al. reported a total of 104 significant errors (an 

incidence of 1/19,000) in the state of New York from 285 regulated facilities between 

January 1, 1990 and October 31, 1991. About half (52%) were due to ABO incompatibility 

(an incidence of 1/33,000), 34% occurred with ABO compatible RBCs (potentially against 

other blood groups) and 4 cases were due to Rh incompatibility (an incidence of 

1/52,000).107 Linden et al. later published a more extensive study on erroneous 

administration of RBCs from 1990 to 1999. The frequency of ABO-incompatible RBC 

transfusion was 1/38,000, of ABO-compatible RBCs was 1/41,000, and of total fatal cases 

was about 1 per 1.8 million (5 deaths, or 4% of reported acute HTR cases). It was again 

concluded that the majority of errrors was due to misidentification of the patient.108  

 The FDA published a report in 2010 on transfusion related deaths from the fiscal 

year of 2005 to 2010. Of the total reported fatalities (307), 24% was due to HTRs resulting 

from ABO incompatibility (9%) and non-ABO incompatibility (15%) with 6% due to anti-Duffy 

antibodies. A decrease in reported HTRs was observed in 2001.109  

 

Hemolytic Disease of the Fetus and Newborn (HDFN)  

 Another life-threatening reaction induced by antibody binding of RBCs is HDFN. It is 

most commonly observed with the Rh antigen if the preventative treatment with Rhogam 

(anti-human Rh antibodies) is not used. It is unclear why Rhogam is so effective in 

preventing Rh alloimmunization via pregnancy. Philip Levine in the 1930s5 observed post 

transfusion hemolysis during an O blood transfusion to an O patient and concluded that 
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ABO typing might not be sufficient for compatible transfusions. Levine later noticed 

agglutination of the O-type donor blood when added in vitro to the O-type recipient serum. 

This phenomenon was due to the Rh blood group, which was so named by Landsteiner and 

Alex Weiner who both performed experiments with serum from animals immunized with 

Rhesus blood. They noticed that this serum caused agglutination in 85% of humans tested, 

who became known as Rh-positive. The Rh blood group has a multitude of Rh variants (or 

Rh antigens), one of which is called the D antigen. RhD is considered the most 

immunogenic of the Rh blood group antigens1 and induces the second most clinically 

significant antibodies behind ABO, causing both HTRs and HDFNs.11 Presence or absence 

of RhD is referred to as Rh-positive (or just “+”) or Rh-negative (or just “–”), respectively, 

along side of the individual’s ABO blood group letter designation.1 So far, 45 antigens on two 

12-pass transmembrane proteins (RhD and RhCE) have been noted. Most of the Rh 

antigens elicit an IgG response posing a particular problem during pregnancy (some will 

also induce IgM, and rarely IgA).3 

 Due to their clinical significance, anti-D antibodies are particularly problematic for Rh-

negative mothers pregnant with an Rh-positive child. The fetus can develop a positive DAT 

from the mother’s circulating anti-D antibodies by the eighth week of pregnancy. As a result, 

the fetus can suffer severe anemia and death in utero.5 Transferring antibodies from mother 

to child in utero is only possible through an active process via a neonatal Fc receptor (FcRn) 

found on the placenta. FcRn selectively binds IgG for cross-placental transport maintaining 

high levels of IgG in neonatal plasma throughout intrauterine life.88 Anti-D alloantibodies can 

become detectable during the mother’s first pregnancy or after giving birth to their first-

born.5,110 A study by Hartmann and Brendemoen included serological tests of 75,000 

pregnant women in addition to blood typing tests of fathers. They found that 63 women were 

immunized via transfusion, 23 were immunized as a result of a 1st pregnancy and 434 were 

immunized as result of multiple pregnancies.111 Treatments with anti-RhD antibodies have 



27 

been, and are still, used during pregnancy to prevent immunization of the mother against the 

Rh D+ baby.112 

 

Age-dependent RBC clearance mechanisms 

 RBC lifespan is about 115-120 days in humans and 50-60 days in mice. Changes on 

the RBC surface are understood to be a potential sudden trigger for removal/death. RBC 

age and death is thought to be due to alterations associated with decreased metabolic 

activity, changes in cell shape, membrane modifications, oxidative injury, microvesiculation 

and exposure of removal markers.113 Older RBCs have been shown to have more surface 

bound antibodies114 and are preferentially phagocytosed115 as compared to a younger RBC 

population.  

 RBCs have no nucleus and lack mitochondria; thus, once an RBC leaves the bone 

marrow no new protein synthesis occurs; therefore, an RBC has only a finite amount of 

proteins which can degrade or become modified overtime. This degradation exposes 

neoantigens, which can be recognized by circulating antibodies. Phosphorylation, oxidation 

and aggregation of proteins have been implicated in regulating RBC homeostasis and 

lifespan.113 Protein 4.1 and Band 3 clustering have been considered aging determinants of 

RBCs. A strongly held model of self-reactive antibodies labeling degraded RBC surface 

proteins is thought to be another RBC aging process, although there remains some 

controversy. Degraded and/or clustered Band 3 protein products are potential targets for 

such antibodies, targeting the ‘aged’ RBC to the reticuloendothelial system for removal.113,116 

Band 3 degradation has also been observed with stored RBC units. The increased number 

of new epitopes associated with RBC age was correlated with in vivo autoantibody 

recognition.117   

 Oxidative stress also causes damage to the RBC expediting its death. Vitamin E 

seems to protect RBCs from oxidative damage. RBCs from vitamin E deficient animals have 
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been shown to correlate with premature aging of the RBC, based on susceptibility to 

phagocytosis, IgG binding and anion transport ability. Increased Band 3 break down 

products were also observed in RBCs from these animals. The authors suggested that the 

increased number of oxidative damaged RBCs (with no vitamin E present) are more 

susceptible to clearance and mimic older RBC populations.118  

 Older RBCs were also shown to be denser than younger RBCs. Vesicles containing 

Hb have also been isolated from the blood and is thought to be an age-dependent process 

leading to smaller RBCs. This process diminishes the RBC stock of Hb and, with a 

disproportionate loss of membrane, the RBC becomes denser and more rigid. Its decreased 

deformability is also believed to be a sign of RBC maturation.113,119,120 The splenic 

architecture is such that RBCs must squeeze through tight spaces in order to return into the 

circulation. If RBCs are unable to do this, they stay sequestered by the spleen in a 

macrophage rich nitch. The number of dense RBCs has been shown to be exacerbated in 

asplenic individuals.121 RBC removal via the reticuloendothelial system is discussed in more 

detail in the next section.  

 Membrane alterations leading to phosphotidylserine (PS) exposure on the 

outermembrane rather than intracellularly has also been considered a mechanism of RBC 

aging. Cells with high PS levels on the surface can be recognized by phagocytic cells and 

are typically rapidly removed from the circulation.88,122,123  Willekens et al. also showed that 

RBC Hb vesicles can be taken up by liver phagocytes (Kupffer cells) in a PS and scavenger 

receptor ligand dependent manner.124 Another group further demonstrated that 

macrophages have receptors (stabilin1 and 2) that mediate clearance of beads labeled with 

PS.123 Many of these progressive changes have been observed in stored RBCs.125  

 Eryptosis is also a mechanism of RBC clearance and may be distinct from gradual 

progressive RBC aging. It bears many similarities to apoptosis, however RBCs do not have 

a nucleus. The process can be initiated by hyperosmotic shock and Cl− removal. Once 
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eryptosis is triggered prostoglandin E2 (PGE2) is released, activating nonselective cation 

channels, which in turn increases intracellular calcium (Ca2+). This sudden Ca2+ influx 

triggers PS exposure on the outer membrane.126 

 

Antibody-dependent RBC clearance mechanisms 

 As previously mentioned, preemptive RBC death can occur during incompatible 

transfusion, autoimmune disease, and HDFN. The main RBC clearance mechanisms 

mediated by antibodies are through the complement cascade (intravascular hemolysis) and 

Fc receptors (extravascular hemolysis).5,127 

  The complement system is a series of proteolytic events leading up to the 

formation of a membrane attack complex (MAC), compromising the target’s membrane and 

osmotic homeostasis. Complement can be triggered by one of 3 ways called the classical 

pathway (via antibody binding), the lectin pathway (via lectin binding), and the alternative 

pathway (via spontaneous activation of complement protein C3). The classical pathway can 

be activated by IgM and IgG3, to a lesser extent IgG1, and to an even lesser extent IgG2.88 

Binding of antibodies to certain blood groups have been known to activate complement, 

including anti-Kidd (50-70% of the time), anti-A or anti-B (usually), anti-Kell (sometimes), 

and anti-Duffy (sometimes). Rhesus, however has not been shown to activate 

complement127 but rather was shown to be involved in antibody mediated phagocytosis 

(discussed later in this section).128 

  The classical pathway starts with the activation of C1 by antibody(s) (IgM or 2 IgGs). 

Once enzymatically active, C1 cleaves C4 and C2. Lectins do not involve the C1 subunits 

and start the cascade at C4 instead. Next, cleaved C4 and C2 subunits combine to cleave 

C3. At this point all pathways follow the same cascade, since the alternative pathway is 

spontaneously activated via C3 degradation. Additional proteolytic proteins are involved in 

amplifying numbers of available C3 convertases. Cleaved C3 forms a C5 convertase 
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complex, cleaving C5 into C5b, which later forms MAC with C6, C7, C8, and C9. Once 

formed, the MAC complex inserts itself into the membrane of the target cell. The newly 

formed pore disrupts cellular osmotic homeostasis, resulting in cellular death, which can 

occur intravascularly.88,127 C5 can also be directly activated by thrombin.129 In patients with 

paroxysmal nocturnal hemoglobinuria (PNH), treatment with anti-C5 antibodies abrogated 

intravascular hemolysis and showed increased numbers of C3-coated RBCs with evidence 

of continued RBC clearance.130 Animals deficient for C4 have shown near normal survival of 

transfused incompatible RBCs as compared to control animals, in which incompatible RBCs 

cleared.131,132  

 In addition to their ability to directly lyse cells intravascularly, complement proteins 

can also bind complement receptors (CR). When bound, complement receptors can trigger 

a variety of actions including phagocytosis, erythrocyte transport of immune complexes, and 

antibody production. Activated C3 and further degraded products can bind most of these 

receptors. During the complement cascade, activated C3 exposes its highly reactive 

thioester bond, which can attach the RBC surface and the RBC bound antibody. Once 

bound, C3b can either form a C5 convertase (leading to the formation of a MAC complex) or 

further degrade to iC3b and C3dg. Each of these C3 variants can bind a different 

complement receptor present on various white blood cells.133 The rate of degradation can 

vary according to where C3b is bound and antibody presence. Degradation rates of C3 

bound to the Ig heavy chain seems to be slower than of free C3.134  

 C3b has the highest affinity for CR1 and CRIg. iC3b can bind CR2, CR3, CR4 and 

CRIg. Finally, C3dg associates mostly with CR2.135 CR1 (CD 35; Knops blood group when 

found on RBCs) has a high affinity for both C3b and C4b with lower affinities for iC3b and 

C3dg.136 CR1 often has an important role in mediating phagocytosis and capturing immune 

complexes on erythrocytes. The immune complex is later removed in the liver via CR1 

without destroying the RBC that carried it there.87,127,135 CR1 also has a negative feedback 
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role of inhibiting the complement cascade through enhancing proteolytic cleavage of 

C3b137,138 and inhibiting C3 convertase.139 CR2 (CD 21) is present on B cells which can 

uptake the RBC coated with C3 degraded products leading to differentiation and 

enhancement of B cell mediated immunity.127,135 CR3 and CR4 (CD 11b and CD 11c, 

respectively) are involved in cell trafficking, costimulation and synapse formation, in addition 

to phagocytosis. CR3 is found on epithelial cells, neutrophils, monocytes, natural killer cells, 

and cells that mediate antibody-dependent cell cytotoxicity (ADCC).127 CRIg (aka. Z39Ig and 

VSIG4) is the most recently discovered complement receptor and regulates T cell 

proliferation. CRIg has been found on resident macrophages, such as Kupffer cells, 

interstitial macrophages in the heart, and synovial lining macrophages, however not on 

circulating cells.135 

 Various non-complement proteins can regulate the function of complement. Decay-

accelerating factor (DAF; aka. CD55) prevents accelerated decay of C3 and C5 

convertases. MAC-inhibitory protein (MIP; aka. C8 binding protein and homologous 

restriction factor) inhibits MAC formation. Protectin (aka. HRF20, P18, and MAC-inhibitory 

factor) also inhibits MAC on homologous cells. The function of these proteins was revealed 

in paroxysmal nocturnal hemoglobinuria (PNH), during which RBCs are deficient in these 

complement regulators and intravascular hemolysis ensues.127 

  Complement can be depleted from experimental animals in various ways. Older 

methods utilize heat aggregated human immunoglobulin (complement consumption 

assays)140,141 or cobra venom factor.142 Cobra venom factor was found to be efficient in 

depleting the host of C3 and C5 (nearly 100%) as well as diminishing levels of C6, C7, C8 

and C9 (60-70%) in the host.142 Other means of complement removal are available today 

such as the use of antibodies against complement components (as previously mentioned) 

and animals knocked out for a specific complement component. 
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 The second major mechanism understood to be responsible for incompatible RBC 

clearance is mediated by Fc receptors, leading to phagocytosis, which is typically but not 

always extravascular. Differences between humans and the murine model organism do exist 

however. The IgG subtypes IgG1, 2, 3, and 4 are found in humans, whereas IgG 1, 2a, 2b, 

2c, and 3 are found in mice. Three types of Fcγ receptors exist in both species. Both human 

and mouse FcγRI (CD 64) receptors are found on macrophages. The mouse FcγRI binds 

most tightly to IgG2a whereas the human form favors IgG1 and 3. FcγRII (CD 32) is an 

inhibitory receptor in mice with the highest affinity for IgG1, IgG2a, and IgG2b. In humans, 

there are 2 types of FcγRII receptors, an activating (RIIa) and an inhibitory (RIIb) receptor 

with binding affinities to IgG1 and IgG3. FcγRIII (CD 16) receptors in both species are found 

on phagocytes. IgG1 and 3 bind with equally high affinities to FcγRIII in humans, however in 

mice IgG1, IgG2a, and IgG2b bind most tightly to FcγRIII. Two forms of FcγRIII are found in 

humans. FcγRIIIa is transmembrane and resembles the mouse FcγRIII, however the human 

FcγRIIIb is GPI-linked and is not found in murine animals.143 The common γ chain is a 

signaling molecule associated with FcγRI and FcγRIII (in both species) and also with 

FcγRIV, which was found in mice but not in humans.88,144  

 Macrophages known to be involved in RBC clearance are part of the 

reticuloendothelial system (RES). The RES is a mononuclear system mostly located in 

the reticular connective tissue of the spleen, liver, lungs, bone marrow and, to a lesser 

extent, lymphoid tissues. A more accurate nomenclature was later developed: mononuclear 

phagocytic system (MPS). The name RES was based on the inaccurate understanding that 

macrophages derive from endothelial cells (macrophages are mesenchymal) and that these 

cells secret collagen-like substances, which is not the case. Despite the misnomer, RES is 

still widely used today.127  
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 The liver and the spleen were shown to be responsible for the majority of the 

clearance of transfused incompatible RBCs.145 Moreover, a human study showed that 

transfused incompatible Cr51-labeled RBCs accumulated in the spleen as they were 

gradually eliminated from circulation.146 In addition to ridding the blood stream of 

microorganisms, particles and debris, the spleen also removes aged, abnormal, antibody-

bound, and complement sensitized RBCs from the circulation. 

 The spleen also houses white blood cells (largely found in the white pulp) to fight off 

blood born pathogens and filters RBCs in the red pulp, which has an exceptionally high 

concentration of RBCs. Its architecture facilitates extended RBC contact with resident 

macrophages. As part of their circulation, RBCs flow through the intricate splenic 

vasculature. Once the terminal arteries dump RBCs in the red pulp, these cells percolate 

through macrophage-rich filter beds. In order to reenter the circulation, RBCs must be 

capable of squeezing through the sinusoidal space. If deformed or too rigid, RBCs stay in 

the filter beds, mentioned earlier as a mechanism of aged RBC removal.127 

 The liver is another organ that is responsible blood filtration of pathogens and RBC 

anomalies. It contains the largest group of fixed macrophages in the body, called Kupffer 

cells. These cells are the first to encounter pathogens that would have made their entrance 

through the gut. Kupffer cells have been found to be very important in RBC clearance as 

well.147 However, unlike the spleen, the liver does not have a paranchymal filtration 

structure. 

