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Abstract

Purpose—ABO-incompatible (ABOi) heart transplantation (HTx) in young children has evolved 

from an experimental approach to a standard allocation option in many countries. Clinical and 

immunological research in ABOi transplantation has revealed insight into the immature immune 

system and its role in superior graft acceptance in childhood and antigen-specific tolerance.

Recent Findings—Multicenter experience has confirmed equal actuarial survival, freedom from 

rejection and graft vasculopathy comparing ABOi to ABO-compatible (ABOc) HTx. Observations 

of reduced antibody production and B-cell immunity towards the donor blood group have been 

confirmed in long-term follow-up. Mechanisms contributing to tolerance in this setting involve the 

interplay between B-cells and the complement system and the development of B-cell memory. 

Better characterization of the ABH polysaccharide antigens has improved diagnostic methods and 

clinical assessment of blood group antibodies. Boundaries regarding age, immune maturity and 

therapeutic interventions to extend the applicability of ABOi HTx have been explored and resulted 

in data that may be useful for HTx patients beyond infancy and ABOi transplantation of other 

organs. Tolerance of ABH antigens possibly extends to HLA response.

Summary—This review provides insight into the clinical evolution of ABOi HTx and associated 

immunologic discoveries. Current experiences and boundaries are discussed together with recent 

and potential future developments for utilization in other patient and age groups.
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Introduction

In 2001 West et al. reported the first series of 10 infants who received ABO-incompatible 

heart transplantation (ABOi HTx) in the Hospital for Sick Children in Toronto, Canada1. 

The attempt to cross a barrier previously considered insurmountable arose from a 
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combination of vigorous research on neonatal tolerance and a desperate clinical situation for 

neonates born with severe congenital heart disease facing greater than 50% mortality while 

waiting for an ABO-compatible (ABOc) suitable donor. The following review will discuss 

the clinical development, underlying and resulting immunological aspects and current and 

possible future stage of this ABOi Tx.

History and clinical evolution of ABO-incompatible heart transplantation

Since Sir Peter Medawar’s animal research in the 1950’s2 growing evidence was found that 

the immature immune system of the neonate and infant may provide a unique window of 

opportunity for better acceptance of transplanted organs than any time later in life. 

Concomitantly, unrelated research on the development of ‘natural’ ABO antibodies found 

that the response towards polysaccharides including the ABH blood group antigens was 

reduced or absent in the first six to 24 months of life3. In the same age range children show a 

high frequency and severity of infections with bacteria with polysaccharide encapsulation 

and lack of antibody production to pure polysaccharide vaccines against these pathogens, 

also a reflection of an inadequate immune response to carbohydrate structures4. 

Accordingly, antibodies against the non-self blood group antigens, which are ubiquitous 

amongst adults and older children, were found to be absent in this age group, slowly 

evolving starting from the second half of the first year of life. Exposure to human tissue or 

blood is not required and the antibodies appear to develop in a mimicry reaction with 

response to intestinal bacteria. Exposure to E. coli accelerates and increases the formation of 

antibodies against blood group A, as shown in ethically questionable studies of the 1960’s5. 

The intent of the trial by West et al. was to use this window of immaturity of the immune 

system to transplant an ABOi organ safely and to control the development of immune 

response towards the donor blood group antigen(s) with standard immune suppression. Thus 

infants desperately awaiting transplant could have expanded access to organs independent of 

the donor blood group, resulting in greater numbers of children surviving to transplant and 

lower proportion of donor organs being wasted6. Exceeding these goals, the first ten patients 

showed a unique change in development of blood group directed antibodies in the years after 

transplant1, 7: antibodies towards the donor blood group as measured by dilution titers for 

agglutination of red blood cells remained absent or very low. In contrast, in blood group O 

patients antibodies towards the non-self, non-donor blood group developed normally, 

indicating that this was an antigen-specific effect rather than a globally reduced immune 

response. Encouraged by these findings and the compelling concept the approach was 

included as a general option in the Canadian listing guidelines and embraced by the pediatric 

transplant center for western Canada in Edmonton, Alberta; reduction of wait-list mortality 

due to optimized organ allocation was documented by both centers8. The first cases outside 

