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a b s t r a c t
The independent genomic inheritance of the human leukocyte antigen (HLA) and the ABO-blood group
system allows for HLA-matched hematopoietic progenitor cell transplantation (HCT) to occur in donors who
are not matched for ABO blood groups. In fact, nearly one-half of all HCT will involve recipientedonor ABO
incompatibility. This places the recipient at increased risk for acute and delayed hemolytic reactions, delayed
RBC engraftment, and pure red blood cell aplasia. Additionally, clinical and laboratory evaluation for potential
non-ABO, minor RBC antigen-antibody discrepancies may be beneﬁcial to facilitate safe transfusions before,
during, and after transplantation. In addition to posing potential clinical risks, analyses of outcomes in
ABO-incompatible HCT have yielded inconsistent results with respect to overall survival, relapse risk, incidence of acute or chronic graft-versus-host disease, and engraftment of platelets and granulocytes. As such,
pretransplantation donorerecipient evaluation and management for ABO-incompatible HCT requires
adopting unique strategies when major, minor, and bidirectional differences exist. These strategies have the
potential to improve patient outcomes and allow for effective management of the blood bank inventory. The
purpose of this article is to describe practical approaches to screening for and managing ABO-incompatible
HCT, with the goal of reducing preventable morbidity and mortality after transplantation.
Ó 2013 American Society for Blood and Marrow Transplantation. Published by Elsevier Inc. All rights reserved.

INTRODUCTION
The human major histocompatibility complex, also
termed human leukocyte antigens (HLA), has been divided
into 3 regions on chromosome 6p21: class I (telomeric), class
II (centromeric), and class III [1-2]. This genomic region is
critical to engraftment, prediction of clinical outcomes, and
balancing the potential harm from graft-versus-host disease
(GVHD) and the beneﬁt from the graft-versus-leukemia
effect. In contrast to HLA, mismatching of the ABO blood
group system is not an impediment to hematopoietic
progenitor cell transplantation (HCT) [3]. The genes encoding
ABO carbohydrate glycosyltransferases are located on chromosome 9q34, far from the genes encoding HLA, and are,
therefore, inherited independently [4,5]. As a consequence,
HLA-matched allogeneic stem cell donors have some degree
of ABO incompatibility in approximately 25% to 50% of
transplantations [6,7]. Although not as signiﬁcant as the
degree of HLA match, graft source, risk of infection, and
donor age and gender, clinical outcomes in ABOincompatible HCT are generally considered inferior to those
in ABO-compatible HCT, with mixed or undeﬁned results in
overall survival, relapse rates, acute and chronic GVHD, and
engraftment of platelets and granulocytes [8-19]. Given that
both ABO-identical and ABO-incompatible HSCT require
extensive transfusion support, it is essential to have
a working understanding of the inherent risks and beneﬁts of
the differing transfusion policies and procedures.
ABO compatibility has important consequences for clinical outcomes as well as blood management in the
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pretransplantation (phase I), transplantation (phase II), and
postengraftment (phase III) time periods [20]. The ABO blood
group antigens are immunodominant sugars that are
expressed throughout the body on the surface of RBCs,
platelets, white blood cells, vascular and organ endothelium,
and in plasma [21-23]. In the clinical laboratory, blood typing
is determined by the presence of blood group antigens on the
surface of RBCs (forward typing) as well as by the presence of
blood group antibodies in the plasma (reverse typing). These
antibodies, termed isohemagglutinins, are directed against
the ABO antigens lacking on the patient’s cells, and are not
present at birth but appear during the ﬁrst year of life.
Adjunctive molecular testing can also be performed to clarify
complex serologic evaluations [22]. The expected expression
of blood group antigens and antibodies in individuals of
various blood groups is displayed in Table 1.
In contrast to HCT, one signiﬁcant barrier to solid organ
transplantation is major ABO incompatibility between donor
and recipient, which can be associated with humoral rejection of the graft and a high rate of recipient mortality. This
type of rejection is mediated by preformed recipient
antibodies cross-reacting with incompatible alloantigen
expressed on the graft, resulting in complement activation
and damage to the graft including catastrophic thrombosis
[24]. The so-called ABO barrier has been crossed in renal and
liver transplantation by utilizing plasmapheresis, intravenous immune globulin, and rituximab, as well as other
therapies to curtail recipient anti-A and anti-B titers,
although antibody titering itself is highly institution and
operator dependent [25-28]. Adult cardiac transplantation
across the ABO barrier is not a generally accepted medical
practice [23,29].
In hematopoietic progenitor cell transplantation, the
complications associated with ABO-incompatible transplantation are distinct from those associated with solid organ
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Table 1
Types of DonoreRecipient ABO Incompatibilities
Mismatch
Type