  For patients requiring transfusions exceeding 200ml packed RBCs per kg body 

weight, physicians suggest splenectomies to help decrease transfusion load.57 It has also 

been used to increase RBC survival levels in patients with AIHA.1,86 Splenectomies were 

shown to increase survival in sensitized RBCs in guinea pigs to near normal levels.145 This 

surgery however has not always yielded increased RBC survival. It had little effect on RBC 

survival in patients treated for cryptogenic splenomegaly (with and without liver cirrhosis). 
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RBCs of splenectomized patients were found to be more sensitive to osmotic changes. In 

addition, patients with liver cirrhosis had higher transfused RBC survival than patients with 

no liver cirrhosis, prior to splenectomy.148 

 Both the liver and the spleen have been shown to be involved in RBC clearance. A 

study showed that prior to splenectomy, the majority of incompatible RBCs accumulated in 

the spleen (with little seen in the liver), however after splenectomy, the liver amassed nearly 

the same level of incompatible RBCs as the spleen in unsplenectomized hosts.149 A study 

by Mollison and Hughes-Jones tracked the area of transfused incompatible Cr51-RBCs 

accumulation as a function of clearance kinetics, using antibodies to various antigens. In 

eight cases, during which clearance occurred rapidly (half time of 2-6 min), most of the 

radioactivity settled in the liver (74%) versus the spleen (20%). Whereas cases in which it 

took more than 15 minutes (some cases were 56-75 minutes) to clear half of the transfused 

RBCs, the spleen accumulated most of the radioactivity (some 60-102%) and the liver only 

had 7-26% of the recovered radioactivity.150 

 In some instances, RBCs return to circulation after a temporary sequestration. This 

is thought to occur as a result of complement deposition and attachment to macrophages 

via C3b and iC3b. Once iC3b is cleaved to C3dg, the RBC is released back in the circulatory 

system.5 A study showed an antibody dose-dependent temporary sequestration of RBCs. A 

high enough antibody dose was needed for the permanent removal of RBCs, otherwise the 

RBCs would return into circulation.127 A study by Jandl et al. showed almost immediate 

clearance of sensitized radiolabeled RBCs, which gradually returned to circulation over the 

course of days (up to 90% were recovered).149 Other studies have also shown rapid initial 

clearance with subsequent reappearance of labeled incompatible RBCs after 3-4 hours131,151 

with one study only showing minor recovery after 24 hours.132 

 Many studies on RBC clearance kinetics were done between the 1950’s and 

1980’s. Cutbush and Mollison performed a series of incompatible transfusions in humans 
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with RBCs expressing a variety of blood group antigens (Kell, Rhesus, Kidd, Duffy, and 

more). Transfusions were performed with presensitized RBCs or with untreated RBCs 

introduced into incompatible hosts. In both types of transfusions, an initial rapid clearance 

was observed within minutes of injection followed by a slower clearing kinetic (in certain 

cases, no additional clearance was observed).152 Rapid initial clearance was observed with 

transfusions of RBCs into incompatible hosts with anti-Kell, anti-Duffy(a) (also with pre-

sensitized RBCs), and anti-M of MNS.149 RBC clearance in the presence of anti-RhD was 

found to occur in a matter of minutes with a steady decline to less than 5% of recovered Cr51 

1 hour post transfusion in healthy individuals. After two months of treatment with cortisone 

(a cortico-steroid hormone), one patient had higher Rh-sensitized RBC survival 40 minutes 

post incompatible transfusion (about 30% continued to circulate while none were detectable 

in untreated individuals). Very little to no difference in survival of incompatible Rh-RBCs was 

observed, however, in four patients treated with corticosteroids.150,153  

 Incompatible RBC rate of clearance was found to be relative to the dose of antibody 

used. Individuals passively immunized with increasing amounts of anti-RhD antibodies 

induced increasing levels of RhD+ RBC clearance.154 The same post transfusion survival 

trend was observed when pre-incubating RBCs with increasing levels of anti-RhD 

antibodies.155 Other antigens have also shown dose-dependent clearance, such as Duffy(a) 

and A1 of ABO.155,156 Increased clearance was observed in individuals passively immunized 

with the same dose of anti-A1 antibodies and transfused with decreasing amounts of A1 

RBCs.156  

 As previously discussed antibodies can mediate clearance via Fc receptors or via the 

complement cascade. Antibodies are not known to be directly damaging to the bound RBC.5 

However, Brain et al. suggested that antibodies bound to the surface of incompatible RBCs 

generated mechanical stress, which opened Ca2+ channels leading to Ca2+ influx and RBC 

death.157-159 Other animal studies have suggested Fc receptor and complement independent 
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mechanisms of clearance. Anti-A IgG antibodies were shown to directly trigger PS exposure 

in vitro.160 Moreover, RBC agglutination was observed as a mechanism coinciding with 

clearance in a murine model of AIHA (NZB mice).161  

 Research on RBC incompatibility has mostly yielded RBC survival data, with little 

information on antibody isotype. IgG1 was found to be a potent inducer of hemolysis,162 

however, this was contradicted by a later study, which found no such effect.163 Starting 

around the 1950s, research on incompatible transfusions was first performed on mice and 

humans. Until the 1980s, human subjects were given incompatible transfusions in order to 

study RBC survival and clearance, although recipients were given polyclonal anti-serum. 

Since around the 1980s, data on human incompatible transfusions have been retrospective 

incompatible transfusions (with very little from clinical trials). Studies on RBC incompatibility 

generally do not take into account the antibody isotype involved in RBC removal. Recently, 

some studies have utilized monoclonal antibodies and the mouse model to understand the 

affect of antibody isotype on incompatible RBCs and the host.164-166 Little is understood 

about RBC clearance and the isotype involved. 

 

RBC survival in the presence of antibody  

 Despite circulating in a host with antibodies present, RBCs do not always clear. It 

has been observed that when A and B (of the ABO blood group) incompatible RBC 

clearance is rapid, the majority are eliminated (99.9%), but if clearance is slower some 

RBCs survive long term and presumably have acquired resistance to the transfusion 

reaction.5 Close to 20% of transfused O and A2 RBCs in an A1 recipient containing anti-O 

antibodies have been observed to continue circulating after 2-5 hours.155 Similar trends were 

observed with other blood groups. Rapid clearance (within 15 minutes) was initially 

observed with Lewis(b) incompatible RBCs, however 50% did not clear, when survival was 

followed up to 6 hours.167 A similar observation was made with P+ RBCs (of the Globoside 
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blood group) in patients with anti-P serum. Some patients cleared as much as 50% of the 

incompatible blood in 20 minutes and the rest survived up to an hour with no further 

clearance.152 Pre-incubating Duffy(a) RBCs with anti-Duffy(a) antibodies also lead to long 

term survival of a portion of the RBC population but this was no longer observed if the 

concentration of the anti-Duffy(a) antibody was doubled.155 It has also been shown that IVIG 

injections increase the survival of IgM sensitized RBCs in guinea pigs.134 CD 47, a Rhesus 

associated antigen, was shown to prevent erythrophagocytosis in the spleen.113,119,168 

 The antibody classes in these studies have not been determined, which can play a 

role in limiting clearance. Some antibodies that are not expected to be problematic during an 

incompatible transfusion are (1) active only at temperatures below 37oC, (2) are active at 

that temperature but are IgMs that do not bind complement or (3) are of the IgG1 (not 

always), IgG2, or IgG4 subclass. Even though observations have lead to these conclusions, 

it is advised to continue cross-matching donor blood and recipient serum for clinically 

significant blood groups.5  

 In certain cases of HDFN, the fetus of an RhD negative mother continues to develop 

and the infant is born alive with a positive DAT. Hemolysis still occurs and is maximal at the 

time of birth, however declines overtime. Many infants with positive DATs have no increase 

in RBC destruction.5 A lack of HDFN reaction was also observed with antibodies to various 

other blood group antigens such as Scianna (Sc1), Dombrock (Doa, Gya, Hy), Gerbich (Ge2, 

Ge3), Er (Era), Vel, Ata and jra.3 Due to the lack of reaction elicited, these antibodies are 

considered to be clinically insignificant in the context of HDFN.  

 Complement components and antibodies have also been found on RBCs of normal 

individuals with no observable ailments.127 Chaplin et al. concluded that 50 to 160 C3d 

molecules were bound to each RBC in normal individuals.169 Another report by Merry et al. 

found about 420±140 C3 molecules per RBC.170 C4 molecules were also observed on 

normal RBCs, in addition to C3 and C3d.171 Moreover, about 39±20 IgG molecules per RBC 
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(washed) have also been revealed.172 When comparing the level of bound IgGs on the 

surface of washed RBCs from healthy individuals to washed RBCs from AIHA patients, 

more IgGs were found on AIHA RBCs however RBCs from healthy individuals also had 

bound antibodies.173  

 Work has been done to understand these anomalies. In a mouse model, Göran 

Möller transfused RBCs incompatible to the subsequent injections of H-2 (mouse Major 

Histocompatibility Complex (MHC)) antibodies. In this case some clearance was observer 

after the first anti-H2 injection, however no more clearance occurred after additional 

injections of the anti-H2.174 In a following manuscript, Möller determined that the continued 

survival (“resistance”) of incompatible RBCs was due to complement, by treating mice with 

heat-aggregated Igs (used to deplete host of complement).175 

 Another process in which incompatible RBCs can avoid their fate of hemolysis is via 

antigen loss (also named weakened antiginicity). This event has most often been observed 

in AIHA patients with an initial identification of an antibody against a blood group antigen 

and an RBC null phenotype with regard to that antigen, as well as an initial negative DAT. 

These observations were then followed by a reappearance of the antigen in question on the 

patient’s RBCs, therefore the antibody detected was an autoantibody. Antigen loss is most 

frequently observed with the Kell blood group however it has also been observed with other 

blood group systems of various membrane biochemistries. Antigen loss has been observed 

in single-pass transmembrane proteins (Kell, Kidd, LW, Gerbich, AnWj), multipass 

transmembrane proteins (Rh), and GPI-linked proteins (Cromer).176 Antigen loss was first 

demonstrated in a murine model177 and was found to require at least 2 different monoclonal 

antibodies, which simultaneously bind 2 different epitopes on the same RBC protein.178 

RBCs do not have a nucleus and therefore do not produce any additional surface antigens, 

making the study of antigen loss possible with the use of these cells. 
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Models for transfusion research 

 Transfusion research has been performed in a variety of model organisms and in 

humans. In the past, RBCs were labeled prior to transfusion using the 51Cr radioactive 

isotope.179 In order to determine the survival of the transfused RBCs, samples were 

collected and RBCs were lysed in order to quantify the level of radioactivity in the sample. 

Some human studies by Mollison were done using an additional radioisotope (32P) to label a 

control RBC population.150,180 Human studies of incompatible transfusions are not as easily 

approved these days, due to the ethical repercussions. Therefore, human contemporary 

publications are typically solely observational, or are part of a clinical trial. A few mouse 

models (to date) have been used to study hemolytic transfusion reactions, two of which are 

used in this dissertation.164,165 As shown by this review of the literature, most studies on 

incompatible transfusion, human work and animal work alike, have been done in the last 

century. Despite the endless testing done by the blood banks, incompatible transfusions still 

occur (as I have discussed earlier) and our understanding of the field is still very limited. 

 Contemporary tools, such as flow cytometry, have helped us get a closer look at 

RBCs. With the use of two blood group antigens and three antibodies, I attempt to shed 

some light on the biology of incompatible transfusions.  

 

Hypothesis 1: The clearance mechanisms used by anti-glycophorin A and anti-Duffy 

antibodies are via complement or Fcγ receptors. 

 

Hypothesis 2: Post incompatible transfusion survival of glycophorin A RBCs requires 

complement. 

  

Hypothesis 3: Post incompatible transfusion survival of Duffy RBCs requires complement.
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Abstract 

Antibody binding to red blood cells (RBCs) can induce potentially fatal outcomes, 

including hemolytic transfusion reactions (HTRs), hemolytic disease of the fetus and 

newborn and autoimmune hemolytic anemia.  The mechanism(s) of RBC destruction 

following antibody binding is typically thought to require complement activation and/or 

the involvement of Fc gamma receptors (FcγRs). In the current report, we analyzed 

mechanisms of HTRs during incompatible transfusions of murine RBCs expressing 

human Glycophorin A (hGPA) into mice with anti-hGPA antibodies. C3 and Fcγ receptor 

knockout, splenectomized, Fcγ receptor blocking antibody treated and clodronate treated 

mice were passively immunized with anti-hGPA antibodies (10F7 or 6A7) and transfused 

with RBCs expressing the hGPA antigen. Post transfusion blood and serum were 

collected and analyzed via flow cytometry and confocal microscopy. This HTR model 

results in both rapid clearance and cytokine storm. Neither complement nor FcγRs were 

required for RBC clearance; in contrast, FcγRs were required for cytokine storm.  

Circulating aggregates of hGPA RBCs were visible during the HTR.  Splenectomy and 

phagocyte depletion by clodronate had no effect on acute RBC clearance; however 

incompatible RBCs re-entered over 24 hours in clodronate treated mice. These data 

demonstrate a biphasic HTR; the first phase involving sequestration of incompatible 

hGPA RBCs and the second phase involving phagocytosis of sequestered RBCs. 

However, the mechanism(s) of phagocytosis in the second phase did require neither C3 

nor FcγRs.  These findings demonstrate novel mechanistic biology of HTRs.   
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Introduction:   

Crossmatch incompatible transfusions consist of infusing donor red blood cells 

(RBCs) into a recipient who has antibodies against antigens on the donor RBCs.  Except 

for naturally occurring blood group antibodies (e.g. the ABO system), alloantibodies to 

RBC antigens are generated through prior exposure to allogeneic RBCs, typically by 

transfusion or pregnancy.1 In general, incompatible transfusions are strictly avoided, as 

hemolysis of the transfused RBCs can occur with potentially fatal outcomes, known as 

hemolytic transfusion reactions (HTRs).2,3 HTRs can occur during primary 

alloimmunization, as antibodies can be generated in 12-14 days, whereas transfused 

RBCs have a life span of up to several months.  Additional HTRs result from clerical 

error and mistransfusion.4,5 Moreover, in other instances, crossmatch incompatible 

RBCs may be purposefully transfused if the immediate risks of hypoxia (e.g. due to 

anemia) outweigh the potential damage from an induced HTR.  Alloantibodies against 

fetal RBCs can also cause hemolytic disease of the fetus and newborn (HDFN), 

resulting in substantial morbidity and/or mortality.6 Finally, autoantibodies bound to 

RBCs can cause autoimmune hemolytic anemia (AIHA).7  Thus, an understanding of the 

mechanisms by which antibody bound RBCs are cleared from the circulation and the 

pathophysiology that ensues is important for several disease settings. 

Antibody induced hemolysis is generally thought to occur by one of two 

mechanisms.8 First, RBCs can undergo intravascular hemolysis when complement is 

activated to form the membrane attack complex (MAC).  This is typically due to IgM 

binding to the RBC surface, but also occasionally occurs with IgG.9,10 RBCs can also be 

opsonized and ingested by phagocytes, a process referred to as extravascular 

hemolysis.  If complement activation does not lead to MAC formation to the extent that 

rapid intravascular hemolysis occurs, then C3 deposited on the RBC surface may be 
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converted to C3b and iC3b.  In this case, complement receptors on phagocytes (i.e. 

CR1,CR2, and CR3) can consume C3b-coated RBCs.  Second, antibody induced 

opsonization also occurs due to Fc domains of IgG bound to RBCs, which are 

recognized by Fc gamma receptors (FcγRs) on phagocytes, mostly extravascularly.  

There are substantial and significant data, generated mostly in animal models that 

demonstrate the existence of each of these pathways of RBC clearance after antibody 

binding.8,11 

 In contrast to the canonical pathways described above, alternate mechanisms of 

IgG-mediated RBC clearance have been suggested, which involve neither complement 

nor FcγR pathways.  These include direct effects upon the RBC by antibody binding. 

Destabilization of the RBC membrane can induce RBC death (eryptosis).12,13 Antibodies 

have also been shown to directly induce phosphatidylserine expression on the RBC 

surface, as an indication for phagocytosis.12 Moreover, mechanical induction of Ca2+ 

influx into RBCs has also been demonstrated as a direct effect of antibody surface 

binding.14,15 These pathways are not mutually exclusive and may overlap. Although 

these alternate pathways raise important mechanistic questions regarding HTRs, they 

have been identified in vitro; therefore, it is unclear if these findings are relevant to 

authentic HTRs in vivo.  Finally, RBC removal from circulation in vivo by sequestration in 

the spleen and liver has been observed in the context of IgG and IgA autoimmune 

hemolytic anemia, but a role for sequestration has not been reported in the context of 

incompatible transfusion.16,17   

Herein, we utilize an in vivo murine model of incompatible RBC transfusion 

involving IgG antibodies in the recipient against human glycophorin A (hGPA) epitopes 

on donor RBCs. The 6A7 and 10F7 mouse monoclonal antibodies recognize the 

antithetical M human blood group antigen or a non-polymorphic common hGPA epitope, 
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respectively.18-20 Our data demonstrate clearance of RBCs by a mechanism requiring 

neither complement nor FcγRs.  To our knowledge, this is the first report identifying this 

alternate pathway of IgG antibody-induced hemolysis in vivo in the setting of crossmatch 

incompatible transfusion.  In addition, our findings mechanistically dissociate RBC 

clearance from phagocyte ingestion and cytokine storm.  Together, these findings 

provide insights into a novel HTR mechanism in mice, the prevalence of which is 

unknown in human HTRs. 
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Methods: 

Mice 

C57BL/6 (B6), FVB,21 and C3 knockout mice were purchased from the Jackson 

Laboratories (Bar Harbor, ME). FVB mice are advantageous in transgenic work due to 

their large pronucleus, facilitating DNA microinjections, and to their large litters.21  FcγR 

KO mice (Fcer1g) were purchased from Taconic Farms, Inc.  All mice were used at 8-

16 weeks of age.  Transgenic mice expressing the M variant of the human Glycophorin 

A (hGPA) on RBCs were obtained from the New York Blood Center.22  HOD mice 

consisted of transgenic animals expressing a fusion protein Hen Egg Lysozyme (HEL), 

Ovalbumin (Ova), and Duffy b.23  Both hGPA and HOD mice are on an FVB background.  

HOD and hGPA mice were crossed to generate HOD x hGPA F1 mice that express both 

transgenes.  All breeding (including FcγR KO and C3 KO mice) was performed by the 

Emory University Department of Animal Resources Husbandry Services and all 

procedures were performed according to approved IACUC protocols.  

Antibodies and passive immunization 

Anti-hGPA (6A7 and 10F7) mouse monoclonal antibodies are of the IgG1 subtype; 6A7 

is specific for the M variant of hGPA18-20 whereas 10F7 recognizes both M and N 

variants.18,19 Anti-Fy3 (MIMA29) is an IgG2a antibody that binds to the Duffy portion of 

the HOD antigen on the third extracellular loop (Fy3) 24 and was a generous gift from 

Marion Reid and Greg Halverson at the New York Blood Center. In some experiments, 

2.4G2, an Fcγ receptor blocking antibody,25 was administered to recipients i.p. 24 hours 

prior to passive immunization with anti-hGPA. All above antibodies were purified by 

protein G chromatography (Bio X Cell, West Lebanon, NH). Recipients were passively 

immunized by tail vein injection with 500 µg 10F7, 25 µg 6A7, or 200 µg MIMA29 in a 
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total volume of 500 µL of phosphate buffered saline (PBS), 2-3 hours prior to 

transfusion; control mice received 500 µL of PBS alone. 10F7 was used at a 

concentration optimized in a previous study by Schirmer and colleagues26 doses of  6A7 

and MIMA29 were optimized based upon potency in inducing RBC clearance.   

Fluorescent labeling, Transfusion, and survival monitoring of murine RBCs  

RBC fluorescent labeling, treatment with phenylhydrazine, transfusion, survival 

determination, and splenectomies were performed as previously described.27-29 hGPA x 

HOD, hGPA or HOD RBCs were labeled with 1,1'-dioctadecyl-3,3,3'3'-

tetramethylindocarbocyanine perchlorate (DiI) and control (FVB) blood was labeled with 

3,3’-dihexadecyloxacarbocyanine perchlorate (DiO). The survival of DiI-labeled RBCs 

was calculated by normalizing it to DiO-labeled wild type FVB RBCs within the same 

animal.  These resulting ratios from passively immunized mice were then normalized to 

those of PBS-treated animals and graphed as percent hGPA x HOD, hGPA or HOD 

RBC survival.  