Canada were published from Munich, Germany9, followed by a successful series of 21 

patients from the United Kingdom10. Eventually UNOS policies started to allow allocation 

of infant hearts to ABOi recipients in the U.S., however, only secondarily if the organ was 

not claimed first for an ABO identical then an ABOc recipient, and with very restrictive 

criteria for the recipient (isoagglutinin titers <1:4 and age <1 year). Due to these restrictions 

but also given the natural scepticism towards potentially risky new approaches, the initial 

ABOi cohort transplanted in the Unites States showed a significantly worse risk profile than 
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ABOc recipients11, but nevertheless showed equal survival and no increased frequency of 

acute rejection in the first year. Despite this cautious approach Everitt et al. reported shorter 

wait times to transplant for ABOi recipients in the US12. Long-term data from the original 

cohort in Toronto confirmed similar rates of acute rejection and graft vasculopathy when 

comparing infant recipients of ABOi and ABOc transplants13. The cohort also continued to 

show antigen-specific tolerance to the donor blood group with isoagglutinin titers towards 

the donor blood group remaining absent or multiple log-steps below normal values and no 

reported cases of late antibody-mediated rejection (AMR)14. Data from the largest cohort to 

date were compiled in an international study on 55 patients from 7 centers in Canada, 

Europe and the United States15. This report showed excellent long-term survival, persistent 

absence of clinically relevant donor-directed isoagglutinin titers and freedom from ABO-

associated AMR. Recent clinical effort focuses on exploring the limits and boundaries. In 

2015 Irving et al. reported outcomes of patients whose ages and isoagglutinin titers would 

previously have been considered prohibitive, with reasonable success rates in patients up to 

8 years of age and with titers as high as 1:25616. Similarly, older patients receiving B-cell 

depletion for HLA sensitization may become candidates for ABOi transplant after 

experiencing reduction in isoagglutinins, reflecting depletion of their blood group directed 

B-cell immunity17. Tyden et al. reported successful intentional ABOi HTx in two carefully 

selected and pre-treated adults18. A recent analysis of the ISHLT registry database reported 

outcomes of all ABOi transplanted adult patients, mostly performed unintentionally thus not 

pre-treated and without use of appropriate group blood products to avoid passive antibody19. 

This study found a high mortality of 35% in the first year, however, similar conditional 

survival after the first year as for ABOc recipients.

Increasing numbers of reports are published on successful ABOi transplantation of various 

organs (kidney lung, liver) in children and adults. ABOi kidney Tx is a standard approach in 

Japan due to nearly non-existent deceased donation and has been found to provide good 

graft survival, however, using aggressive pre- and post-transplant antibody removal and 

immune suppressive strategies20. Given the ‘safety-net’ of dialysis rescue treatment for 

patients whose kidney grafts fail, transplant nephrologists are willing to take higher risks 

than in other organ groups. Pre-treatment in this setting has evolved from very aggressive 

pre-conditioning with splenectomy and cyclophosphamide to predominantly targeted B-cell 

depletion with rituximab together with antibody removal by immunoadsorption or 

plasmapheresis21. The need for ongoing B-cell depletion and antibody removal in adult 

patients remains controversial since long-term persistent graft functionality has been 

observed despite the presence of donor-directed isoagglutinins and complement deposition 

in graft biopsies22, indicating ‘accommodation’ of the transplanted organ to some degree of 

antibody exposure.

Immunology of ABO-incompatible transplantation

The detection of specific tolerance to the donor blood group as reflected by absence of 

isoagglutinins was beyond the expectations of survival of ABOi heart grafts under moderate 

immune suppression, even as the recipient children were aging and their immune systems 

maturing. Blood group O recipients provide excellent insight into antibody development 

against the donor blood group, which remains absent or reduced, whereas antibodies to the 
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non-self, non-donor blood group develop to normal or only mildly reduced titers14, 15. In 

2004 Fan et al. described this phenomenon in the original cohort and were unable to detect 

B-cells producing antibodies directed towards the donor blood group7. The reduced antibody 

titers specifically to the donor blood group sometimes persisted even after re-transplantation 

with a compatible O-organ several years later23. The key aspect of the immune response 

towards the ABH antigens that define the ABO-blood group system is probably their 

polysaccharide nature. ABH antigens are similar to the molecules forming the capsule of 

certain bacteria such as Hemophilus influenzae type B (HiB), Streptococcus pneumoniae 
and meningococcus. Infections with these encapsulated bacteria are much more common 

and severe during the first two years of life3, the same period revealing reduced levels of 

ABO antibodies24 and allowing long-term tolerance of ABH antigens after ABOi heart 

transplant. In contrast, immune response to peptide and protein antigens was found to be 

functional as early as the first days of life and yield specific antibody production against 

HLA after cardiac surgeries using vascular homografts25.