ABO Blood Type

Major

O

Major
Major

A
B

Minor
Minor
Minor

A
B
AB

Recipient Donor

Bidirectional A
Bidirectional B

A, B,
AB
AB
AB

Potential Clinical
Consequence

Etiology

Potential Interventions

 Acute hemolytic episode
 Delayed RBC engraftment
 Pure red blood cell aplasia
 Delayed granulocyte and
platelet engraftment

 Transfusion of incompatible red blood cells
 Recipient anti-donor isohemagglutinins
 Loss of immature stem cells from processing
with ABO antigens expressed on granulocytes
and platelets

 Red blood cell reduction of stem cell
product
 Therapeutic plasma exchange in
recipient to reduce isohemagglutinins
before transplantation (uncommon in
United States)
 Promote donor erythropoiesis via
erythropoietin administration
 Plasma reduction
 Continual clinical monitoring between
days þ5 and 15 for signs/symptoms of
hemolysis (including laboratory
monitoring with LDH, bilirubin, CBC,
DAT)
 Combination of major and minor
interventions

O
 Acute hemolytic episode
 Delayed hemolysis
O
O, A, B secondary to passenger
lymphocyte
syndrome
B
A

 Combination of major and
minor consequences

 Donor plasma with elevated
isohemagglutinin titers/small blood volume
recipient
 Passenger lymphocytes producing
isohemagglutinins
 Combination of major and minor etiologies

LDH indicates lactate dehydrogenase; DAT, direct antiglobulin test.

transplantation. ABO incompatibility is classiﬁed as either
major, minor, or bidirectional. Major ABO-incompatible HSCT
(eg, from a type A, type AB, or type B donor to a type O
recipient) is characterized by the presence of antidonor
blood group antibodies in recipient plasma. Minor ABO
incompatibility (eg, from a type O donor to a type A, type B,
or type AB recipient) is characterized by the passive transfer
of incompatible blood group antibodies from the donor to
the recipient. In bidirectional ABO incompatibility (eg, type A
donor to a type B recipient), both major and minor incompatibilities are present. In HCT, complications due to ABO
mismatch arise from incompatibility due to antibodies and
antigens present in the graft and recipient blood, as well as
other cells of the donor and recipient immune system.
The clinical and blood management consequences of
these incompatibilities are discussed below.
MAJOR ABO INCOMPATIBILITY
A major ABO incompatibility exists when a novel immunodominant sugar moiety (A: N-acetylgalactosamine; B:
galactose) from a donor is transfused into a recipient with the
corresponding blood group antibodies (anti-A, anti-B, and/or
anti-A, B). This clinical scenario occurs most frequently in
group O patients who are receiving stem cell transplantations
(SCTs) from group A, group B, or group AB donors. Less
frequently, major incompatibility is encountered when group
A and group B recipients receive grafts from group AB donors.
Clinical Manifestations
The major complications of major ABO-incompatible
transplantation are hemolysis of red cells at the time of graft
infusion, delayed red cell engraftment, and pure red cell
aplasia (PRCA). All of these complications occur because of
cross-reactivity between donor blood group antigens and
recipient antibodies (isohemagglutinins). Stem cell products,
collected from either peripheral blood apheresis collection,
bone marrow, or cord blood, contain varying quantities of
donor red blood cells that can potentially be bound and
destroyed by conjugate blood group antibodies produced by
the recipient immune system. The quantity of infused red cells
depends on the graft source and cell processing issues, such as
cryopreservation, and may result in an acute hemolytic
transfusion reaction during transplantation [30]. Moreover,