Fluorescent Microscopy 

Blood samples were collected post transfusion and smears were prepared on glass 

slides. Smears were air dried overnight to increase RBC adhesion to the slide (in the 

dark to minimize photobleaching). Slides were then mounted with Vecta Mount (Vector 

laboratories) and visualized with a point scanning laser confocal microscope (Zeiss LSM 

510, Thornwood, NY). 

Clodronate treatment of recipient mice 

C57BL/6 mice were treated with plain (empty) liposomes (9.4 mg/ml L-α-

Phosphatidylcholine, 2.1 mg/ml cholesterol) or liposomes filled with clodronate 
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(dichloromethylene-bisphosphonate (Cl2MBP)) intravenously 24 hours prior to passive 

immunization and transfusion. Each mouse received 1.5 mg of Clodronate in 600 µl total 

volume. Control mice received the total 600 µl volume in one setting, whereas the 

experimental mice received clodronate-filled liposomes slowly (about 10µl/second, in two 

doses of 300 µl each).  

Cytokine measurements 

Plasma Interleukin (IL)-6, tumor necrosis factor (TNF)-α, monocyte chemo attractant 

protein (MCP)-1, keratinocyte-derived chemokine (KC), and IL-10 were quantified using 

the Cytometric Bead Array Mouse Flex Kit (BD Biosciences, San Diego, CA).  

Statistical analysis 

Survival graphs were all calculated and created with Prism software.  All error bars 

represent one standard deviation.   P values are calculated, via log transformation, using 

a two way ANOVA with Bonferroni post-test using Prism software.
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Results: 

RBC clearance during crossmatch incompatible transfusion for the M and Fy3 blood 

group antigens 

hGPA mouse RBCs express transgenic human glycophorin A and HOD mouse 

RBCs express a triple fusion transgenic protein consisting of Hen Egg Lysozyme, 

Ovalbumin, and human Duffy.  Both hGPA and HOD mice express their respective 

transgenes in an RBC specific fashion.22,23  To generate RBC donors with multiple 

known RBC antigens, hGPA and HOD mice were crossed to yield F1 progeny (hGPA x 

HOD mice) expressing both the hGPA and HOD transgenes on RBCs (see Figure 2.1A 

for depiction and antibody binding sites). In some cases the single transgenic parental 

strains, hGPA or HOD, were used as donors (as indicated by single antigen 

nomenclature).  C57BL/6 recipients were passively immunized with monoclonal anti-

hGPA (10F7 or 6A7), or monoclonal anti-Fy3 (MIMA29), followed by transfusion with a 

mixture of wild-type FVB RBCs (labeled with DiO) and hGPA x HOD RBCs (labeled with 

DiI).  hGPA x HOD mice are on an FVB background.  Analysis of peripheral blood from 

control animals that were transfused, but not passively immunized, demonstrated that 

the hGPA (10F7 and 6A7), and Fy3 epitopes are expressed and detectable on hGPA x 

HOD, but not on co-transfused control wild-type RBCs (Figure 2.1A).   

Survival of transfused RBCs was determined by enumerating labeled RBCs by 

flow cytometry and normalizing the circulating incompatible RBCs as a function of wild-

type RBCs within the same recipient (representative flow plots shown in Figure 2.1B).  

Both anti-hGPA antibodies (10F7 and 6A7) induced rapid clearance of hGPA x HOD 

RBCs, with approximately 80% of the RBCs becoming undetectable in peripheral blood 

by 2 hours post-transfusion; only small amounts of additional clearance were observed 
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after the 2 hour time point (Figure 2.1C).  Anti-Fy3 induced a similar final degree of 

clearance, but with slower kinetics (Figure 2.1C).  Together, these data define a model 

of crossmatch incompatible transfusion using 2 distinct antigens on the same donor 

RBCs and 3 monoclonal antibodies recognizing different epitopes.   

Role of complement and FcγRs in clearance of incompatible RBCs 

Upon activation of the complement pathway by antibody binding, C3 becomes 

covalently attached to both the inciting antibodies and the surrounding cellular proteins 

via a thioester bond.30 In this process, C3 is converted to C3b and iC3b, which are 

ligands for complement receptors CR1, CR3 and CR4, which then promote 

phagocytosis.8 In addition, C3 is generally required for the complement cascade to 

proceed to complete MAC assembly.31 To assess the role of complement in clearance of 

incompatible RBCs, we utilized recipients with a deletion of the C3 gene (C3 KO mice).  

Antibody-mediated clearance of transfused hGPA x HOD RBCs was unaltered in C3 KO 

mice, compared to wild type mice for 10F7 (Figure 2.2A), 6A7 (Figure 2.2B) and anti-Fy3 

(Figure 2.2C). The phenotype of the C3 KO mice was confirmed via a complement 

fixation assay; normal C3 was present in C57BL/6 mice and was undetectable in C3 KO 

animals (data not shown). These data demonstrate that C3 is not required for clearance 

of incompatible RBCs in this model.   

To examine the role of FcγRs in clearance of incompatible RBCs, we used mice 

with a deletion of the common γ chain, which is required for expression and function of 

the three murine FcγRs known to participate in phagocytosis (FcγRI, FcγRIII, and 

FcγRIV).32,33 Only a small decrease in clearance was observed in FcγR KO mice 

passively immunized with 10F7 or 6A7 as compared to wild type mice (Figure 2.2D and 

E).  In contrast, clearance of hGPA x HOD RBCs induced by anti-Fy3 was abrogated in 

FcγR KO mice (Figure 2.2F).  These data indicate that FcγRs are required for clearance 
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of incompatible RBCs by anti-Fy3, but has only a small effect on clearance by anti-hGPA 

antibodies.  

The above data demonstrate that neither C3 nor FcγRs are individually required 

for RBC clearance by anti-hGPA antibodies; however, this does not address the 

possibility that C3 and FcγRs represent redundant pathways, both mediating hGPA RBC 

clearance.  To test for this redundancy, we used monoclonal antibody 2.4G2, which has 

been reported to block both FcγRII and FcγRIII by binding a conserved epitope.25,34,35 In 

wild type recipients, injection of purified 2.4G2 had no appreciable effect on clearance of 

hGPA x HOD RBCs by 10F7; however, a subtle but significant difference was observed 

with 6A7 induced clearance (Figure 2.3A).  As predicted, based on results with FcγR KO 

mice, 2.4G2 significantly inhibited clearance of hGPA x HOD RBCs by anti-Fy3 at 2 

hours post-transfusion (Figure 2.3A). This blocking effect was progressively lost over 

time (see below), which may result from incomplete blockage and/or gradual clearance 

of the 2.4G2 antibody.  Nevertheless, these data confirm that 2.4G2 functionally inhibits 

clearance of RBCs by an FcγR dependent antibody (anti-Fy3) at early time points; 

therefore, it is a useful tool for assessing the FcγR dependence of RBC clearance in this 

model.   

To assess the possibility that C3 and FcγRs are redundant pathways in anti-

hGPA mediated clearance, C3 KO mice were treated with 2.4G2 to inhibit both pathways 

simultaneously. These mice were then passively immunized with anti-hGPA (10F7 or 

6A7) or anti-Fy3 and subsequently transfused. Antibody 2.4G2 had a small effect on 

clearance by 6A7 (similar to the FcγR KO recipients) and no effect on clearance by 10F7 

(Figures 2.3B & 2.3C).  Similar to wild-type recipients, 2.4G2 inhibited clearance by anti-

Fy3 at early time points, but this effect diminished over 48 hours (Figure 2.3D).  Based 
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upon these data, we reject the hypothesis that C3 and FcγRs represent redundant 

pathways in this model and conclude that neither C3 nor FcγRs are required for 

clearance by these anti-hGPA antibodies.  

Phagocytic cells are not required for early clearance of hGPA and HOD RBCs but play a 

role in preventing return to circulation 

Phagocytes are known to use multiple scavenger receptors (in addition to Fc and 

complement receptors) to remove damaged cells.36 Therefore, we tested the hypothesis 

that phagocytes are required for IgG-coated RBC clearance by treating C57BL/6 

recipients with clodronate (a toxic electron transport chain decoupling biphosphonate). 

Clodronate was targeted to phagocytes by intravenous injection of clodronate 

encapsulated in liposomes, which are consumed by phagocytic cells.37,38 Control mice 

were injected with liposomes of the same composition but without clodronate (i.e. empty 

or “plain” liposomes).  Mice were treated 24 hours prior to passive immunization and 

transfused with a mixture of transgenic (hGPA or HOD) and control wild-type RBCs.   In 

recipients immunized with anti-hGPA (10F7 or 6A7), hGPA RBCs were cleared to the 

same extent in clodronate and plain liposome-treated animals at the first time point (2 

hours post transfusion) (Figure 2.4A and 2.4B respectively). However, starting at 18 

hours, most incompatible hGPA RBCs returned to circulation, leading to over 50% 

survival of incompatible RBCs at 2 days post transfusion (Figure 2.4A and 2.4B). In mice 

passively immunized with anti-Fy3, liposomal clodronate infusion prevented initial HOD 

RBC clearance, confirming that clodronate was effective and resulted in sufficient 

phagocyte depletion to prevent FcγR dependent RBC clearance.   

 Histological analysis of cross-sections of spleens from clodronate treated animals 

demonstrated a large portion of splenic architecture had been compromised (data not 

shown). We therefore could not distinguish between the interpretations that the 
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increased survival of incompatible hGPA RBCs was due to phagocyte depletion or to 

reduced splenic blood filtration. Therefore, we tested the hypothesis that the spleen 

plays a central role in incompatible hGPA x HOD RBC clearance. To this end, recipient 

mice were splenectomized prior to passive immunization and transfusion with hGPA x 

HOD and wild type FVB RBCs.  Control mice underwent sham surgery. Incompatible 

RBCs were cleared with a similar magnitude and kinetics in both sham operated and 

splenectomized mice when passively immunized with 10F7 (Figure 2.4D), 6A7 (Figure 

2.4E) or anti-Fy3 (Figure 2.4F).  These data do not rule out that the spleen is involved; 

however, these findings do reject the hypothesis that a spleen is required for either anti-

hGPA or anti-Fy3 mediated clearance of incompatible RBCs.   

 To investigate the persistence of antibody binding to incompatible RBCs that 

continue to circulate, peripheral blood was stained with an anti-mouse globulin reagent 

(Direct Antiglobulin Test (DAT)) and analyzed by flow cytometry.  In both 10F7 and 6A7 

treated animals, DAT levels decreased over time in mice treated with clodronate.  In 

contrast, antibody binding was stable in mice treated with plain liposomes (Figure 2.4G).  

Antigen persistence was determined by staining RBCs with 10F7 or 6A7, followed by 

anti-mouse globulin.  In contrast to DATs, there was only a subtle decrease in antigen 

levels over time (Figure 2.4H).  It is important to note that in the presence of clodronate, 

the majority of RBCs at late time points have been sequestered and then returned to 

circulation.  In this context, these data suggest that the RBCs that return to circulation 

have done so in part by breaking free of the bound antibodies, without lysing or losing 

their surface antigen.  Also of interest, the few RBCs that survive in passively immunized 

control animals are not escaping clearance due to low levels of antibody binding, but due 

to some other property.  Together, these data support a scenario in which phagocytes 

are not required for initial RBC clearance, but play an essential role in removing 
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sequestered RBCs, which otherwise return to circulation in the absence of sufficient 

phagocytic activity.  

Anti-hGPA induces aggregation of transfused incompatible RBCs in vivo 

To test the hypothesis that aggregation of RBCs in vivo is responsible for anti-

hGPA mediated clearance, incompatible transfusions were performed and peripheral 

blood was analyzed during the rapid clearance phase (i.e. at time points prior to 2 hours 

post transfusion).  To characterize and enumerate agglutination, differential size analysis 

was performed by analysis of light scatter by flow cytometry.   Scatter plots identified a 

population with increased size and complexity, which was only present under conditions 

of hGPA x HOD RBC transfusion into mice passively immunized with anti-hGPA, but 

was absent in both PBS treated controls and anti-Fy3 injected animals (Figure 2.5A).  

Gating on the large complexes by forward and side scatter and then back reflection on 

the entire population (side scatter by DiI staining) demonstrated a substantial increase in 

the DiI signal (Figure 2.5B and 2.5C) but not the DiO signal (data not shown).  This 

finding indicated that the large aggregates were composed of hGPA x HOD RBCs, but 

not control RBCs.  These data are consistent with the interpretation that the large 

complexes constitute selective agglutination in vivo of incompatible RBCs. These larger 

complexes were also enumerated over time and correlated with clearance; the 

complexes were detectable early in the reaction, rapidly decreased during the clearance 

phase, and ceased to be detectable soon after transfusion (Figure 2.5D). The large 

complexes were not an artifact of spontaneous aggregation, as no significant complexes 

were observed in either control mice receiving PBS (i.e. compatible transfusion) or in the 

clearance of RBCs by anti-Fy3 (i.e. an FcγR-dependent HTR) (Figure 2.5E).  

To visualize incompatible RBCs directly during clearance, the same early time 

point specimens analyzed above were smeared on microscope slides and analyzed by 
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confocal microscopy using filters that selectively visualize the emission spectra of DiI 

(hGPA x HOD RBCs) and DiO (wild type FVB RBCs).  All slides were interpreted by 

viewers blinded to sample identity. DiI+ RBC clusters were visible in recipients that had 

been passively immunized with anti-hGPA antibody (either 10F7 or 6A7), but not in 

unimmunized controls or animals passively immunized with anti-Fy3 (Figure 2.5F). In 

contrast, no clusters of DiO+ RBCs (wild type) were seen in anti-hGPA, anti-Fy3 or 

control unimmunized mice (Figure 2.5F).  Together, these data show that the presence 

of DiI-labeled hGPA x HOD RBC clusters (by flow cytometry or microscopy) correlated 

with the clearance kinetics of hGPA x HOD RBCs by anti-hGPA antibodies (10F7 or 

6A7) but not with their anti-Fy3 treated counterparts.  

Increased inflammatory cytokine secretion in C57BL/6 mice, but not in FcγR KO 

animals during incompatible transfusion with hGPA or HOD RBCs 

Phagocytes not only remove pathogens from circulation but also secrete 

inflammatory cytokines, which can be triggered by FcγR cross-linking by antibody coated 

RBCs.39,40 We previously reported that incompatible transfusion of hGPA RBCs into 

mice passively immunized with 10F7 or 6A7 results in a cytokine burst not seen during 

compatible transfusion.40 The data above indicate that FcγRs are not required for 

clearance of hGPA RBCs.   To test the role of FcγRs in cytokine burst, serum cytokines 

were measured in C57BL/6 and FcγR KO mice 2 hours after incompatible transfusion, 

during which a robust response has been shown to occur in C57BL/6 mice.40 Clearance 

at 2 hours post-transfusion was similar to that previously observed (data not shown). 

Sera from C57BL/6 mice undergoing hGPA incompatible transfusion (i.e. passively 

immunized with 10F7 or 6A7) had significantly elevated levels of inflammatory cytokines 

(IL-6, TNFα, MCP-1 and KC) compared to compatible transfusion (mice infused with 

PBS) (Figure 2.6A).   Likewise, incompatible transfusions of HOD RBCs induced a 
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cytokine burst in C57BL/6 mice (Figure 2.6B).  In contrast to wild-type animals, no 

significant difference in cytokines was seen in FcγR KO mice receiving incompatible, as 

compared to compatible, transfusions, in either the hGPA or HOD systems (Figures 2.6A 

& 2.6B). IL10 levels were also assessed however no changes were observed between 

each of the groups (data not shown). To assess if the targeted deletion of FcγRs resulted 

in a phenotype incapable of cytokine burst, FcγR mice were transfused with 

phenylhydrazine treated RBCs, which we previously reported induces cytokine storm in 

wild-type mice.28 A cytokine burst was observed in the FcγR KO mice transfused with 

phenylhydrazine treated RBCs (although it was substantially lower in magnitude as 

compared to wild-type mice).  Thus, although blunted, FcγR KO mice are capable of 

releasing a cytokine burst in response to damaged RBCs, indicating that the lack of 

cytokine burst in response to incompatible transfusion was not due an inability to release 

cytokines.  Taken together, these results indicate that FcγRs are required for cytokine 

burst 2 hours post-transfusion with incompatible hGPA RBCs, even though FcγRs are 

not required for either rapid or sustained clearance of RBCs expressing the hGPA 

antigen.   
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Discussion 

RBC transfusions are typically performed only with blood that is compatible for 

clinically significant antibodies. However, when mistransfusions occur, or when no other 

option is available, incompatible RBCs may be infused, which puts the patient at risk of 

experiencing an HTR. Moreover, antibody-bound RBCs can be cleared from circulation 

during an amnestic response.  Currently, there are no evidence based therapeutic 

interventions available to prevent the clinical consequences of HTRs after incompatible 

transfusion.  Understanding the mechanisms underlying HTRs is essential for providing 

a rationale for such interventions.   

Canonically, mechanisms explaining IgG-mediated HTRs are divided into two types, 

involving either complement or FcγRs.  In contrast, the current study reveals that for 

hGPA-encoded antigens, clearance of incompatible RBCs requires neither C3 nor 

FcγRs.  Moreover, as the simultaneous absence of both C3 and FcγR function has no 

effect on clearance, it is unlikely that C3 and FcγRs represent redundant pathways.  

Rather, these data suggest that, in this setting, C3 and FcγRs are neither required nor 

involved.  It is worth noting that 2.4G2 does not block FcγRIV function; thus, we cannot 

unequivocally rule out redundancy between C3 and FcγRIV; nonetheless, because FcγR 

KO mice lack functional FcγRI, FcγRIII and FcγRIV, we can conclude that FcγRIV is not 

required for clearance.  It is also worth noting that the lack of requirement for C3 does 

not unequivocally reject a role for complement in general, because C5 can be activated 

by thrombin in the absence of C3.41 Thus, it remains theoretically possible that the MAC 

could still form in some cases; however, clearance of hGPA RBCs by 10F7 and 6A7 

occurs normally in DBA.2 (data not shown) and FVB mice,26 both of which are deficient 

in C5.  Perhaps more importantly, RBCs lysed by the MAC would not be able to return to 

circulation in the absence of clodronate sensitive phagocytes, as MAC assembly results 



    79	
  

in RBC lysis. A mechanism of sequestration has previously been proposed involving 

complement receptor binding to RBC-bound C3b, which is cleaved and the RBC is 

subsequently released back into circulation. CR1 has been shown to preferentially bind 

C4b and C3b.42,43 Once bound to CR1, proteolytic cleavage of C3b can be 

enhanced.44,45 Since CR1 is found mostly on phagocytes, we partially address its 

involvement in sequestration during clodronate treatment. We cannot, however rule out 

that CR1 is required for sequestration because of its known presence on RBCs.43 

Although we demonstrated no diminished clearance of incompatible hGPA RBCs even 

at early time points in C3KO animals, we cannot rule out that initial sequestration 

involves to CR1 interactions with surface bound C4b.  