Accordingly, the mechanisms underlying blood group tolerance are likely to be found in the 

immune response towards polysaccharides. Absence of sufficient antibody production 

following vaccination with pure polysaccharide vaccines in the first two years of life was 

noticed in the 1980’s. In contrast to peptides, polysaccharides are not presented by the major 

histocompatibility complex (MHC) class II. Consequently polysaccharides cannot induce 

the classical T-mediated B-cell response. This deficiency can be overcome by conjugation of 

the polysaccharide antigens to a protein component, a principle that has been successfully 

used in conjugate-vaccines for infants, first against HiB26, and more recently against 

pneumococcus27 and meningococcus28 strains. CD4 T-cells that have been activated against 

peptide parts of the conjugate presented via MHC II, activate not only B-cells that have 

bound the peptide parts but also those specific for the polysaccharide antigens of the 

conjugate vaccine via CD40-CD40 ligand (CD40L) signalling29. Sufficient antibody 

production can be induced in children as young as two months of age26.

Alternative pathways that allow B-cells to be activated, differentiate into plasma cells and 

produce specific antibodies towards polysaccharides, have somewhat incorrectly been 

termed ‘T-independent’ (TI) B-cell activation. ‘MHC-independent’ might be a more 

appropriate term, given that these pathways in vivo likely require signals from T-cells and a 

respective inflammatory environment.

Type 1 TI is the response observed towards long-chained, highly repetitive polysaccharide 

structures such as the lipopolysaccharide component of bacterial walls. Multiple B-cells 

bind to different areas of the antigen and cross-activate each other resulting in polyclonal 

proliferation and differentiation into antibody-producing plasma cells. Whether this results 

in formation of B-cell memory remains controversial. Type 2 TI can activate single B-cells 

without a CD40L signal. Instead, it involves the B-cell co-receptor, which is formed by 

CD21, CD19 and CD81, activation of which reduces the amount of antigen required to 

activate the B-cell to by 100 to 1000-fold30. The B-cell co-receptor is activated by CD21 

binding to its ligand, the complement split product C3d31. If a polysaccharide antigen is 

covered by C3d it can activate the binding B-cell without a direct T-cell signal32. While this 
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may occur in vitro in complete absence of T-cells, in vivo, at least indirect interplay with T-

cells appears likely.

Our group has hypothesized that immaturity of the linkage between the innate (C3d) and 

adaptive immune system (CD21) required for the TI-2 immune response plays a key role in 

the lack of specific immunity to polysaccharide antigens including those defining the blood 

groups. We further postulate that this immaturity facilitates clinically successful ABOi HTx 

and persistent antigen-specific tolerance in young children.

In transplanted children and healthy controls we have found that CD21-expressing B-cells 

are overall less frequent in young children and increase with age33. In contrast, C3d levels in 

peripheral blood do not show age dependency, however, were significantly lower in children 

after ABOi compared to ABOc transplantation. C3d deposition in graft biopsies was not 

found, accordingly C3d is likely not reduced due to a consumption process, but actively 

downregulated in the context of tolerance of the donor blood group antigens. 

Downregulation of complement has previously been described in the setting of 

accommodation after ABOi kidney transplantation in adults34 and in xenotranplantation 

models35.