major incompatibilities may result in delayed RBC engraftment, clinically characterized by diminished reticulocyte
counts and a corresponding increase in RBC transfusion
requirements. In PRCA [31], conversion to donor hematopoietic progenitor cells (HPC) RBC production takes place, but the
reconstituting marrow is inhibited by the persistence of isohemagglutinins secreted by recipient plasma cells [32]. The
recipient isohemagglutinins disrupt normal bone marrow
maturation of medullary precursors at the colony-forming
units-erythroid stage, which is the earliest point of ABO
antigen presentation [33]. Recovery of erythropoiesis in the
setting of a major ABO-incompatible transplantation is
dependent on the pretransplantation quantity (titer) of antidonor isohemagglutinins, quantity of target antigen available,
rate of clearance of isohemagglutinins, presence of GVHD,
transplantation conditioning regimen, and the native recipient erythropoeitic function [34-36]. PRCA often resolves
within a few weeks to months; however, there are documented cases of PRCA persisting beyond 5 years [37]. Within
the literature, the incidence of post-HCT PRCA may vary
according to the conditioning regimen and reportedly varies
between 6% and 30% [15].
Resolution of PRCA often occurs following tapering
of immunosuppression; however, erythropoietin, steroids,
plasma exchange, rituximab, and donor lymphocyte infusions
have also been employed [38-41]. All of these measures,
especially tapering of immunosuppression and use of donor
lymphocyte infusions, should be undertaken in a manner
consistent with the overall transplantation objectives.
Immunodeﬁciency in the post-transplantation period
combined with lamivudine may facilitate the development
of PRCA in the context of a major ABO mismatch [42].
Preventive Measures
It is important to note that there are no regulations
regarding the volume of RBCs allowed in an HPC product.
One strategy to prevent hemolysis of an SCT graft is to
deplete RBCs from HPC products before transplantation
[8,18]. Unfortunately, this process can also reduce the overall
progenitor cell content of the HPC product, making this
strategy less appealing in circumstances where there are few
progenitor cells to spare, as may occur with cord blood
transplantation [8].
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Another approach to prevent complications of major
ABO-incompatible SCT is to reduce the titer of incompatible
recipient isohemagglutinins. This can be accomplished by
plasma exchange or, if available, the use of immunoadsorption columns [17,43]. Although pretransplantation
(recipient) isohemagglutinin reduction may be associated
with decreased immunohematologic complications in this
setting, there is no consensus in the literature with respect to
the most efﬁcient strategy for isohemagglutinin reduction in
major ABO-mismatched HCT, especially in the era of
peripheral blood progenitor cell transplantation. In some
studies, patients with PRCA had signiﬁcantly higher pretransplantation isohemagglutinin titers compared with
those who did not develop PRCA.
Studies have shown the successful use of donor-type
secretor plasma for the purpose of isohemagglutinin reduction before HCT. Although use of donor-type nonsecretor
plasma has been previously used for this purpose, use of
secretor plasma donors (ie, donors who secrete A/B antigens
into plasma and other body ﬂuids) maximizes the chance for
(recipient) anti-A and/or B isohemagglutinin reduction after
infusion in comparison to nonsecretor plasma. This is
because the A/B antigens present in secretor plasma will
deplete anti-A/B isohemagglutinins directly by antigenantibody binding, as opposed to nonsecretor plasma, which
is reliant on plasma expansion for dilution of anti-A/B isohemagglutinin titers [44,45].
Slow infusion of donor-type RBCs to deplete (recipient)
anti-A and/or B isohemagglutinins before HCT has also been
used for this purpose, although even with concurrent rigorous
hydration and pre-administration of antihistamine medication, signiﬁcant RBC-related transfusion reactions may still
occur, including fever, rigors, hematuria, and frank hemolysis
[46]. Risk of hemolytic-type reactions can be avoided with use
of secretor plasma rather than RBC transfusions.
Of course, especially in patients at high risk for delayed
engraftment (eg, those with myeloﬁbrosis) and those who
have received multiple RBC transfusions, selection of ABOcompatible HCT donors is optimal. However, ABO incompatibility generally exerts less impact on outcome than other
donorerecipient relationships, such as graft source, degree
of HLA matching, status of exposure to CMV and other
infectious disease, and most likely, donor age, gender, and
parity. Overall, major ABO mismatch does not seem to have
a consistent effect on other major outcomes after allogeneic
HSCT, such as incidence of acute or chronic GVHD, relapse
rate, and overall survival, regardless of the stem cell source
[8-19] (Table 2).