Taken together, the data presented herein allow the conclusion that hGPA RBCs are 

cleared by IgG alloantibodies using a mechanism(s) independent of C3 or FcγRs.  The 

existence of such pathways for IgG mediated HTRs has been postulated by 

others,12,14,15,17,46 but to our knowledge, has not been demonstrated in vivo.  

Agglutination in vivo was observed in a murine model of AIHA induced by IgG 

monoclonal antibodies, although every circulating RBC was antigen positive in this case, 

in contrast to incompatible transfusions, where antigen positive RBCs are more 

dispersed.17 In the current model, the visualization of aggregate formation by flow 

cytometry and confocal microscopy suggests that agglutination in vivo is a likely 

mechanism of initial clearance.    Aggregation is not an inevitable outcome of murine 

HTR models, because agglutination did not correlate with incompatible RBC clearance 

by an anti-Fy3 antibody. Further study of different blood group systems will be required to 

determine if this mechanism is found in additional settings or is restricted to HTRs in the 

hGPA system. The distinct mechanism by hGPA and HOD RBCs may be due to 

differences in the number of copies expressed, the IgG subtype used during passive 

immunization, the nature of the membrane protein and/or protein associations. 



    80	
  

 It is unclear to what extent these findings predict mechanisms of HTRs in humans.  

Agglutination by IgM and IgG antibodies has been observed in AIHA patients. Moreover, 

sequestration of incompatible cells outside of the circulation has been observed in 

human studies of transfused radioactively labeled RBCs47-49 including a release of a 

small number of sequestered incompatible RBCs.47  However, since the human studies 

were performed using radioactivity it is difficult to distinguish between sequestration of 

intact RBCs versus consumption of radiolabeled RBCs. It is likewise difficult to 

distinguish between release of previous sequestered RBCs versus circulation of 

phagocytes that have consumed radiolabeled RBCs.  Use of flow cytometry in the 

current studies avoids these ambiguities.  

Several important characteristics can be concluded from the current studies.  First, 

as splenectomy does not affect clearance, removal of the incompatible RBCs can occur 

in extrasplenic sites. The spleen is therefore not required but may be involved in 

clearance of incompatible RBCs.  Second, although it is not clear whether sensitivity to 

clodronate varies with different organs, clodronate treatment results in a return of 

incompatible RBCs to the circulation over time. This observation suggests that 

phagocytes are required to prevent initially cleared RBCs from reentering the 

vasculature, presumably by ingesting the antibody bound RBCs.  However, as no return 

to the circulation is seen in C3 KO or FcγR KO mice, the signal for ingestion appears to 

be something other than opsonization with complement or IgG.  The identity of this 

additional signal is unclear from the current data; however, Brain et al. showed that 

binding of polyclonal human IgG antibodies (from a patient with a HTR due to anti-Pr) 

can directly damage RBCs, including membrane distortions, opening of Ca2+ channels 

and exposure of phosphatidylethanolamine.15 Thus, it is possible that 10F7 and 6A7 

induce expression of an “eat me signal”, such as phosphatidylserine, which is then 

recognized by scavenger receptors on clodronate sensitive phagocytes. It seems 
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unlikely that 10F7 or 6A7 induce direct eryptosis of most cleared incompatible RBCs, as 

eryptotic RBCs would not re-enter circulation.  

The current data differ somewhat from a previous characterization of clearance of 

hGPA RBCs by the 10F7 antibody.26  Both the current and previous reports showed 

some effect of FcγR function on clearance; however, in the previous report FcγR played 

a significantly larger role in clearance.  More importantly, the previous report indicated 

that clearance of hGPA RBCs by 10F7 was decreased in C3 KO mice.  It is also worth 

noting that in the previous paper, 20% clearance still occurred in (C3 x FcγR) double KO 

mice.  Thus, in agreement with the current findings, the previous study showed that 

some clearance was independent of either C3 or FcγRs; however, in the current studies, 

the vast majority of clearance was independent of either C3 or FcγRs.  Although it is 

unclear why clearance was decreased in C3 KO mice in the previous study, but not in 

the current one, several factors may be relevant.  First, the previous report modeled 

intraoperative transfusion in mice that were anesthetized and transfused through a 

surgically-exposed jugular vein; in contrast, the current study used tail vein infusion in 

unanesthetized mice.  Inflammation can modify levels of circulating complement, FcγR 

function, and phagocyte function, in addition inflammation can increase antibody 

mediated RBC clearance.50 Thus, surgery induced inflammation may have altered the 

biology of clearance in the previous report.26 Second, RBC clearance was measured 

using 51-Cr labeling and sampling at a single post-transfusion time point; the current 

report uses two color fluorescent labeling and measurements by flow cytometry over 48 

hours.  Although the 51-Cr labeling method is analogous to the approach used in human 

studies, there is no control RBC population (e.g. such as the DiO labeled RBCs in this 

report) to control for differences in infusion volume or bleeding. Moreover, there were 

methodological differences in antibody purification, evaluation of purity, and 



    82	
  

administration. Thus, the differences seen in the current system and the previous report 

may be due to methodological variation.  Nonetheless, the current report demonstrates 

that conditions exist under which anti-hGPA mediated HTRs can proceed independent of 

both C3 and FcγR function. 

Overall, our data are consistent with a model that entails a 2-phased clearing 

process. During the first phase, incompatible hGPA RBCs are rapidly sequestered 

outside the circulation after transfusion of incompatible RBCs. During the second phase, 

which occurs after 2 hours but before 24 hours, the “cleared” incompatible RBCs are 

ingested, thus making their clearance permanent (see Figure 2.7 for diagram).  During 

the first phase of clearance, there is also a burst of serum cytokines.  Although FcγRs 

are not required for RBC clearance, they are required for cytokine release, indicating 

that RBC bound IgG antibodies are ligating surface FcγRs and signaling into the cytokine 

secreting cells.  Thus, when a sequestered IgG coated RBC encounters a phagocyte, 

two separate signaling events occur: 1) FcγRs are ligated resulting in cytokine burst, and 

2) another signal (not through FcγR or C3R) induces phagocytosis. 

Several therapeutics, targeting complement or FcγRs, have been proposed to inhibit 

RBC clearance.  Although complement fixation on incompatible RBCs is well established 

in human transfusion biology,51 and although FcγRs polymorphisms alter the efficiency of 

clearance of RBCs opsonized with anti-D in humans,52 the causal role of complement 

and FcγRs has not been rigorously tested in the human setting of incompatible 

transfusions, and for various blood group antigens. Accordingly, to the extent that HTRs 

occur in humans independent of C3 or FcγRs, such therapies would likely fail to prevent 

removal of incompatible RBCs.  Importantly, failure to prevent RBC clearance may not 

indicate complete lack of efficacy.  For example, in the current system, although an FcγR 

blocking agent would not prevent RBC clearance, it could decrease morbidity/mortality 
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due to cytokine storm.  Such an approach may have significant benefit in the context of 

autoimmune hemolytic anemia, even though it may not affect hematocrit. Thus, 

prevention of RBC clearance alone may be an overly simplified endpoint in drug trials in 

these settings.  Accordingly, although C3 and FcγRs likely play important roles in many 

human HTRs, studies of alternate pathways are required to define the biology of HTRs 

completely; this will allow development of appropriate therapeutic interventions for 

HTRs, which may all have similar clinical presentations, but have distinct cellular and 

molecular mechanisms.  
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Figure Legends 

Figure 2.1: Analysis of RBC clearance during crossmatch incompatible 

transfusions. (A) Schematic of the hGPA x HOD RBCs used for incompatible 

transfusion studies. Histograms represent staining with anti-hGPA (10F7 or 6A7) or anti-

Fy3 (MIMA29) monoclonal antibodies of DiI-labeled hGPA x HOD RBCs (black line) or 

DiO-labeled control wild type FVB RBCs (shaded gray) after circulation in PBS treated 

C57BL/6 mice. (B) Representative dot plots of RBC survival at the 2 hour time point in 

mice passively immunized with anti-hGPA or anti-Fy3 or controls treated with PBS alone.  

(C) Wild type mice were passively immunized with either anti-hGPA 10F7 (triangle), 6A7 

(circle), or anti-Fy3 (square) monoclonal antibodies; control mice received PBS alone 

(diamond, dashed line).  All recipients were then transfused with a mixture of DiI-labeled 

hGPA x HOD RBCs and DiO-labeled FVB wild type RBCs. Percent survival of hGPA x 

HOD RBCs in passively immunized was normalized to hGPA x HOD RBC survival in 

PBS treated animals. Graph includes combined data from 6 independent experiments, 

each with 3 mice per group.  

 

Figure 2.2: RBC clearance in C3 and FcγR KO mice. RBC survival was compared in 

wild-type C57BL/6 mice vs. C3KO mice (A,B,C) or vs. FcγR KO mice (D,E,F).  Prior to 

transfusion, mice received either a control PBS injection (triangle) or were passively 

immunized with the indicated antibodies (squares).  In all cases, KO mice are indicated 

by open symbols and dashed line, whereas C57BL/6 mice are indicated with closed 

symbols and a solid line. All recipients were transfused with a mixture of DiI-labeled 

hGPA x HOD RBCs and DiO-labeled wild type FVB RBCs. The same plots for PBS 

alone are represented in all 3 panels of indicated mouse type to allow comparison. 

Samples were collected 2 hrs, 20-24 hrs, and 2 days post transfusion and analyzed via 
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flow cytometry. Graphs include combined data from 3 independent experiments, each 

with 3 mice per group.  

 

Figure 2.3: RBC clearance in C57BL/6 and C3 KO mice treated with an FcγR 

blocking antibody. Mice received control PBS or an anti-FcγR blocking antibody 

(2.4G2) prior to passive immunization with anti-hGPA (10F7 or 6A7) or anti-Fy3 

(MIMA29) (squares) or infusion of PBS alone (triangles) and transfusion of hGPA x HOD 

and wild type FVB RBCs labeled in different colors (as above). (A) 2 hour post-

transfusion survival of hGPA x HOD RBCs in wild-type C57BL/6 recipient with (black 

solid) or without (dashed gray) 2.4G2 anti-Fc γ receptor antibody and indicated 

subsequent treatments.  (B,C,D) Kinetics of RBC survival were compared in C3 KO mice 

receiving 2.4G2 (open symbols, dashed lines) or PBS (closed symbols, solid lines) and 

the indicated subsequent treatments.  hGPA x HOD RBC survival was calculated as a 

function of wild-type FVB RBC survival. The same plots for PBS alone are represented 

in all 3 panels to allow comparison.   Samples were collected 2 hrs, 20-24 hrs, and 2 

days post transfusion and analyzed via flow cytometry. Graphs include combined data 

from 3 independent experiments, each with 3 mice per group.  

 

Figure 2.4: The role of the spleen and phagocytes on RBC clearance and 

reappearance.   (A-C) C57BL/6 mice were treated with either clodronate-filled 

liposomes (open symbols, dashed lines) or plain liposomes (closed symbols, solid lines). 

Recipients were either treated with PBS alone (triangles) or passively immunized with 

the indicated antibody (squares) prior to a transfusion of a mixture of DiI-labeled hGPA 

RBCs or HOD RBCs and DiO-labeled wild type FVB RBCs. (D-F) C57BL/6 were either 

splenectomized (open symbols, dashed line) or underwent sham surgery (closed 

symbols, solid line). Recipients were either treated with PBS alone (triangles) or 
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passively immunized with the indicated antibody (squares) prior to a transfusion of a 

mixture of DiI-labeled hGPA x HOD RBCs and DiO-labeled wild type FVB RBCs. hGPA 

x HOD, hGPA and HOD RBC survival were calculated as a function of wild-type FVB 

RBC survival. The same plots for PBS alone are represented in all 3 panels to allow 

comparison.  Data are presented separately for each antibody: (A,D) 10F7, (B,E) 6A7, 

and (C,F) anti-Fy3. Samples were collected at 2 hrs, 20-24 hrs, and 2 days post 

transfusion and analyzed via flow cytometry. Graphs include combined data from 3 

independent experiments, each with 3 mice per group. (G) Circulating RBCs in the 

indicated groups and time points were stained with fluorescently labeled anti-mouse Igs.  

(H) Circulating RBCs in the indicated groups and time points were stained with indicated 

antibodies followed by fluorescently labeled anti-mouse Igs.	
  

 

Figure 2.5: Anti-hGPA induces agglutination of circulating incompatible RBCs in 

vivo . (A) Representative ungated dot plots are shown of samples collected from mice 

treated with either PBS alone, anti-Fy3 or anti-hGPA (10F7 or 6A7) immediately after 

transfusion and analyzed by flow cytometry. Gates are drawn on larger populations of 

events only seen in the presence of 10F7 or 6A7 (B, C) Gated large events are back 

reflected on the total population, indicating that large events are predominantly 

composed of DiI+ RBCs. (D) Percent survival of hGPA x HOD RBCs, normalized to 

hGPA x HOD RBC survival in PBS treated animals. (E) Percent of large complexes 

during early time points (immediately, 1 minute, 10 minutes, and 2 hours) post 

transfusion in animals treated with the indicated antibodies based upon gates shown in 

(A).  (F) Peripheral blood smears were produced from samples collected immediately 

after transfusion and were analyzed by confocal microscopy visualizing DiI-labeled 

hGPA x HOD RBCs (red) and DiO-labeled wild type FVB RBCs (green). Representative 

confocal images and flow cytometric plots are shown.  Fields were chosen by an 
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observer blinded to the identity of the specimens.  The experiment was repeated 3 times 

with similar results.  Graphs include combined data from 3 independent experiments, 

each with 3 mice per group.  

 

Figure 2.6: HTR induced inflammatory cytokine secretion is abrogated in FcγR KO 

mice as compared to C57BL/6 mice.   Mice were passively immunized with either 

10F7 or 6A7 (A) or anti-Fy3 (B) prior to a transfusion of a mixture of DiI-labeled hGPA 

RBCs and DiO-labeled control FVB RBCs. Clearance patterns were determined to 

confirm proper functioning of antibodies (data not shown).  Additional control mice were 

transfused with RBCs treated with phenylhydrazine prior to transfusion.  All recipients 

were exsanguinated 2 hours post transfusion, sera were collected. Cytokines were 

quantified via flow cytometry. Experiment was performed 3 times, each with 3 mice per 

group. 

 

Figure 2.7: Schematic of proposed mechanism of biphasic hemolytic transfusion 

reaction involving neither C3 nor Fc domains of bound antibodies binding to 

FcγRs.    
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Figure 2.2 
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Figure 2.6 
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Abstract: 
 
Alloimmunization to antigens on transfused RBCs represents the major barrier to chronic 

transfusion.  In extreme cases of multiple alloimmunization, clinicians are faced with the 

decision of transfusing incompatible RBCs or risking death from lack of transfusion.  The 

disastrous results of hemolytic transfusion reactions are well understood, and major 

pathways of clearance have been described.  However, well described but poorly 

understood is the survival of a subset of incompatible donor RBCs during hemolysis, 

despite antibody binding.  We utilize a tractable murine model of incompatible 

transfusion in which RBCs from transgenic donor mice expressing human glycophorin A 

are transfused into recipients passively immunized with anti-human glycophorin A.  As in 

humans, the majority of RBCs are cleared; however, also like humans, a subset of 

incompatible donor RBCs persist in circulation, despite being bound by antibodies.  Data 

contained here reject that lack of clearance is due to insufficient antibody or 

overwhelming of phagocytic machinery; rather, we establish that surviving RBCs 

represent a population resistant to clearance.  Further data reject that resistance is due 

to C3 conversion to non-opsonizing C3dg or antigen-loss.  In aggregate, these studies 

demonstrate for the first time that surviving RBCs during incompatible transfusion 

represent a population that is resistant to clearance.   
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Introduction 

 Exposure to a foreign blood group antigen by transfusion of red blood cells 

(RBCs) can initiate an immune response leading to the production of alloantibodies.1-3  

Due to this immunization, any further transfusion of RBCs sharing these same 

alloantigens is contraindicated due to the risk of incurring a potentially fatal hemolytic 

transfusion reaction (HTR). Despite efforts to match blood types to avoid such reactions, 

incompatible transfusions still occur.  Due to the several hundred different human RBC 

blood group antigens described to date,4,5 finding RBCs to transfuse with a matching 

blood type can be challenging and, at times, impossible. This is particularly problematic 

for patients with a rare blood type and/or who require chronic transfusions, resulting in 

alloantibodies against multiple antigens.  If no compatible blood is available and the 

harm from withholding transfusion is dire, patients may be transfused with ‘least 

incompatible’ RBC units, which are given slowly while they are closely monitored for a 

HTR.6 

Although HTRs are a clinical emergency when they occur, they are not the 

inevitable outcome of an incompatible transfusion. Although HTRs can occur for many 

antigens, they do not necessarily occur for every antigen.  For example, only ~50% of 

ABO incompatible transfusions induce clinically-apparent HTRs.7 In addition, 

alloantibodies to antigens in some blood group systems (e.g. Rhesus, Kell, and Kidd), 

will often, but not always, induce severe HTRs, whereas others (e.g. in the Lewis, 

Scianna, Gerbich, Cromer, Knops, and Chido/Rogers systems), seldom cause HTRs.4  

Why incompatible transfusions induce HTRs in some individuals, but not others remains 

unclear.   

An additional complexity for understanding the biology of HTRs is the 

observation that, for a given incompatible transfusion, not all of the incompatible RBCs 

undergo the same fate.  For example, the Direct Antiglobulin Test (DAT), which detects 
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donor RBCs coated with recipient antibodies, can remain positive days to weeks after an 

incompatible transfusion, even though a large number of the RBCs were initially 

destroyed during an HTR at the time of transfusion. Thus, some incompatible RBCs are 

rapidly cleared, whereas others survive long-term despite being antibody coated.  The 

focus of the current studies is to analyze the biology of incompatible RBCs that persist in 

the circulation. 