We further found that CD27+ memory B-cells are the main B-cell population responding to 

TI stimulation, and that the IgM-expressing subgroup of these cells is specifically activated 

by non-self blood group erythrocytes36. These cells are nearly absent at birth in peripheral 

blood and spleen of healthy and transplanted children, reaching near adult levels only by 

about five years of age. Children after ABOi HTx remain deficient in IgM-expressing 

CD27+ B-cells but show higher quantities of IgG-expressing ‘switched’ memory B-cells, 

indicating that tolerance of the donor ABH antigens is associated with a general 

modification in the allo-immune response. In keeping with this, we have observed that 

children after ABOi HTx showed significantly lower prevalence of class II HLA antibodies 

than ABOc HTx recipients in the same age group37. This suggests that tolerance to the 

donor ABH antigens may result in an overall more accepting immune response to other 

(graft) antigens and a potential clinical benefit. However, clinical data to date show similar 

outcomes for young patients after ABOi and ABOc-HTx13. Despite reduced presence of 

HLA antibodies graft survival after ABOi-Tx is not superior, however, there is also no 

increased frequency of infections with encapsulated bacteria, as one could suspect as a 

consequence of the above mentioned alterations of B-cell immunity.

Table 1 summarizes some of the recognized aspects of the immune system contributing to 

antigen-specific tolerance after ABOi HTx; further mechanisms currently under 

investigation include the inhibitory receptor CD22 on B-cells, the role of regulatory B-cells 

and the signalling cascade of the B-cell co-receptor complex.

Current approach and future directions

ABOi HTx has evolved to a widely accepted standard option for infants in many allocation 

areas, however, inclusion criteria, limitations, management and monitoring approaches 

remain variable. Given the rarity of the event it is unlikely that prospective comparative trials 
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can be conducted. The pioneer groups in Canada, UK and Germany mostly based the 

management on the original protocols developed by West et al, however, modifications and 

experiences have broadened the understanding and identified various successfully pursued 

pathways. The original protocol used polyclonal induction therapy with anti-thymocyte 

globulin (ATG) in all patients. One could speculate that a key role for development of 

tolerance lies in B-cell exposure to the foreign blood group antigen in the context of an 

absent or drastically reduced T-cell response, which would be the exact setting of ATG 

induction. However, our multicenter study revealed that ABOi HTx was equally successful 

with transient T-cell blockade using IL-2 receptor antagonists (IL2RA, basiliximab) and in 

two cases even with induction limited to high dose steroids15. Maintenance immune 

suppression was not different from the centers’ standard approaches, which typically 

included a calcineurin inhibitor (CNI, mostly tacrolimus) in combination with 

mycophenolate mofetil, supported by low dose steroids over the first 3–12 months. However, 

single cases remained stable under other drug combinations or even CNI monotherapy15. 

Similarly it has become increasingly evident that patients with titers up to 1:4 towards the 

donor blood group at the time of transplantation, and possibly higher, require no antibody 

removal.

In our own center we have modified the standard approach to use ATG in cases with titers 

above 1:16 or additional risk factors (such as HLA sensitization, renal failure), IL2RA for 

the remaining patients, with everyone receiving 5 doses of 2mg/kg prednisone followed by a 

rapid wean to 0.1mg/kg prednisone equivalent at day 21 post-transplant. Similarly antibody 

removal from the bypass circuit is performed only at titers of 1:8 or above, and a large lumen 

central line for post-transplant plasmapheresis is placed only for patients with titers of 1:16 

or above.

A challenge to application of ABOi organ transplantation, as well as comparison of 

protocols and post-transplant clinical courses arises from well-described lack of 

standardization in techniques to quantify ABO antibodies and to characterize their fine 

specificities and isotypes. For example, a comparison study in Japan having identical plasma 

samples assessed by hemaggutination in various hematologic laboratories revealed a spread 

of reported IgM titers by 6 steps for anti-A and 5 steps for anti-B antibody. Antibodies 

purported to be IgG isotype, assessed after DTT treatment resulted in reports across the full 

spectrum of titers with no normal distribution38. Of major importance for organ 

transplantation, we recently found that ABH antigen carbohydrate subtype chains expressed 

on erythrocytes are not identical to subtype chains expressed on vascular endothelium (ie, of 

cardiac tissue)39. Consequently antibody levels detected by erythrocyte agglutination assays 

may not be reflective of antibodies actually posing a threat to the transplanted organ. 