MINOR ABO INCOMPATIBILITY
Anti-A and anti-B are naturally occurring antibodies that
begin to appear as the gut ﬂora matures and are present in
clinically signiﬁcant levels by 12 to 14 months of life [47].
Once these ABO blood group antibodies are identiﬁed in the
plasma, they persist indeﬁnitely, although the titer of these
antibodies varies from person to person [48]. All of the major
sources of HPC, including marrow, peripheral blood, and cord
blood contain plasma, with marrow specimens containing up
to 1500 mL [49]. Minor ABO incompatibility occurs in one of
the following circumstances: (1) when a group AB recipient
receives a stem cell transplantation from a non-AB donor,
which contain anti-A, anti-B, or both; (2) when a group A
recipient receives a B or an O transplantation, which contain
anti-A; or (3) when a group B recipient receives an A or O
transplantation, which contain anti-B. The incidence of
minor incompatibility depends on the relative frequency of
ABO blood groups in the donor and recipient populations.
Clinical Manifestations and Management of Minor
ABO-Incompatible HCT
The most signiﬁcant complication of minor ABO incompatibility is massive hemolysis of recipient erythrocytes,
which generally occurs 7 to 14 days after transplantation and
is associated with production of isohemagglutinins by
antibody-producing immune cells contained in the donor
graft [50,51]. In cases where avoiding minor ABO incompatibility is not feasible, reduction of donor isohemagglutinin
content in the graft to prevent immediate hemolytic reactions may be attempted by reducing the volume of plasma in
the stem cell infusion [49,51]. However, similar to the transfusion of ABO-incompatible platelets, there is not a strong
association between donor ABO blood group antibody titer
and hemolysis [49,50,52]. Carefully monitoring the patient
for signs and laboratory evidence of RBC hemolysis and
providing appropriate transfusion support if hemolysis is
detected is needed at the time of graft infusion in instances of
minor ABO incompatibility.
Of most clinical signiﬁcance is passenger lymphocyte
syndrome (PLS), which occurs when transplanted B
lymphocytes produce incompatible blood group antibodies
after transplantation [51,53]. Hemolysis associated with PLS
is delayed 5 to 15 days post-transplantation [50,51,54,55] and
is rare after 6 to 8 weeks. PLS can be underestimated or
overlooked; thus, measurements of antibodies against the
recipient’s RBC antigens may provide a useful hallmark of
PLS occurring in mild-to-moderate immune hemolysis. In
particular, direct antiglobulin testing (direct Coombs) may

Table 2
Effect of ABO Incompatibility on Recipient Survival and Incidence of Graft-versus-Host Disease
Study Authors

Year

Kimura et al. [3]
Helming et al. [13]
Erker et al. [15]
Kim JG et al. [12]
Stussi et al. [14]
Benjamin et al. [18]
Bacigalupo et al. [19]
Benisnger et al. [41]
Buckner et al. [17]