To study the resistance to clearance of antibody-coated RBCs, we transfused 

transgenic murine RBCs expressing the human glycophorin A (hGPA) antigen into mice 

passively immunized with 10F7, a monoclonal anti-hGPA antibody. A subset of these 

hGPA RBCs continued to circulate despite coating by anti-hGPA; this was not due to 

overloading of the reticuloendothelial system, exhaustion of the 10F7 antibody, or 

antigen-loss. Taken together, these results indicate that a subset of incompatible RBCs 

have a phenotype that makes them resistant to antibody-mediated clearance. 
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Methods 

Mice 

 C57BL/6, FVB, and C3 knockout mice (C57BL/6 background) were purchased 

from the Jackson Laboratories (Bar Harbor, ME). hGPA transgenic mice, on an FVB 

background, were a generous gift from Dr. Narla Mohandas of the New York Blood 

Center. 8 C3 knockout and hGPA transgenic mice were bred by the Emory Division of 

Animal Resources.   All mice were used at 8 to 14 weeks of age.  All procedures were 

performed according to approved IACUC protocols.  

 

Monoclonal antibody and passive immunization 

  The 10F7 anti-hGPA IgG monoclonal antibody was purified by protein G 

chromatography (Bio X Cell, West Lebanon, NH).9-11 Wild type C57BL/6 mice were each 

passively immunized by tail vein injection with 500 µg of 10F7 diluted in 400 µl of 

phosphate buffered saline (PBS), or PBS alone, 2-5 hours prior to transfusion. 

 

Fluorescent labeling and transfusion of murine RBCs 

 RBC labeling, transfusion, and tracking with DiO (3,3'-

dihexadecyloxacarbocyanine perchlorate) and CM-DiI (chloromethylbenzamido 1,1'-

dioctadecyl-3,3,3',3'- tetramethylindocarbocyanine perchlorate) was performed as 

previously described.12  For DiD labeling, freshly collected blood from hGPA transgenic 

mice was labeled with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine 

perchlorate (DiD) dissolved in DMSO.  Fifty microliters of DiD (1 mg/ml in DMSO) was 

added to 1 ml of packed RBCs suspended in 10 ml PBS, incubated for 30 min at 37oC, 

and then washed 3 times with PBS prior to mixing with other populations.   
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RBC survival studies  

 Post first transfusion: Blood samples were analyzed by flow cytometry from 

which a ratio of DiI-labeled hGPA RBCs to DiO-labeled wild-type FVB RBCs within each 

animal was calculated.  This controlled for variations from volume transfused or volume 

loss during sampling, as such effects would equally affect both DiI and DiO populations. 

DiI:DiO ratios from PBS treated mice were set as 100% to control for any other 

alterations in RBC survival distinct from antibody mediated effects.  DiI:DiO ratios in 

antibody treated mice were then normalized to DiI:DiO ratios in PBS treated mice.    

 Post second transfusion (see Figure 3.1A for explanation of experimental 

design): Ratios were calculated for both DiI:DiO (“experienced” hGPA RBCs:wild-type 

control RBCs)  or DiD:DiO (“fresh” hGPA RBCs:wild-type control RBCs).  Thus, the 

relative survival of both hGPA test populations (experienced vs. fresh) was normalized to 

wild-type DiO RBCs to control for any variation due to transfusion volume or loss during 

blood sampling.  DiI:DiO and DiD:DiO ratios from PBS treated mice were set as 100% to 

control for any other alterations in RBC survival distinct from antibody mediated effects.  

DiI:DiO and DiD:DiO ratios from 10F7 treated mice were then normalized to DiI:DiO and 

DiD:DiO ratios from PBS treated mice.  This allowed comparison of relative survival of 

“experienced” and “fresh” hGPA RBCs in the same animal. 

 

RBC characterization 

 DATs were performed using polyclonal goat anti-mouse immunoglobulin (Ig) 

conjugated to allophycocyanin (BD biosciences Pharmingen), as previously described.12 

Antigen stains were performed using 10F7 and goat anti-mouse Ig as the secondary 

antibody. RBCs were also stained with anti-TER119 monoclonal antibody (BD 

bioscience Pharmingen) directly conjugated to allophycocyanin; a rat IgG2b kappa 
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antibody  conjugated to allophycocyanin (BD bioscience Pharmingen) was used as an 

isotype-matched control. 

 

Statistical analysis   

 RBC survival graphs were created with Prism software. All error bars represent 

one standard deviation.    
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Results 

A subset of incompatible RBCs is resistant to antibody-mediated clearance. 

To study RBC biology during an incompatible transfusion, we made use of a well-

characterized, tractable model of antibody-mediated RBC clearance. 13,14  C57BL/6 

recipients were made “incompatible” by passive immunization with a monoclonal anti-

hGPA antibody (clone 10F7) diluted in PBS; control mice received PBS only.  Recipients 

were then transfused with a 1:1 mixture of hGPA transgenic RBCs (labeled with DiI) and 

wild-type RBCs (labeled with DiO).  Peripheral blood was collected from recipients at 

defined time points post-transfusion (see Figure 3.1A for experimental design). Recovery 

of the hGPA RBCs was normalized to recovery of wild-type RBCs to control for 

differences in transfusion volume and blood loss during sampling.  Control mice 

receiving PBS alone without antibody were defined as exhibiting 100% RBC recovery; 

as a result, hGPA RBC survival in incompatible recipients was calculated as a fraction of 

that seen in PBS treated mice.  This approach for monitoring RBC survival during 

incompatible transfusions was previously validated and described in detail.12 

As previously observed,14 80% of hGPA RBCs were cleared in incompatible 

recipients by 2 hours post-transfusion; however, of the 20% of the RBCs that still 

circulated at 2 hours, no significant additional clearance was observed for up to 2 days 

post-transfusion (Figure 3.1B). Based on these data, we hypothesized that the surviving 

RBCs were resistant to clearance. However, several alternate explanations were equally 

consistent with the data, including: 1) that the continued survival of incompatible hGPA 

RBCs was due to insufficient administration of antibody during the passive immunization, 

and 2) that continued hGPA RBC survival was due to overloading the phagocytic 

capacity of the reticuloendothelial macrophage system.  

These hypotheses were tested, as follows. Two days after the initial incompatible 

transfusion, recipient mice were exsanguinated and their RBCs were mixed with freshly 
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isolated, hGPA RBCs labeled with a third fluorescent dye (i.e. DiD) (see Figure 3.1A for 

experimental design). DiI, DiO, and DiD each fluoresce at different wavelengths, 

allowing for simultaneous analysis of three RBC populations. The mixed RBCs were 

then transfused into new recipients that had either been immunized with 10F7 or infused 

with PBS alone.  Survival of fresh hGPA RBCs (labeled with DiI) or “experienced” hGPA 

RBCs (labeled with DiD) was normalized to survival of wild-type RBCs (labeled with 

DiO).  The fresh hGPA RBCs again exhibited approximately 80% clearance.  In contrast, 

no additional clearance was observed with the “experienced” hGPA RBCs (Figure 3.1B).  

Because the fresh and “experienced” hGPA RBCs circulated in the same animal, and 

because the fresh hGPA RBCs underwent 80% clearance, these results exclude both 

hypotheses: (1) that experienced hGPA RBCs survive due to diminished phagocytic 

capacity of the recipient, and (2) that insufficient concentrations of 10F7 antibody are 

present.  Taken together, these data suggest that the 10F7 antibody-coated hGPA 

RBCs that survive the initial clearance exhibit the property of resistance. 

 

Resistance to clearance of antibody-coated hGPA RBCs is not due to complement 

 Upon activation of the classical complement pathway by antibody binding, a 

reactive thioester moiety on C3 becomes available for covalent attachment to 

surrounding proteins, including the inciting antibody.15 Such C3 binding can prevent 

recognition of the Fc domain of the antibody, thereby theoretically preventing 

phagocytosis.16  As C3b can be rapidly converted to its degradation products (i.e. C3dg) 

that no longer opsonize RBCs via complement receptors, it has been hypothesized that 

complement binding can prevent Fc receptor mediated opsonization of antibody coated 

cells by blocking IgG-Fc receptor interactions.  To test the hypothesis that complement 

modified products are responsible for the resistance to clearance of 10F7-coated hGPA 
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RBCs, the experimental approach described above was used in recipient mice with a 

targeted deletion of the C3 gene (i.e. C3 KO mice). 

 In C3 KO mice passively immunized with 10F7, 20% of the incompatible hGPA 

RBCs continued to circulate up to 2 days post transfusion, just as was observed in wild-

type C57BL/6 mice (Figure 3.2A). To test for resistance to clearance, as above, blood 

was collected from exsanguinated recipients of after the first transfusion and mixed with 

fresh DiD-labeled hGPA RBCs (see experimental design in Figure 3.1A).  Again, 60-80% 

of the incompatible fresh hGPA RBCs were cleared (Figure 3.2B). In contrast, 

“experienced” hGPA RBCs were not additionally cleared after the second transfusion 

into passively immunized C57BL/6 animals (Figure 3.2B).  The same experimental 

design was also used using C3 KO mice as recipients of both the first and second 

transfusions, and similar results were observed (data not shown).  These data reject the 

hypothesis that C3 and/or its break down products are required to induce the resistance 

phenotype of incompatible hGPA RBCs during an incompatible transfusion. 

 

Characterization of Antigen Density and Antibody Binding of Resistant RBCs 

Clearance-resistant hGPA RBCs were characterized by analyzing the surviving 

RBCs after the clearance phase of the 10F7 incompatible transfusion.  Specimens were 

stained with an RBC specific antibody (i.e. anti-TER119) and the anti-hGPA antibody 

(10F7) (see Figure 3.1C-D for gating strategy). DiI-positive cells also stained positive for 

the TER119 RBC marker, which was specific because no staining was observed with the 

isotype matched control (Figure 3.3A). DiO-positive cells also stained positive for 

TER119 (data not shown). These data reject the hypothesis that the resistant cells 

represent non-erythrocytes that absorbed the fluorescent dye during the labeling 

process. 
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Staining with anti-hGPA revealed a positive shift only with DiI-positive RBCs and 

not with DiO-positive RBCs (Figure 3.3B), and this was observed over the entire 2 day 

time course studied.  A small decrease in intensity of anti-hGPA staining was observed 

over time (Figure 3.3B); however, a large amount of hGPA antigen still remained on the 

surface of the DiI-positive RBCs.  These data reject the hypothesis that the resistant 

RBC population was due to transfer of fluorescent dye to wild-type RBCs that do not 

express the hGPA antigen.    

The persistence of in vivo bound 10F7 on transfused RBCs was tested by 

staining blood with secondary antibody (goat anti-mouse Igs).  Compared to wild-type 

RBCs (i.e. DiO-positive), hGPA RBCs (i.e. DiI-positive) were reactive with anti-Igs 

throughout the entire 2 day time course, demonstrating surface bound immunoglobulins 

were only on hGPA RBCs.  No binding of 10F7 or anti-Igs was detected on wild-type 

RBCs (i.e. DiO-positive) at any time point (Figure 3.3C). Staining intensity with 

secondary antibody alone was not as positive as antigen staining intensity with both anti-

hGPA and secondary antibodies, and this difference became more apparent over time 

(Figure 3.3C). This observation demonstrates that not all 10F7 sites are occupied in 

vivo, suggesting gradual detachment of 10F7 over time.  

Similar studies were performed on samples collected second transfusion. The 

hGPA cells remained positive for TER119 and continued to express the hGPA antigen 

(Figure 3.4B). The hGPA RBCs were reactive with anti-Igs only when samples were 

collected from 10F7-treated mice, but not in samples collected from PBS treated mice, 

even if the RBCs had survived in 10F7 treated animals during the first transfusion 

(Figure 3.4C). These data indicate that 10F7 binding is in a dynamic on-off equilibrium 

and that sufficient concentrations of circulating 10F7 are required for the continued 

presence of surface-bound antibodies coating the hGPA RBCs. As observed in the first 

transfusion, there is a slight decline in detectable hGPA RBCs over time, but an 
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abundance of antigen remains detectable over the time course of the experiment.  

(Figure 3.4C).  

In PBS-treated mice, antigen levels were lower on hGPA RBCs that had been 

previously transfused into 10F7 passively immunized mice as compared to hGPA RBCs 

that had been previously transfused into PBS mice. However, no additional decrease 

was noted between hGPA RBCs circulating in PBS and 10F7 treated animals during the 

second transfusion (Figure 3.4B). In contrast, no difference was observed between PBS 

and 10F7 antibody treated animals of the second transfusion, when transfused with 

RBCs from animals treated with 10F7 during the first transfusion (Figure 3.4B).  These 

observations support the concept that there is a decline in antigen levels upon the first in 

vivo encounter of RBCs with 10F7; however, no further decrease in antigen is observed 

in mice upon the second encounter with the same concentration of 10F7.  
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 Discussion  

We demonstrate in this manuscript that, very much like human RBC transfusions, 

murine RBCs undergo different fates after incompatible transfusion.  Mouse RBCs 

expressing hGPA can be cleared, or can continue to circulate, after transfusion into 

recipients with circulating anti-hGPA antibodies.  Above, we exclude the explanation of 

there simply being too little antibody to clear the remaining RBCs, by performing second 

transfusions into recipients freshly passively immunized with monoclonal antibody.  We 

likewise rule out the explanation that the reticuloendothelial system’s phagocytic 

capacity is simply exceeded, by showing that during the second transfusion, fresh, but 

not “experienced,” hGPA RBCs are cleared, by the same reticuloendothelial system in 

individual recipients.  Together, these data indicate that there are distinct populations of 

incompatible RBCs, with differential susceptibility to clearance; whether this is an 

intrinsic property of the RBCs or is a phenotype acquired over the course of transfusion 

is unclear. 

Studies by Möller et al. suggested that resistance of RBCs during incompatible 

transfusion was induced by circulating complement.17,18 Along similar lines, other studies 

demonstrated long-term survival of incompatible RBCs, with an initial organ 

sequestration of an incompatible RBC population.19-23 Even though organ sequestration 

is not readily observed in our current study, it cannot be ruled out as a coincident 

mechanism, occurring below detectable levels and/or outside of the collection times. 

One suggested mechanism for organ sequestration is complement receptor binding to 

C3b with subsequent complement degradation, thereby releasing the RBC from the 

complement receptor.24 Finally, Beum et al. showed that C3 binding can sterically hinder 

the Fc region of antibodies, which could prevent Fc gamma receptor-mediated 

erythrophagocytosis.16 For these reasons, we directly tested whether C3 is required in 
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our system; however, because we observed identical biology in both wild-type and 

C3KO mice, we reject the hypothesis that C3 is required for the resistance phenotype in 

this system.  Nonetheless, we cannot exclude a role for C3 in a redundant pathway. 

We recently reported that the mechanism of clearance of hGPA RBCs by 10F7 

requires neither complement nor Fc gamma receptors, and likely involves 

aggregation/sequestration, followed by a consumption signal other than opsonization by 

C3 or IgG (e.g. phosphatidylserine).14 Although it is unclear to what extent this 

mechanism functions during incompatible transfusions in systems other than that 

involving hGPA, this background provides a unique advantage to the current studies, 

because it allowed for the study of complement-mediated resistance while not impeding 

the clearance mechanism of the transfused incompatible RBCs. The lack of clearance 

observed in this study in C3 KO mice is, therefore, not due to the absence of a major 

clearance system, but rather because of the continued resistance of the incompatible 

hGPA RBCs. 

Monitoring of hGPA density on the RBCs demonstrated a subtle but significant 

decrease in hGPA levels over time post-transfusion.  The significance of this decrease is 

unclear.  It is worth noting that non-hemolytic loss of antigen, as a result of incompatible 

transfusion or autoantibodies, has been observed for a variety of human blood group 

antigens (although not for hGPA to the best of our knowledge).  This antigen-loss 

process has been hypothesized to play a role in RBCs avoiding hemolysis.  Although we 

cannot unequivocally rule out that the slight decrease in hGPA density on RBCs that 

survive incompatible transfusion is contributory to their survival, a substantial level of 

hGPA antigen persists.  Indeed, RBCs are robustly cleared by antibodies recognizing 

antigens expressed at much lower levels than hGPA in various other murine systems.25 

Thus, it is unlikely that antigen-loss is a predominant mechanism of resistance in the 

current studies.   
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Because we recently reported that agglutination/sequestration appears to be the 

main mechanism by which hGPA RBCs are cleared by 10F7, we hypothesize that the 

phenotype of the resistant RBCs inhibits agglutination/sequestration in some, as yet 

undefined, way.14 Alternatively, the resistant RBCs may transiently be cleared from and 

then re-enter the circulation due to a mechanism that avoids consumption.  Future 

studies should address these issues in the context of the hGPA system and also 

investigate if a similar resistance biology is seen in other RBC antigen-antibody systems.  

Finally, it is important to understand the biology underlying why some incompatible 

RBCs continue to circulate in humans post-transfusion (e.g. persistent DAT-positive 

RBCs).  A detailed understanding of this process may allow one to predict which 

incompatibilities are least dangerous in a given patient, to isolate units that are less 

prone to undergo hemolysis, and/or provide a rational basis for selecting and/or 

engineering RBCs that are resistant to antibody-mediated clearance.  
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Figure legends 

Figure 3.1 – A subset of hGPA RBCs are resistant to antibody-mediated clearance 

after incompatible transfusion 

(A) Schematic of experimental design for studies of transfusions of incompatible hGPA 

RBCs. (B) first transfusion: Wild-type mice were either passively immunized with affinity-

purified 10F7 anti-hGPA monoclonal antibody diluted in PBS (squares, solid line) or 

received PBS alone (diamonds, dashed line).  All recipients were then transfused with a 

mixture of DiI-labeled hGPA RBCs and DiO-labeled wild-type FVB RBCs. Second 

transfusion: recipients from the first transfusion were exsanguinated, their RBCs were 

mixed with freshly obtained DiD-labeled hGPA RBCs, and then the samples were 

transfused into C57BL/6 mice that either received PBS alone (diamonds, dashed line) or 

were passively immunized with 10F7 (squares, solid line). (C) Gating strategy used for 

the post-transfusion analysis of circulating RBCs with representative flow cytometric 

plots. (D) histograms represent staining with anti-hGPA on the indicated gated 

populations (DiI+ (hGPA) or DiO+ (wild-type)). Graphs include combined data from 3 

independent experiments, each with 5-6 mice per group.  

 

Figure 3.2 – Clearance resistance of hGPA incompatible RBCs in C3 KO mice 

(A) First transfusion: C3 KO mice were passively immunized with anti-hGPA (squares, 

solid line) or infused with PBS alone (diamonds, dashed line).  All recipients were then 

transfused with a mixture of DiI-labeled hGPA RBCs and DiO-labeled FVB wild-type 

RBCs. Percent survival of hGPA RBCs was normalized to hGPA RBC survival in PBS-

treated animals. (B) Second transfusion: transfused recipients from the first transfusion 

were exsanguinated, the resulting RBCs were mixed with freshly isolated DiD-labeled 

hGPA RBCs, and then transfused into C3KO mice treated with either PBS (diamonds, 
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dashed line) or 10F7 (squares, solid line). Graphs include combined data from 3 

independent experiments, each with 3 mice per group. 