Reliance on inaccurate agglutination assays may result in unnecessary exclusion of 

consideration of patients for ABOi transplantation or in performance of antibody removal 

procedures that may not be needed. A recently developed ABH-glycan microarray assay that 

fully characterizes and quantifies serum ABO antibodies towards the ABH antigens actually 

expressed on the graft will generate more precise information for effective clinical 

management40. The ABH-microarray and additional glycomics-based tools will also allow 

further investigation of the immunobiology of the ABO system and its impact in organ 

transplantation, including mechanisms of immunity, tolerance and accommodation41.
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Conclusion

In summary, ABOi HTx has evolved from a desperate attempt to increase survival in an 

otherwise mostly moribund population of newborn children to a standard approach that 

increases access to heart transplantation in the first 1–2 years of life with similar long-term 

outcomes to ABOc transplantation. It has become clear that for determining donor-recipient 

acceptability for heart transplantation in early life, the ABO blood groups are simply 

irrelevant. Given the positive impact of ABOi heart allocation on decreasing transplant wait 

times and waitlist mortality it becomes increasingly difficult to justify not embracing this 

approach due to concerns arising from outdated dogma based on ABO-immunobiology in 

adults or because established allocation algorithms are ‘too complex’ to modify42. 

Furthermore, although limitations in regards to suitable age and maturity of the immune 

system are not yet determined, there are no obvious reasons why ABO-incompatibility 

should be a barrier for other organ transplants in early childhood, as emerging reports in 

lung43, liver44 and kidney45 transplantation indicate. The immunological studies in this 

unique patient population open a window to explore the impact of immaturity on the 

immune response to polysaccharide and combined antigens that may have major impact on 

treatment and prophylaxis of infectious diseases and also autoimmune mechanisms.
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CNI Calcineurin inhibitor
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TI T-independent B-cell activation
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UNOS United Network for Organ Sharing
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Key findings

• ABOi HTx has evolved into a standard approach for young children 

with similar outcomes as ABOc transplant.

• ABOi HTx may be an option for older children and adults after careful 

selection and preparation and is likely a suitable option for other solid 

organ transplants.

• Tolerance to the ABH-antigens is associated with immaturity of the 

interplay of complement and its receptor on the B-cell (CD21)

• Lack of B-cell memory facilitates development of ABH tolerance and 

B-cell memory development is altered in presence of a tolerated ABOi 

heart.

• Tolerance of ABH antigens is associated with lower prevalence of class 

II HLA antibodies.
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Table 1

Mechanisms involved in blood group antigen-specific tolerance after ABOi transplant.

Component Function Maturation Role in ABOi transplant

CD21 Receptor for complement split product
C3d, as part of the B-cell co-receptor
complex. Activation enhances CD40L
independent B-cell activation. Highly
expressed by marginal zone B-cells.

Reduced frequency of CD21-
expressing B-cells in the first 6
months of age reflective of overall
lower B-cell frequency.
Different signalling pattern after
activation compared to adult cells.

Similar presence in ABOi and ABOc 
transplanted
children.

C3d Complement split product. Part of first
line defense against polysaccharides and
ligand to CD21 on the B-cell. Ligation of
C3d to CD21 facilitates CD40L
independent B-cell activation (‘TI type 2’).

Peripheral plasma concentrations
appear not age-dependent.

Significantly reduced in plasma of 
recipients after
ABOi transplant, possibly secondary to 
active
downregulation facilitating blood group 
specific
tolerance.

CD27+
memory B-
cells

B-cells that can be quickly activated and
differentiate into plasma cells without
requiring T-cell-mediated activation
following exposure to their specific
antigen. Isotype-switched (IgG-expressing
/ IgM negative) if previously activated
with a CD40L signal, otherwise IgM-
and/or IgD-expressing. Strongest
mediator of TI B-cell activation. Very
common in splenic marginal zone.

Absent or very small numbers at
birth and gradually increasing to
adult proportions around 5 years of
age. Ongoing formation of new
specificities throughout adult life
with exposure to new antigens.

IgM-expressing CD27+ B-cells show 
specific activation
towards non-self blood group erythrocytes. 
Low
proportions are associated with low 
isoagglutinin
titers and likely provide the environment 
for
successful ABOi transplant.
After ABOi transplant B-cell memory is 
skewed
towards less IgM-expressing and more 
‘switched’
CD27+ B-cells.
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