2008
2007
2005
2005
2002
1999
1988
1982
1978

Survival after ABO-Incompatible HCT Transplantation
Major

Minor

Bidirectional

Decreased
No difference*
No difference
No difference
Decreased
Decreasedy
e
No difference
e

Decreased
No difference*
Decreased
No difference
No difference
Decreasedy
e
e
No difference

No difference
No difference*
Decreased
No difference
No difference
No difference
e
e
e

Risk of Graft-versus-Host Disease

Increased with minor or major ABO mismatch
No difference*
No difference
No difference
Increased with minor ABO mismatch
No difference with minor or major mismatch
Increased with minor ABO mismatch
No difference with major ABO mismatch
No difference with minor ABO mismatch

RR indicates relative risk.
* Pediatric patients.
y
Only in patients being treated for acute myeloid leukemia or myelodysplastic syndrome. A difference was not observed in a larger subset of patients who
were treated for chronic myelogeneous leukemia.
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provide an extremely useful laboratory assessment of
potential PLS-induced hemolysis in conjunction with routine
hemolytic laboratory analysis [56].
In cases of minor ABO mismatch HSCT, almost all the
donor lymphocytes produce antibodies against the recipient’s red cell antigens, yet the frequency of clinically significant hemolysis is only 10% to 15% (detected by antibodies
directed against recipient RBC). Several risk factors for the
development of PLS have been reported and include the
following: (1) pairing group A or group AB recipients with
group B donors; (2) using peripheral blood stem cells (higher
donor CD19þ B-lymphocytes than bone marrow grafts and
possible conversion to a TH2 proﬁle following granulocyte
colony-stimulating factor mobilization) as the source of
HSC; (3) employing calcineurin inhibitors (immunosuppressive effects on T cells) without methotrexate for GVHD
prophylaxis; and (4) using non-HLA matched sibling donors.
Clinically signiﬁcant PLS has not been described after minor
ABO-incompatible HCT using cord blood grafts.
Sinusoidal obstruction syndrome (SOS) is reportedly
more common in patients with minor ABO-mismatched
grafts. Because blood group antigens are presented in
hepatic sinusoidal endothelial cells, Lapierre et al. have
suggested that isohemagglutinins of donor origin in the
minor ABO-mismatched HSCT might attack sinusoidal
endothelial cells contributing to the development of SOS
[57]; however, the association of SOS with minor ABOincompatible transplantations has not been observed at
levels reaching statistical signiﬁcance [42]. Selecting ABOcompatible donors, when possible, is recommended, especially in patients at high risk for veno-occlusive disease.
Similar to studies of major ABO mismatched HSCT, studies of
minor ABO mismatched HSCTs have shown inconsistent
results with regard to survival and GVHD risk [8-19]
(Table 2).
Management and Preventive Strategies
Plasma reduction does not reduce the B lymphocyte
content of marrow transplantations and, therefore, does
not affect the incidence of PLS. Using rituximab to prevent
GVHD reportedly reduces the incidence of PLS [58]. Of note,
PLS also occurs in solid organ transplantation if competent
donor B lymphocytes are present in the graft, with the
risk of hemolysis increasing with higher graft lymphocyte
content and when post-transplantation immunosuppression does not include an antiproliferative agent [59,60].
Some centers have advocated the use of pretransplantation
red cell exchange to reduce the volume of donorincompatible RBCs in the recipient before infusion [31];
however, this strategy has not found wide acceptance
because red cell exchange procedures are inefﬁcient and are
associated with a relatively large fraction of residual
recipient red cells [50,61].
BIDIRECTIONAL ABO INCOMPATIBILITY
Bidirectional incompatibility is the simultaneous presence of both of a major and a minor incompatibility. For
example, if a group B recipient receives a transplant from
a group A donor, the anti-A in the recipient is incompatible
with the A antigen on the donor cells (major incompatibility)
and the anti-B in the donor plasma is incompatible with the