 

Figure 3.3 – Persistence of antigen and antibodies on hGPA incompatible RBCs 

(A) Histogram represents staining with anti-Ter119 (black line) or isotype matched 

control (shaded gray) of post first transfusion after gating on DiI-hGPA (Experienced) 

RBCs. (B) Histograms represent staining with anti-hGPA (10F7) monoclonal antibodies 

followed by secondary anti-mouse IgGs after gating on DiI-labeled hGPA RBCs (black 

line) or DiO-labeled control wild type FVB RBCs (shaded gray). (C) Histograms 

represent staining with secondary anti-mouse IgGs alone (DAT) of DiI-labeled hGPA 

RBCs (black line) or DiO-labeled control wild type FVB RBCs (shaded gray).  In all 

cases, recipient animals and times post-transfusion are indicated. This experiment has 

been performed 3 separate times with similar results; representative histograms are 

shown.  

 

Figure 3.4 – Antigen and antibodies during second transfusion in C57BL/6 mice 

(A) The histogram represents staining with anti-TER119 (black line) or and isotype-

matched control (shaded gray) of cells obtained after the second transfusion after gating 

on DiI-positive hGPA (i.e. “experienced”) RBCs. (B) The histograms represent staining 

with the anti-hGPA 10F7 monoclonal antibody and secondary anti-mouse Ig after gating 

on DiI-labeled hGPA RBCs (black line) or DiO-labeled control wild-type FVB RBCs 

(shaded gray). (C) The histograms represent staining with secondary anti-mouse Ig 

alone (i.e. a DAT) after gating on DiI-labeled hGPA RBCs (black line) or DiO-labeled 

control wild-type FVB RBCs (shaded gray).  In all cases, recipient mice and times post-

transfusion are indicated. This experiment was performed 3 separate times with similar 

results; representative histograms are shown.  
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Figure 3.2 
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Figure 3.3 
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Figure 3.4  
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Abstract 
 
Incompatible red blood cells (RBCs) do not always clear and/or lead to potentially fatal 

outcomes, including hemolytic transfusion reactions (HTRs), hemolytic disease of the fetus and 

newborn (HDFN) and autoimmune hemolytic anemia (AIHA). Complement mediated RBC 

protection has been suggested as a mechanism of resistance during incompatible transfusions. 

In the current report, we analyzed mechanisms of RBC survival during incompatible 

transfusions of murine RBCs expressing a fusion protein Hen-egg-lysozyme, Ovalbumin, and 

human Duffy (HOD) into mice with anti-Fy3 antibodies. C3 and Fcγ receptor knockout (KO) mice 

along with wild type mice were passively immunized with anti-Fy3 antibodies (MIMA29) and 

transfused with a mixture of control RBCs and RBCs expressing the HOD antigen. Recipients 

were then exsanguinated and blood was mixed with fresh HOD RBCs and subsequently 

transfused into anti-Fy3 antibody treated wild type mice. Post transfusion blood was collected 

and analyzed via flow cytometry. This model of incompatible transfusion into wild type or C3 KO 

antibody-treated mice both resulted in resistance of a population of HOD RBCs. Transfusion 

into Fcγ receptor KO mice resulted in no clearance during the 1st transfusion and clearance in 

the 2nd transfusion of the majority of the incompatible HOD RBCs.  Resistant incompatible HOD 

RBCs in wild type, C3KO and Fcγ receptor KO mice were positive for RBC marker, Fy3 antigen 

and surface-bound antibodies. Diminishing antigen expression and antibody binding was only 

noticed in wild type and C3 KO mice. These data demonstrate the existence of a resistant 

incompatible HOD RBC population. This resistance does not required C3, which contradicts the 

suggested complement mediated mechanism of resistance.  Moreover, incompatible HOD RBC 

resistance was not found to be acquired but was instead intrinsic to the circulating RBCs.  
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Introduction 

 There have now been several hundred blood group antigens described on the human 

red blood cell (RBC).1 In most cases, once a patient is immunized against one of these blood 

group antigens, a second exposure to the same antigen can lead to a severe hemolytic 

transfusion reaction (HTR). In the case of ABO however, antibodies against these blood group 

antigens arise within the first few months of life, therefore RBC units are always crossmatched 

for this blood group prior to transfusion. Despite the exhaustive efforts of matching blood units to 

patients, incompatible transfusions still occur due mostly to either mistransfusions2 or lack of 

existing matching units, particularly in the case of patients in need of multiple transfusions3 such 

as those with leukemia,4 thalassemia,5 Myelodysplastic syndrome6 or sickle cell anemia.7  

The intricacies of incompatible transfusions are still not understood. It has been reported 

that HTRs are not the inevitable outcome of an incompatible transfusion.  Not all ABO 

incompatible transfusions lead to HTRs.8 Partial survival of incompatible RBCs has also been 

observed in other blood group systems.9-13 In addition, patients with autoimmune hemolytic 

anemia (AIHA) still have circulating RBCs, some found to have bound antibodies.14,15  

In order to study incompatible RBC populations during transfusions we utilized a 

transgenic mouse expressing a RBC specific fusion protein containing Hen egg lysozyme, 

Ovalbumin and the human blood group Duffy (HOD). It has been shown that incompatible HOD 

RBCs clear via the Fcγ receptor pathway (See chapter 2 of thesis). In this current study, HOD 

expressing RBCs were transfused into passively immunized mice to simulate an incompatible 

transfusion in a murine model. A portion of the incompatible HOD RBCs was found to not clear 

and persist in circulation up to 2 days post transfusion. The survival of incompatible HOD RBCs 

was found to not be due to saturation of the reticuloendothelial system. Staining of the resistant 

HOD RBCs revealed a population of incompatible RBCs expressing varying levels of HOD on 

their surfaces. Furthermore, we demonstrated that resistance was not due to C3 and was 

instead due to the intrinsic nature of the HOD RBCs. 
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Methods  

Mice  

 C57BL/6 (B6), FVB, and C3 knockout mice were purchased from the Jackson 

Laboratories (Bar Harbor, ME).  FcγR KO mice (Fcer1g) were purchased from Taconic Farms, 

Inc.  All mice were used at 8 to 14 weeks of age. HOD mice consisted of transgenic animals 

(FVB background) expressing a fusion protein Hen Egg Lysozyme (HEL), Ovalbumin (Ova), and 

Duffy b (aka. HOD mice)16 (see figure 4.1A for schematic of antigen). All breeding (including 

FcγR KO and C3 KO mice) was performed by the Emory University Department of Animal 

Resources Husbandry Services and all procedures were performed according to approved 

IACUC protocols.  

 

Antibodies and passive immunization 

  Anti-Fy3 (aka: anti-HOD, MIMA29) a generous gift from Marion Reid and Greg Halverson 

at the New York Blood Center is an IgG2a. Antibodies were purified by protein G 

chromatography (Bio X Cell, West Lebanon, NH). The wild type C57BL/6 mice were passively 

immunized with 500µl of 200µg MIMA29 in PBS or were given PBS alone by tail vein injection 

2-5 hours prior to transfusion. 

 

Fluorescent labeling and transfusion of murine RBCs 

  HOD transgenic mice and wild type FVB mice were anesthetized with isoflurane and 

exsanguinated by enucleation.  Blood collected was washed with phosphate buffered saline 

(PBS) and labeled with one of 3 different lipophilic dyes used to track the survival of these RBCs 

post transfusion. HOD blood was typically labeled with 1,1'-dioctadecyl-3,3,3'3'-

tetramethylindocarbocyanine perchlorate (DiI), and FVB blood was typically labeled with 3,3’-

dihexadecyloxacarbocyanine perchlorate (DiO).  After labeling, HOD and wild type FVB blood 

cells were mixed at a 1:1 ratio and brought to a 20% hematocrit with LPS-free PBS. Each 
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C57BL/6 recipient was transfused by tail-vein injection, with 500µl of above prepared blood 

mixture.  

 Two days post transfusion the mice were exsanguinated by enucleation and blood was 

mixed with freshly collected HOD blood labeled with a different lipophilic dye, typically 1,1'-

dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD).  The fresh DiD-labeled 

HOD blood (“fresh HOD blood”) was mixed with blood collected from recipients of the 1st 

transfusion at a 1:1 ratio with the surviving DiI-labeled HOD RBCs (“experienced HOD blood”).  

The total mixture was brought to a 20% hematocrit with LPS-free PBS and 500µl was 

transfused by tail vein injection into fresh C57BL/6 mice.  

  

RBC survival 

 After both the first and second transfusions, mice were anesthetized and 25µl to 50µl of 

blood was collected retroorbitally at 2 hours, 20 hours, and 2 days post transfusion.  After the 

first transfusion, samples were analyzed by flow cytometry from which a ratio of DiI-labeled 

HOD blood to DiO-labeled FVB blood within each animal was calculated.  These ratios from 

antibody treated animals were then normalized to PBS treated animals and graphed as percent 

survival.   

 After the second transfusion, the ratio of DiI-labeled “experienced” HOD blood cells to 

DiO-labeled FVB blood cells was calculated and the resulting ratios were normalized to the 

ratios calculated from RBCs transfused into 2 consecutive PBS treated mice. Similarly, the ratio 

of DiD-labeled “fresh” HOD RBCs (never previously transfused) to DiO-labeled FVB RBCs was 

calculated. However, these DiD-HOD to DiO-FVB RBC ratios were each normalized to their 

PBS counterparts transfused with the same blood mixture (both originated from the same 1st 

transfusion recipients). 
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RBC characterization  

 A Direct Antiglobulin Test (DAT) was performed on samples collected post first and 

second transfusions at a 1:100 dilution of goat anti-mouse Igs antibodies (BD biosciences).  The 

samples were also stained with a primary antibody, MIMA29, at a concentration of 1µg/100µl of 

Fluorescence-activated cell sorting (FACS) buffer then with a 2o antibody, goat anti-mouse Igs 

(BD bioscience Pharmingen), diluted 1:100 in FACS buffer. The samples were also stained with 

Rat anti-TER119 (BD bioscience Pharmingen) also diluted to 1:100 with FACS buffer; Rat 

IgG2b k (BD bioscience Pharmingen) antibodies were used as an isotype matched control. 

 

Calculations and Statistical analysis.   

 Survival graphs were all calculated and created with Prism software. All error bars 

represent one standard deviation.   
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Results 

A subset of incompatible HOD RBCs is resistant to antibody-mediated clearance and continues 

to circulate during a subsequent transfusion 

To study RBC biology during an incompatible transfusion, we made use of a well-

characterized tractable model of antibody mediated RBC clearance (refer to dissertation 

chapters 2 and 3).17 C57BL/6 recipients were passively immunized with monoclonal anti-Fy3 

antibody followed by transfusion with RBCs from transgenic mice expressing a RBC-specific 

HOD antigen (see figure 4.1A for schematic of antigen).16 To allow tracking of RBC survival, 

prior to transfusion, a fluorescent labeling approach was utilized (also see dissertation chapters 

2 and 3).  HOD RBCs and wild-type FVB RBCs were labeled with fluorescent dyes, DiI and DiO, 

respectively.  A mixture of the labeled HOD and wild-type RBCs was transfused and blood was 

collected at the indicated time-points post-transfusion (see figure 4.1B for experimental design).   

Survival of HOD RBCs was calculated as a function of wild-type FVB RBC survival, so as to 

control for mouse-to-mouse volume variations regarding transfusion and specimen bleeding.  All 

survival of HOD RBCs in experimental animals was normalized to baseline survival established 

in PBS treated mice (see figure 4.1C for representative plots and gating strategy). About 40% of 

HOD RBCs were cleared rapidly in incompatible recipients within 2 hours post transfusion 

(Figure 4.1D). Of the 60% that did not clear after 2 hours of circulation, a slower decline in HOD 

RBC survival was observed.  

Based upon the above data, we hypothesized that the surviving RBC population had a 

lower susceptibility to clearance and were therefore more resistant to antibody binding. 

However, several alternate explanations were equally consistent with the data: 1) the 

incompatible HOD RBC survival was due to insufficient administration of antibody during 

passive immunization and 2) HOD RBC survival was due to an overloading of the phagocytic 

capacity within the reticuloendothelial system. To test these hypotheses, a third RBC population 

labeled with different dye was used.  Two days after the initial incompatible transfusion, 
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recipient mice were exsanguinated and the blood was mixed with freshly isolated HOD blood 

(“fresh”) labeled with DiD (see figure 4.1B for experimental design). This mixture of three RBC 

populations was then transfused into new C57BL/6 recipients passively immunized with the 

same concentration of anti-Fy3 antibodies. No additional clearance was observed in 

experienced HOD RBCs compared to co-transfused FVB RBCs (Figure 4.1E). In contrast, the 

fresh HOD RBCs showed approximately 60% clearance, similar to the clearance observed in 

the 1st transfusion (Figure 4.1F). When comparing fresh and experienced HOD blood survival, 

fresh HOD RBCs cleared to a greater extent than experienced HOD RBCs. Because the fresh 

and experienced RBCs were in the same animal, and the fresh RBCs underwent 60% 

clearance, these findings exclude hypotheses in which experienced HOD RBCs survive due to 

diminished recipient capacity of clearing incompatible red cells. 

 

Characterization of Antigen Density and Antibody Binding to Resistant cells 

An alternate hypothesis for the observed incompatible RBC survival is HOD RBC dye-

transfer onto non-red cells or onto host RBCs. We first sought to determine if these DiI+ cells 

were indeed RBCs by staining for a RBC marker. Using the gating strategy described in figure 

4.1C, all DiI+ cells were found to be positive for the TER119 antigen. These data were not due 

to non-specific binding of anti-TER119 antibody, as DiI+ cells stained with an isotype-matched 

control were negative (Figure 4.2A). Post transfusion samples were also stained for the 

presence of the HOD antigen (specifically the Fy3 epitope). A tight positive population was 

observed in non-passively immunized animals 2 hours after the 1st transfusion. In animals 

treated with anti-Fy3 (MIMA29), a large positive peak was observed, however, a left shifted 

population appeared with a more pronounced negative peak (Figure 4.2B). Overtime, the large 

positive peak in anti-Fy3 animals shifted closer to the DiO+ FVB RBCs in addition to a growing 

negative population. Since these populations are analyzed as % maximum, the growing 

negative population is most likely due to the decreasing numbers of HOD+ RBCs during 
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incompatible RBC removal. After 2 days of circulation, approximately half of the surviving DiI+ 

RBCs still remain positive for the Fy3 epitope (Figure 4.2B). It is unlikely that the growing 

negative population is due to dye transfer onto cells negative for the epitope because the 

negative population in PBS treated mice is unchanging during the 3 day time course (Figure 

4.2B). We therefore conclude that the DiI+ cells are RBCs and that about half of the DiI+ RBCs 

still remain HOD positive 2 days after the 1st transfusion. To test if the survival of DiI+ RBCs was 

due to lack of antibody binding, samples were stained with anti-mouse IgGs alone (direct 

antiglobulin test (DAT)). Compared to control FVB RBCs, HOD RBCs were DAT+, indicating 

surface bound immunoglobulin (Figure 4.2C). DATs matched antigen-staining intensity 

throughout the time course, indicating that Fy3 epitopes are saturated with bound antibodies 

throughout the 3-day course of the experiment (Figure 4.2B and 4.2C).  

These results suggest that half of the HOD RBCs transfused into incompatible C57BL/6 

recipients continued to circulate with detectable Fy3 epitopes and bound antibodies up to at to 

two days post incompatible transfusion and upon preparation for the 2nd transfusion. Resistant 

DiI+ cells stayed TER119 positive after the 2nd transfusion. A portion of these DiI+ RBCs was 

still positive for the Fy3 epitope and for bound antibodies, however, at a slightly lower intensity 

(data not shown). 

Overall, these results demonstrate that the extended survival of the incompatible HOD 

RBCs is not due to an overloaded spleen, insufficient antibody presence or lack of antibody 

binding, and is likely not an artifact of dye transfer to non-erythroid cells or to recipient RBCs. 

Rather, the surviving HOD RBC population is resistant to clearance, albeit with slight clearance 

observed overtime. After the subsequent transfusion, no additional clearance was observed 

post 2nd transfusion over the course of 3 days.  
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HOD RBC resistance is not due to complement  

Dr. Göran Möller made the observation that incompatible RBC resistance may be due to 

a factor in the serum, possibly complement, because fewer incompatible RBCs persisted in vivo 

when mice were given heat aggregated human γ-globulin.18 In support of this observation, 

proteolytically active C3 convertase cleaves C3 into C3a and C3b exposing a highly reactive 

thioester bond.  C3b can therefore associate with the RBC surface and the RBC bound 

antibody. Once bound, C3b can further degrade to iC3b, C3c and C3dg, each of which can bind 

to various complement receptors on leukocytes, however can no longer opsonize the RBC or 

activate the MAC complex leading to direct cell lysis. In addition, observations of RBC 

circulation in incompatible animals were made after an initial sequestration of these cells. This 

pathway is said to occur via C3b binding to complement receptors (such as CR1) and 

subsequent C3b cleavage (shown to be enhanced when bound to CR1) releasing the antibody-

bound RBC.19,20 We, therefore, hypothesized that C3 is required for the resistance of 

incompatible RBCs during incompatible transfusion.   

In order to test this hypothesis HOD and FVB RBCs were co-transfused into anti-Fy3 

passively immunized C3 KO mice. The phenotype of these mice was confirmed by complement 

fixation assay (data no shown). Incompatible HOD RBCs cleared in C3 KO and C57BL/6 mice 

alike (Figure 2.3A). No increase in antigen staining intensity or DATs were observed in C3 KO 

mice after the 1st incompatible transfusion, suggesting that, in C57BL/6 mice, resistant HOD 

RBC Fy3 epitopes and bound antibody Fc regions are not obfuscated by C3 degraded products 

(Figure 4.3B and 4.3C). Blood collected from the C3 KO recipients were then mixed with freshly 

collected HOD blood labeled with DiD and transfused into a second set of C57BL/6 recipients 

also passively immunized with anti-Fy3. Survival of HOD RBCs upon second exposure to anti-

Fy3 was uninterrupted (Figure 4.4A), which was not the case for the fresh HOD RBCs (labeled 

with DiD), interacting with anti-Fy3 for the first time. Fresh HOD RBCs cleared to an even 
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greater extend than experienced HOD RBCs despite circulating in the same mouse (Figure 

4.4B).  

We conclude from these data that C3 degraded products are not required for HOD RBC 

clearance or resistance during an incompatible transfusion. Staining of HOD RBCs from C3 KO 

mice yielded similar intensity than HOD RBCs from C57BL/6 mice, suggesting that the Fy3 

epitope on HOD antigens as well as the Fc regions of bound antibodies were most likely not 

obfuscated by the C3 degraded products previously observed in C57BL/6 recipients of the 1st 

transfusion.  

 

Resistance of HOD RBCs is due to an innate trait and is not acquired during the course of an 

incompatible transfusion 

 As previously established, MIMA29 mediated HOD RBC clearance requires Fcγ 

receptors (see dissertation chapter 2). In order to test if the resistance of HOD RBCs is innate or 

acquired during the course of an incompatible transfusion, HOD RBCs were first transfused into 

Fcγ KO mice with anti-Fy3 (MIMA29) and were subsequently transfused into incompatible 

C57BL/6 mice. If HOD RBC resistance is acquired, incompatible transfusions into Fcγ KO mice, 

which do not have the ability to clear HOD RBCs, would thus yield a larger resistant HOD RBC 

population.  Blood was collected during the course of 3 days and no HOD RBC clearance was 

observed during the 1st transfusion (Figure 4.5A). HOD antigen stains of DiI+ cells from PBS 

treated animals were identical to those from MIMA29 treated animals, with no left shift observed 

(Figure 4.5B). In addition, there was no difference between antigen stains and DATs of HOD 

RBCs in incompatible animals, indicating that RBCs were saturated with bound antibody (Figure 

4.5C). Thus, stains from these collected samples showed no reduced antigen expression 

(Figure 4.5B) or bound-antibody (DAT) (Figure 4.5C) on the surface of incompatible DiI-labeled 

HOD RBCs, which contrasts the above staining results within C3KO and C57BL/6 recipients. 
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  Once mice of the 1st transfusion were exsanguinated 2 days post transfusion, blood was 

combined with freshly collected HOD blood labeled with a third dye, DiD (as previously 

described). The mixture was then transfused into C57BL/6 recipients (2nd transfusion). Wild type 

mice passively immunized with anti-Fy3 cleared “experienced” HOD RBCs from MIMA29 treated 

FcγR KO mice as rapidly and to the same extent as “experienced” HOD RBCs that were 

previously transfused into PBS treated FcγR KO mice (Figure 4.6A). Clearance of fresh HOD 

RBCs occurred as previously observed in C57BL/6 mice, upon first encounter with anti-Fy3, 

which mimicked 1st incompatible transfusion in Figure 4.5A (Figure 4.6B). Post-2nd transfusion 

anti-HOD antigen and DATs stains revealed that MIMA29 exposed RBCs were bound with 

saturating levels of antibody (Figure 4.6C). Upon retransfusion of HOD RBCs from FcγRKO, a 

middle peak appeared. The highest peak in C57BL/6 mice seems to be no higher than the 

middle peak in FcγRKO mice (Figure 4.6C). 

 We conclude from these results that non-cleared incompatible HOD RBCs in FcγR KO 

mice (1st transfusion) clear during a 2nd transfusion in wild type mice with no noticeable increase 

in a HOD resistant population size. This observation suggests that resistance is not acquired 

during the course of an incompatible transfusion but is instead innate to the surviving HOD 

population.  
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Discussion  

Presently, patients are cross-matched before every transfusion.21 However, cases of 

incompatible transfusions still arise.2,22-24 Patients with a chronic need for transfusions are at a 

particular risk for incompatible transfusions due to the higher rate of alloimmunization due to the 

more frequent exposure to new antigens25-33 If no compatible blood is available, the patients are 

transfused the ‘least incompatible’ RBC units, which are given slowly while the patient is closely 

monitored for an HTR.34 Even though HTRs can be very severe and life threatening, they do not 

always occur.1,8 Understanding the intricacies of these observations will lower the risks involved 

with the use of incompatible RBC units. 

In this current study we report the survival of HOD RBCs in incompatible animals. This 

survival is not due to reticuloendothelial system oversaturation, complete loss of antigen or lack 

of antibody binding. Even though antigen levels on incompatible HOD RBCs decreased 

overtime, a positive population still remained 2 days post transfusion. The decrease in HOD 

expression was gradual with a simultaneously growing negative population. This data can be 

interpreted as partial and complete antigen loss, dye transfer or both. The increase in negative 

population observed could be due to the relative decrease in HOD+ RBCs as they are gradually 

removed from circulation. As shown during the 1st transfusion survival data, 40% of incompatible 

HOD RBCs are rapidly cleared within 2 hours. The decrease in the rate of clearance could be 

due to the changing ratios of HOD positive to HOD negative RBCs. Ongoing studies are testing 

this interpretation. 

A positive population of HOD RBCs still remained after an incompatible transfusion, 

which could be due to saturation of the reticuloendothelial system. The subsequent transfusion 

revealed that this was not the case because no additional clearance was observed in antibody 

experienced HOD RBCs in a second mouse. We also tested the HOD RBC’s ability to resist an 

incompatible transfusion after circulating in a C3KO mouse because of previous research 

suggesting that complement is responsible for RBC resistance.18,35 Incompatible HOD RBCs did 
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not clear any further after circulating in C3KO animals demonstrating a lack of C3-requirement 

for resistance. Consistent with these findings is the interpretation that incompatible RBCs are 

able to acquire resistance rapidly during the 2nd transfusion in a C57BL/6 animal.  

In addressing this alternate interpretation, we asked whether resistance was acquired or 

innate to the RBC. Previous studies in the hGPA system (see dissertation chapters 2 and 3) did 

not allow us to ask this question due to the nature of the clearance. Since HOD RBCs require 

the presence of the common-γ chain for clearance, we therefore transfused FcγR KO mice to 

determine whether resistance can be acquired. After circulating in the presence of MIMA29 

without clearing in FcγRKO animals, HOD RBCs cleared to previously observed levels when 

faced with a second wave of MIMA29. These data indicate that resistance is not acquired but is 

instead innate to the RBC, which is consistent with the C3KO 2nd transfusion survival data. We 

cannot, however rule out the possibility that knocking out the common-γ chain has changed the 

biology of FcγRKO mice such that resistance is no longer inducible and/or resistance is acquired 

in an Fcγ-dependent manner.  

Antigen staining and DATs of incompatible HOD RBCs (as compared to compatible 

HOD RBCs) revealed a growing negative population as well as a left shift in the positive 

population indicating either antigen loss/obfuscation or a shift in the ratios of positive HOD and 

negative HOD RBC populations. This was not the case when incompatible HOD RBCs were 

allowed to circulated in FcγRKO mice, samples from which showed no differences in antigen 

staining or DAT between PBS and MIMA29 treated recipients. The lack of interaction of 

antibody covered HOD RBCs with Fcγ receptors could explain the continued circulation of high 

expressing red cells during incompatible transfusion.  

The stains after a 2nd transfusion revealed the existence of a high and middle expressing 

HOD populations after circulating in an FcγR KO mouse. HOD RBCs that have previously 

circulated in C57BL/6 animals did not have high expressing RBCs. In both cases, these RBCs 
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were saturated with antibodies. The HOD antigen was therefore not obfuscated, thus Fc 

interaction with Fc receptors is possible in PBS and MIMA29 treated C57BL/6 during a 2nd 

transfusion. This interaction and release may be responsible for the changes in HOD expression 

on the surface of RBCs within C57BL/6 and C3KO recipients.  

After circulating in C57BL/6 mice, HOD RBCs no longer have the high expressing HOD 

RBCs also suggesting that these RBCs were removed. The differences in these stains suggest 

a changing circulating dynamic of populations with varying antigen expression levels possibly 

influencing their survival rates. Ongoing studies are uncovering how expression levels effects 

the survival of these incompatible HOD RBCs.  
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Figure legends 

Figure 4.1 – Resistance of HOD incompatible RBCs in C57BL/6 mice 

(A) Representative drawing of the HOD antigen and anti-Fy3 binding. (B) Schematic of HOD 

RBC incompatible transfusion studies. (C) Gating strategy used during post transfusion RBC 

analysis with representative flow cytometric plots. (D) 1st transfusion: Wild type mice were 

passively immunized with anti- Fy3 monoclonal antibodies (square, solid line) or control mice 

received PBS alone (diamond, dashed line).  All recipients were then transfused with a mixture 

of DiI-labeled HOD RBCs and DiO-labeled FVB wild type RBCs. Percent survival of HOD RBCs 

was normalized to HOD RBC survival in PBS treated animals. Graph includes combined data 

from 3 independent experiments, each with 5-6 mice per group. (E) 2nd transfusion of DiI-HOD 

RBCs: transfused recipients were exsanguinated and blood was re-transfused into new 

C57BL/6 mice along with DiD-labeled HOD RBCs. DiI-HOD RBCs from PBS treated animals 

were transfused into PBS treated C57BL/6 mice (diamond, dashed line). DiI-HOD RBCs from 

PBS treated animals were transfused into anti-Fy3 treated C57BL/6 mice (square, solid line). 

DiI-HOD RBCs from anti-Fy3 treated animals were transfused into anti-Fy3 treated C57BL/6 

mice (triangle, solid line). Graphs include combined data from 3 independent experiments, each 

with 3 mice per group. (F) Fresh DiD-HOD RBCs were mixed with blood from recipients of the 

1st transfusion treated with PBS (diamond, dashed line) or anti-Fy3 (square, solid line) and 

transfused into PBS treated C57BL/6 mice. Fresh DiD-HOD RBCs were mixed with blood from 

recipients of the 1st transfusion treated with anti-Fy3 and transfused into anti-Fy3 treated 

C57BL/6 mice (triangle, solid line). Graphs include combined data from 3 independent 

experiments, each with 3 mice per group. 

 

Figure 4.2 - Stains of HOD incompatible RBCs after 1st transfusion in C57BL/6 mice 

(A) Histogram represents staining with anti-Ter119 (black line) or isotype matched control 

(shaded gray) of post 1st transfusion DiI-HOD (Experienced) RBCs. (B) Histograms represent 
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staining with anti-Fy3 (MIMA29) monoclonal antibodies and secondary anti-mouse IgGs of DiI-

labeled HOD RBCs (black line) or DiO-labeled control wild type FVB RBCs (shaded gray) after 

circulation in PBS or MIMA29 treated C57BL/6 mice 2 hours, 1 day and 2 days post 1st 

transfusion. (C) Histograms represent staining with secondary anti-mouse IgGs alone (DAT) of 

DiI-labeled HOD RBCs (black line) or DiO-labeled control wild type FVB RBCs (shaded gray) 

after circulation in PBS or MIMA29 treated C57BL/6 mice 2 hours, 1 day and 2 days post 1st 

transfusion.  

 

Figure 4.3 – Clearance and staining of HOD incompatible RBCs in C3 KO mice (1st 

transfusion) 

(A) C57BL/6 (solid lines) and C3 KO (dashed lines) mice were passively immunized with anti-

Fy3 monoclonal antibodies (square) or control mice received PBS alone (triangle).  All recipients 

were then transfused with a mixture of DiI-labeled HOD RBCs and DiO-labeled FVB wild type 

RBCs. Percent survival of HOD RBCs was normalized to HOD RBC survival in PBS treated 

animals. Graph includes combined data from 3 independent experiments, each with 5-6 mice 

per group. (B) Histograms represent staining with anti-Fy3 (MIMA29) monoclonal antibodies and 

secondary anti-mouse IgGs of DiI-labeled HOD RBCs (black line) or DiO-labeled control wild 

type FVB RBCs (shaded gray) after circulation in PBS or MIMA29 treated C3 KO mice 2 hours, 

1 day and 2 days post 1st transfusion. (C) Histograms represent staining with secondary anti-

mouse IgGs alone (DAT) of DiI-labeled HOD RBCs (black line) or DiO-labeled control wild type 

FVB RBCs (shaded gray) after circulation in PBS or MIMA29 treated C3 KO mice 2 hours, 1 day 

and 2 days post 1st transfusion.  
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Figure 4.4 - Continued resistance of incompatible HOD RBCs from C3 KO mice in 

C57BL/6 mice (2nd transfusion) 

(A) DiI-HOD (Experienced) RBCs from PBS treated C3 KO animals were transfused into PBS 

treated C57BL/6 mice (diamond, dashed line). DiI-HOD RBCs from PBS treated C3 KO animals 

were transfused into anti-Fy3 treated C57BL/6 mice (square, solid line). DiI-HOD RBCs from 

anti-Fy3 treated C3 KO animals were transfused into anti-Fy3 treated C57BL/6 mice (triangle, 

solid line). Graphs include combined data from 3 independent experiments, each with 3 mice 

per group. (B) Fresh DiD-HOD RBCs were mixed with blood from C3 KO recipients of the 1st 

transfusion treated with PBS (diamond, dashed line) or anti-Fy3 (square, solid line) and 

transfused into PBS treated C57BL/6 mice. Fresh DiD-HOD RBCs were mixed with blood from 

C3 KO recipients of the 1st transfusion treated with anti-Fy3 and transfused into anti-Fy3 treated 

C57BL/6 mice (triangle, solid line). Graphs include combined data from 2 independent 

experiments, each with 3 mice per group. 

 

Figure 4.5 – Lack of incompatible HOD RBC clearance in Fcγ  receptor KO mice and 

staining of HOD incompatible RBCs (1st transfusion) 

(A) C57BL/6 (solid lines) and FcγR KO (dashed lines) mice were passively immunized with anti-

Fy3 monoclonal antibodies (square) or control mice received PBS alone (triangle).  All recipients 

were then transfused with a mixture of DiI-labeled HOD RBCs and DiO-labeled FVB wild type 

RBCs. Percent survival of HOD RBCs was normalized to HOD RBC survival in PBS treated 

animals. Graph includes combined data from 3 independent experiments, each with 5-6 mice 

per group. (B) Histograms represent staining with anti-Fy3 (MIMA29) monoclonal antibodies and 

secondary anti-mouse IgGs of DiI-labeled HOD RBCs (black line) or DiO-labeled control wild 

type FVB RBCs (shaded gray) after circulation in PBS or MIMA29 treated FcγR KO mice 2 

hours, 1 day and 2 days post 1st transfusion. (C) Histograms represent staining with secondary 

anti-mouse IgGs alone (DAT) of DiI-labeled HOD RBCs (black line) or DiO-labeled control wild 
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type FVB RBCs (shaded gray) after circulation in PBS or MIMA29 treated FcγR KO mice 2 

hours, 1 day and 2 days post 1st transfusion.  

 
Figure 4.6 – Clearance of experienced incompatible HOD RBCs, from FcγR KO mice, in 

C57BL/6 mice (2nd transfusion) 

(A) DiI-HOD (Experienced) RBCs from PBS treated FcγR KO animals were transfused into PBS 

treated C57BL/6 mice (diamond, dashed line). DiI-HOD RBCs from PBS treated FcγR KO 

animals were transfused into anti-Fy3 treated C57BL/6 mice (square, solid line). DiI-HOD RBCs 

from anti-Fy3 treated FcγR KO animals were transfused into anti-Fy3 treated C57BL/6 mice 

(triangle, solid line). Graphs include combined data from 3 independent experiments, each with 

3 mice per group. (B) Fresh DiD-HOD RBCs were mixed with blood from FcγR KO recipients of 

the 1st transfusion treated with PBS (diamond, dashed line) or anti-Fy3 (square, solid line) and 

transfused into PBS treated C57BL/6 mice. Fresh DiD-HOD RBCs were mixed with blood from 

FcγR KO recipients of the 1st transfusion treated with anti-Fy3 and transfused into anti-Fy3 

treated C57BL/6 mice (triangle, solid line). Graphs include combined data from 3 independent 

experiments, each with 3 mice per group. (C) Representative histograms of staining with anti-

Fy3 (MIMA29) monoclonal antibodies and secondary anti-mouse IgGs or with secondary anti-

mouse IgGs alone (DAT) of samples collected 2 hours post 2nd transfusion. DiI-labeled HOD 

RBCs (black line) or DiO-labeled control wild type FVB RBCs (shaded gray) were transfused 

into MIMA29 treated C57BL/6 or FcγR KO mice (1st transfusion) and were subsequently 

transfused into PBS or MIMA29 treated C57BL/6 mice (2nd transfusion). Graphs include 

combined data from 2 independent experiments, each with 3 mice per group. 

 

 



    154 

Figure 4.1 
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Figure 4.2 
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Figure 4.3 
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Figure 4.4 
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Figure 4.5 
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Summary 

 Transfusion therapy is widely used to treat acute and chronic anemia.  According 

to the FDA, about 24 million components were transfused in the US in 2008, highlighting 

the importance of transfusion therapy.1 Although compatibility testing has been used to 

avoid pathophysiologies such as hemolytic transfusion reactions (HTRs), incompatible 

transfusions still occur. In the 2010 fiscal year, 64 transfusion-related fatalities were 

reported to the FDA.1 As previously discussed, incompatible transfusions can go un-

noticed and therefore are not always reported. Within perceived incompatible 

transfusions, some do not lead to pathophysiology and the survival of transfused RBCs 

is normal. Therefore, in rare instances some physicians may give incompatible blood if 

no compatible blood is available and the risk of morbidity and mortality during 

incompatible transfusions outweighs negative outcomes from not transfusing critically 

anemic patients.  

 In this thesis, the human blood group glycophorin A (hGPA) and Duffy (part of 

HOD) antigens were used to study incompatible transfusions in mice. Antibodies against 

the human blood group Duffy (as part of a fusion protein HOD) were found to clear via 

Fc-receptors (one of the 2 established pathways of RBC clearance). In contrast, 

antibodies to hGPA were found to not employ neither complement nor Fc receptors, but 

instead use a third unique biphasic mechanism involving sequestration via RBC 

aggregation and phagocytosis. In the first phase, anti-hGPA antibodies agglutinate 

hGPA RBC, sequestering them from circulation. During the second phase, phagocytic 

cells remove the sequestered RBCs in an Fc-receptor independent manner. A cytokine 

burst was detected during the first phase of RBC removal, which was found to require 

Fc-receptors. These findings demonstrate the existence of a new pathway of RBC 

removal, the involvement of 2 phases of clearance and a decoupling of clearance and 

cytokine release.  
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 In knowing the clearance pathways of RBCs bearing these 2 antigens, the RBC’s 

ability to survive in vivo or resist against incompatible transfusions was investigated. 

hGPA and HOD RBCs were found to not completely clear when faced with a bolus of 

anti-hGPA and anti-Duffy antibodies, respectively. During both hGPA and HOD 

incompatible transfusions, a population of RBCs was found to be resistant. Previous 

findings suggest that complement is required for resistance and others have 

hypothesized C3-mediated sequestration and release of incompatible RBCs. Since 

neither anti-hGPA nor anti-Duffy were found to use C3 for clearance, C3 was 

investigated as a possible mechanism involved in resistance. Resistance of hGPA and 

HOD RBCs were found to not require C3. These findings were particularly interesting for 

the hGPA antigen since sequestration was found to be involved in the first phase of 

clearance. Titrations of anti-hGPA antibody mediated clearance suggests a spectrum of 

RBC susceptibly among hGPA RBCs. Due to the nature of HOD RBC clearance (i.e. the 

inability to clear in FcγR KO mice), it was possible to test whether resistance was innate 

or acquired during the course of an incompatible transfusion. In the case of HOD RBCs, 

we concluded that resistance is innate to the circulating RBC population.  

 Overall, incompatible RBC clearance pathways seem to vary among blood group 

antigens and/or binding antibody. The resulting RBC resistance may be relative to the 

blood group in question. This thesis elucidates a novel RBC clearance pathway and 

confirms resistance as a phenomenon. In this particular system, resistance was not 

found to require complement as previously suggested, and resistance appears to be 

intrinsic to the surviving RBC population. 
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Discussion 

Clearance of incompatible RBCs 

 In order to shed some light on the biology of incompatible transfusions, we 

developed a murine transfusion model with the use of both anti-Duffy and anti-hGPA 

monoclonal antibodies. hGPA (member of the MNS blood group) and Duffy (as part of a 

fusion protein HOD) are characterized proteins that are structurally different and 

potentially reflect the biology of other blood group antigens. Transgenic mice expressing 

the human glycophorin A antigen and the blood group Duffy (as part of HOD) were used 

as donors. 

 HOD, a fusion protein that includes the human blood group Duffy was used as a 

marker for “typical” RBC clearance along side of hGPA incompatible studies. HOD is a 

7-membrane pass protein (Duffy) with ovalbumin and hen-egg-lysozime fused on the N-

terminus. Prior to transfusions, mice were passively immunized with MIMA29, an IgG2a 

antibody specific for the 3rd extracellular loop on the Duffy antigen (called Fy3). The 

human clinical significance of anti-Fy3 antibodies ranges from mild to moderate or are 

delayed transfusion reactions and in the context of HDN, only rare mild reactions have 

been observed.2 In our mouse model, anti-Fy3 mediated clearance of HOD RBCs was 

dependant upon Fc-receptors. With the understanding that there are 2 major pathways 

of clearance employed by incompatible RBCs (via Fc-receptors or complement), we 

chose to include this antigen in our studies as an example of Fc-mediated clearance and 

as a possible reflection of previous transfusion research. It is unknown, however if Duffy 

RBC clearance via anti-Fy3 is mediated by Fc receptors in humans.   

 GPA is a heavily glycosylated single-pass membrane protein, thought to be 

responsible for reducing RBC-RBC and RBC-vessel adhesion by coating the RBCs with 

negative charge due to the extensive glycosylation of GPA. Most humans express this 

antigen at high levels (800,000-1 million copies per cell).2,3 Individuals that do not 
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express this antigen (Ena−) are physiologically normal. In the context of transfusions or 

pregnancy, antibodies against GPA can range from eliciting no reaction to being 

clinically significant. The M and N variants of GPA elicit antibodies that are not clinically 

significant.2 If no pathophysiology was observed during human incompatible 

transfusions, it can be assumed that enough of the transfused RBCs survive to alleviate 

symptoms of anemia. It is unknown how many (if any) GPA RBCs are cleared in a 

human incompatible transfusion. Human GPA RBC survival studies are needed to 

address this issue. In our model of incompatible transfusion, two IgG1 anti-hGPA 

monoclonal antibodies were used. 10F7 recognizes a non-polymorphic epitope on GPA 

and 6A7 binds the M variant of GPA.4-6 These antibodies were found to clear hGPA 

RBCs transfused into C57BL/6 mice at a level relative to antibody concentration. When 

10F7 is used at 500mg, hGPA RBCs clear to about 20%. Once titrated down to 31.3mg, 

10F7 leaves about 75% incompatible hGPA RBCs in circulation. The murine hGPA 

incompatible transfusion may reflect human hGPA incompatible transfusion biology, 

however incompatible hGPA RBC survival, as a function of antibody serum levels has 

yet to be elucidated in humans. In addition, our studies did not measure serum levels of 

monoclonal antibodies after passive immunization. The body distribution and half-life of 

injected antibody could further explain the kinetics of hGPA RBC survival (as well as 

HOD RBC survival). 

 In studying the similarities and differences between 2 blood group antigens, we 

were able learn more about the biology of incompatible RBC clearance.  With the 

transfusion of both hGPA RBCs and HOD RBCs, elevated serum cytokine levels were 

observed in our mouse model, which would suggest a transfusion reaction. Cytokine 

secretions in response to these transfusions were dependent upon the presence of Fcγ 

receptor common-γ chain. In the case of HOD RBCs, clearance and cytokine secretion 

both required functional Fcγ receptors. However, hGPA RBC clearance did not require 
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Fcγ receptors while cytokine secretion did. The decoupling of RBC removal and cytokine 

secretion is a novel concept, which needs further exploration.  

 Therapeutic drugs targeting complement (such as anti-C5 antibodies known as 

eculizumab) or Fc receptors (such as IVIG) may not be useful against the clearance of 

RBCs expressing certain blood groups or when particular antibody isotypes are present 

in the incompatible recipient.3,7 Patients with chronic anemia are prime candidates for 

drugs that diminish RBC clearance. Splenectomies have also been used as a means of 

reducing transfusion dependency.  These immune regulatory therapies make the patient 

susceptible to infections and even have conflicting results with regards to patient 

hematocrit.8 It is therefore important to understand antibody-mediated RBC clearance in 

order to customize therapeutic intervention, which can enhance the efficacy of the 

treatment while minimizing side effects.  

 This dissertation suggests that liposome-encapsulated bisphosphonates can 

extend the survival of incompatible RBCs. This treatment would have an effect on red 

cells utilizing a phagocyte-dependent clearance, which can be Fc-dependent or Fc-

independent (but phagocyte dependent). Clodronate has already undergone clinical 

trials to treat bone loss in women with breast cancer.9 This treatment temporarily 

removes phagocytes from the host, which would be enough time to allow an 

incompatible transfusion to occur. It is unclear if this treatment would also block 

transfusion induced cytokine bursts, however.  Careful studies would need to be done 

prior to using this therapy in humans, including considerations of both efficacy and 

toxicity.  

 The current studies reveal that more than 2 pathways exist for incompatible RBC 

clearance. It is unclear which mechanism is most common. Clearance mechanisms of 

RBCs expressing other blood group antigens need to be studied. It is unclear which 

clearance pathway is most commonly used by various antigens. It is also unclear 
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whether the use of these various pathways depends on the nature of the antigen or the 

offending antibody.  

 

 Resistance of incompatible RBCs 

 With the understanding that HOD RBCs clear via the Fc-mediated pathway and 

that hGPA RBCs clear via agglutination-mediated sequestration followed by 

phagocytosis, we investigated why these RBCs do not clear 100%. Previous studies had 

demonstrated that RBCs are capable of circulating in an incompatible host.10-12 Further 

investigation implied that the complement cascade had a contradicting role of protecting 

incompatible RBCs from clearance.13-15  

 In both hGPA and HOD incompatible transfusion model systems, we confirmed 

the existence of a persistent population of incompatible RBCs. After transfusion into 

incompatible complement knock animals (C3 KO mice), the surviving RBC population 

was still able to survive in C57BL/6 animals. We therefore rejected the hypothesis that 

resistance is induced by complement, specifically C3. Our results cannot rule out the 

existence of such a pathway in other blood group settings, such as those used in 

previous studies. Immunological clearance of incompatible RBCs is not a uniform 

pathway used by all blood groups, therefore it is not unreasonable to suggest the 

existence of multiple resistance pathways.  

 Further investigation into the biology of resistance revealed that hGPA and HOD 

RBCs have a few differences. hGPA RBC percent survival was found to level off  2 

hours post transfusion. Even though these resistant RBCs were antigen positive, a slight 

decrease in expression was observed overtime as compared to compatible hGPA RBCs. 

This could be due to either antigen obfuscation or antigen loss. A study by Zimring et al. 

showed, however, that antigen loss occurs only with the simultaneous use of monoclonal 

antibodies with specificities to 2 or more different epitopes. This report on antigen loss 
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was done using RBC surface hen-egg-lysozyme and does not exclude the possibility of 

antigen loss mediated by one kind of monoclonal antibody in other blood group 

systems.16 In addition, the hGPA protein can form homodimers,17 thus potentially offering 

2 epitopes to circulating 10F7 anti-hGPA monoclonal antibodies. hGPA dimer antigen 

loss needs to be further investigated as potential alternate mechanism of antigen loss.  

 The loss of detectable antigen on incompatible hGPA RBCs may indicate 

disturbance of the RBC surface, which could be due to transient interactions with 

receptors and proteins. In elucidating the clearance pathway of hGPA RBCs in the 

presence of anti-hGPA monoclonal antibodies, the antibody itself was directly mediating 

the RBC removal from circulation, through agglutination. No further clearance was 

observed after the initial sequestration, which would suggest that phagocytes remove 

incompatible hGPA RBCs only once sequestered. It can, therefore, be inferred that the 

resistant hGPA population is escaping antibody directed agglutination. The changes 

observed on the incompatible hGPA surface may contribute to that escape through 

antigen loss or obfuscation. Figure 5 in chapter 2 showed the escape of some of these 

agglutinates as well as some individual DiI+ RBCs. Changes induced by these 

antibodies need to be further investigated.  

 A potential avenue to explore is the change of antigen topography within the 

RBC membrane. Even though these incompatible hGPA RBCs are still highly hGPA 

positive, the distribution of these proteins may have changed, therefore reducing the 

anti-hGPA antibody’s ability to agglutinate these RBCs (such a change would not be 

detected by flow cytometry which only measures mean fluorescence). In addition to 

forming homodimers, hGPA is also able to form heterodimers with membrane proteins 

that associate with RBC cytoskeleton.17-19 If antigen is occurring, the hGPA proteins that 

still remain on the surface of hGPA RBCs would most likely be those that are forming 

heterodimers with members of the cytoskeleton-associating complexes, which would be 
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more difficult to dissociate from (as oppose to GPA proteins only associated with itself). 

The resulting spread of hGPA proteins could be responsible for the different topography. 

The membrane spread of proteins has previously been studied via electron 

microscopy.20-22 Sanan et al. have devised a protocol to study membrane spread with 

the use of transmission electron microscopy, which allows for the analysis of larger 

surface areas at greater magnification.23 This imaging technique would be a powerful 

tool to study hGPA membrane distribution on post incompatible transfusion RBCs. 

 RBC age is another possible explanation for RBC survival in the face of binding 

antibodies.  As RBCs age, the membrane and surface proteins change, which tend to 

make the cells susceptible to clearance. Chasis et al. demonstrated that upon hGPA 

binding with lectin or antibodies, including 10F7, the RBC membrane became more rigid. 

In addition, signal transduction was found to be a result of GPA binding.24-27 The RBCs 

that continue to survive after facing a wave of antibodies may be a result of a selective 

pressure on circulating RBCs with the most malleable membranes. Biochemical studies 

are needed to investigate the characteristics of resistance, including membrane 

flexibility, possible signal transduction, as well as antigen differences and membrane 

spread.  

 When titrating the anti-hGPA antibody, different levels of clearance are observed. 

Moreover, with each anti-hGPA dose, the initial clearance was rapid and no additional 

RBC removal was observed. Preliminary results of experiments testing the resistance 

capacity of incompatible hGPA RBCs demonstrated increased susceptibility (during the 

2nd transfusion) with decreasing anti-hGPA dose during the 1st transfusion. These 

experiments have recently been repeated but have yielded inconsistent results.  

 It is unclear whether the HOD RBCs undergo the same mechanism of resistance 

as hGPA RBCs. According to the data in chapter 4, HOD resistance is innate to the 

circulating RBCs, suggesting that anti-Fy3 (MIMA29) eliminates susceptible RBCs 
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therefore selecting for the resistant HOD RBCs. Since both hGPA and HOD RBCs have 

populations of resistant cells, it is conceivable that both have the same mechanism of 

resistance. With that in mind, a potential mechanism of resistance in common with 

hGPA, is the different distribution of resistant surface antigens, which would diminish Fc-

receptor mediated phagocytosis efficacy of certain RBCs. HOD resistance could also 

result from an age dependent process and/or from antibody-induced membrane rigidity 

(also mentioned as possible hGPA resistance mechanisms). 

 HOD RBC resistance may be unique to this antigen and/or to antigens utilizing 

the Fc-receptor mediated clearance pathway. The FcγRII Fc-receptor in mice (FcγRIIb in 

humans) has the ability to transduce an inhibitory signal via homoaggregation. In 

general, receptor-engaged antibodies need to be close together, which is most likely to 

occur when antigen surface is bound by a high concentration of antibody. Antibody in 

vivo titrations of MIMA29 and resulting stains revealed that HOD RBCs are saturated 

with bound antibodies. Thus, the HOD antigen distribution and concentration on RBCs 

could be a determining factor of RBC survival and resistance via FcγRII induced 

inhibition. These Fc receptor-antibody interactions could also explain the antigen 

perturbations observed overtime with antigen stains. FcγRII engagement could potential 

explain hGPA resistance as well. Studies on hGPA RBC clearance revealed that the 

common-γ chain was not required for clearance, but does not rule out the involvement of 

FcγRII (which does not have an associated common-γ chain) during clearance or 

resistance. The high level of hGPA expression (1 million copies per RBC) could facilitate 

FcγRII homoaggregation. In either case (HOD or hGPA), antibody titers or antigen levels 

could play a role in the resistance of incompatible red cells.  
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Future directions 

 It is still unclear which receptors of the phagocytes are responsible for the 

permanent removal of incompatible hGPA RBCs and therefore need further 

investigation. Blocking agents need to be tested as possible treatments against 

incompatible RBC removal and host reaction. The hGPA RBCs disappear quickly, 

although it is not known where they are sequestered and ultimately consumed. 

Incompatible hGPA RBCs may accumulate in the spleen although since clearance still 

occurs in splenectomized mice, the spleen is not the only organ involved.  

 Splenectomies are used with caution to treat a subset of patients who are 

refractory to other treatments (in particularly in AIHA). Splenectomies do not always help 

RBC survival; therefore studies are needed to better predict when splenectomies are 

most beneficial for patients in need of this invasive surgery. 

 Because the immunology of different blood groups is known to differ from each 

other, clearance mechanisms of other blood groups need to be investigated. It is unclear 

how often agglutination, Fc-receptor or complement mediated pathways are utilized by 

other antigens. Moreover, other pathways may exist in addition to these three 

mentioned. Understanding clearance mechanisms may also help in understanding 

resistance.  

 Some immunomodulatory treatments have already been tested in humans. 

Clinical trials using clodronate, IVIG and anti-complement antibodies (alone or in 

combination) can be used along side incompatible transfusions to transiently diminish 

clearance of RBCs. However, there are differences in Fc receptors as well as in their 

binding affinities to antibodies between mice and humans, thus observations made in 

mice may not necessarily reflect human biology, which also needs further investigation. 

 Our data on hGPA and HOD RBC mechanisms of resistance rule out some likely 

hypotheses, but ultimately do not reveal a mechanism. HOD resistance is innate 
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although it is unknown whether hGPA resistance is innate or acquired over the course of 

an incompatible transfusion. Other antigens would need to be tested in this regard as 

well, since it is unclear whether other antigens can lead to RBC resistance. 

 Clinically, it would be important to find out whether incompatible RBCs can be 

made resistant (maybe with antigens other than Duffy) or if these cells can be pre-

selected prior to transfusion. Since age may be a factor, clinical trials on RBC age and 

related survival during incompatible transfusions would determine if certain RBC units 

are more appropriate for incompatible transfusions.  

 Antibody titers of patients could also be a determining factor for resistant RBC 

selection. As mentioned earlier, high titers may be responsible for allowing the extended 

survival of certain RBCs, additional animal studies are needed in order to determine if 

this is the case.  
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General conclusions  

 Although transfusion has been used for centuries, we have only just begun to 

understand its therapeutic potential in treating acute and chronic anemia. Compatibility 

testing has been used to avoid pathophysiologies such as HTRs, however incompatible 

transfusions still occur and are sometimes intentionally performed when no compatible 

blood is found in time. This dissertation sought to study the survival and clearance of 

transfused RBCs by studying 2 different RBC antigens (hGPA and Duffy as part of 

HOD). 

 The data presented herein have shown that a novel RBC clearance pathway 

exists (agglutination-mediate sequestration and phagocytosis) and that cytokine 

secretion is not necessarily directly linked to phagocytosis of RBCs (cytokine secretion 

was found to be Fc-receptor dependent whereas clearance was shown to be Fc-receptor 

independent). It is still unclear whether this pathway is also used by other antigens or if 

this is unique to the hGPA antigen expressing RBCs. Studies performed on human 

incompatible transfusions seldom include information about the donor RBC surface 

biochemistry or about the antibody isotype found in the serum of recipients. Mouse 

transfusion studies have only started to uncover some of those mysteries.  

 Even though clearance of RBCs during incompatible transfusions, or within AIHA 

patients, is thought to occur in one of 2 pathways (Fc-receptor mediated or complement 

mediated), it is not known how often these pathways are used by clearing RBCs. With 

the uncovering of a new clearance mechanism during incompatible transfusions, in 

support of data in other systems (AIHA), we added a third option for clearance, the 

frequency of which is unknown in human transfusions.  

 In addition to studying RBC clearance, RBC persistence in the presence of 

binding antibody was found to be a phenomenon of resistance against clearance. The 

mechanism of clearance resistance is still unknown, however data from our two systems 
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have rejected a long-standing hypothesis of resistance via complement protection. In 

addition, these data suggest an innate trait that would make a certain red cell population 

less susceptible to clearance. In humans, it is unclear why the rate of alloimmunization in 

transfusions is relatively low when compared to immune responses to diseases during 

which antibody responses are close to 100% and to solid organ transplants, which lead 

to near 100% rejection (without potent pharmacological intervention) due to RBC 

alloantigens. 

 Understanding these anomalies would allow physicians to customize therapeutic 

interventions for their patients. With the low supply of certain blood types, finding 

compatible blood is not always possible; therefore making incompatible blood safe for 

transfusions can be critical to patients with rare blood types. This dissertation is 

hopefully a step towards finding these answers. 
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