B antigen expressed on the recipient’s cells (minor incompatibility). In these instances, the transplantation team and
the transfusion service must be prepared to address
complications of both types of incompatibilities. Selection of
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blood products in this circumstance is important and
requires AB plasma products and group O RBCs. The impact
of bidirectional ABO incompatibility on survival and
incidence of GVHD has also not been consistently established
[8-19] (Table 2).
NON-ABO/RH ANTIBODIES
Although infrequently encountered, antibodies to RBC
antigens other than ABO in the HPC setting can be clinically
signiﬁcant [62-65]. Antibodies to minor RBC antigens have
been reported in HPC transplantation at a rate of w1% [66,67]
to 8.6% [63], with varying clinical implications. Various
antibodies (anti-Jkb, anti-M, anti-Leb, anti-Dib, anti-E, antiJka, and anti-K) have been identiﬁed, with a mean time to
detection of approximately 1 month, although some may
appear much later [68]. This observation demonstrates that
transplantation alloantibody formation is still possible in the
peritransplant period, despite profound immunosuppression. The mean number of RBC units transfused is similar in
patients who developed alloantibodies compared with those
who did not, suggesting that the production of RBC antibodies was not strictly correlated with the number of RBC
transfusions administered. Multiple potential immunizing
factors exist for the formation of minor RBC antigen alloimmunization, including donor-derived lymphocytes infused
with the HPC graft, recipient lymphocytes resistant to the
conditioning regimen, donor-derived lymphocytes that
engraft after the transplantation, and the secretor status of
the donor and recipient. The age of the recipient, along with
the conditioning regimen, may also contribute to non-ABO
antibody formation in HPC transplantation [68]. The clinical impact of non-ABO antibodies is generally insigniﬁcant;
however, severe hemolysis from antibodies to the Kidd (Jk)
blood group system have been identiﬁed. In these cases, the
donor was previously sensitized to the Kidd antigen, but the
pretransplantation antibody screen did not detect the antibody. This phenomenon is common in patients with antibodies to the Kidd blood group system, and when re-exposed
to the corresponding antigen, may result in an anamnestic
response with concomitant hemolysis [69,70].
RhD incompatibilities are also encountered. When a
D- recipient is transplanted from a Dþ donor (D-major
mismatch), clinically one may consider depleting RBCs from
the graft. When a minor mismatch is evident, the recipient
should be transfused with D- RBCs. Hemolysis may be more
signiﬁcant and occur earlier when the donor has preformed
anti-D present at the time of transplantation [20].
MONITORING AND TRANSFUSION SUPPORT IN
ABO-MISMATCHED STEM CELL TRANSPLANTATION
We acknowledge that there are many acceptable ways to
monitor and provide transfusion support for ABO mismatched HSCT patients. One strategy is to closely follow
hemoglobin levels and reticulocyte counts while monitoring
post-transplantation anti-A and anti-B isohemagglutinins
IgG and IgM titers weekly beginning from day þ4 post-HSCT.
For patients with an anti-A and/or anti-B titer >1:128 during
pretransplantation assessment, IgG and IgM may be evaluated twice weekly after transplantation until achievement of
titers below 1:16, then weekly until their complete disappearance. Hemagglutinin titer quantiﬁcation is followed
until it is undetectable for 2 consecutive weeks, except in
patients with persistent RBC transfusion requirements. Other
strategies include transfusion with donor-compatible blood
in minor ABO mismatched HCT patients.
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Table 3
Transfusion Support Recommendations for ABO-Incompatible HPC Transplantation
Recipient

O
O
O
A
B
A
B
AB
AB
AB
A
B

Donor

A
B
AB
AB
AB
O
O
O
A
B
B
A

Phase I*

Phase IIy

All Products

RBCs

Recipient
Recipient
Recipient
Recipient
Recipient
Recipient
Recipient
Recipient
Recipient
Recipient
Recipient
Recipient

O
O
O
A
B
O
O
O
A
B
O
O

Phase IIIz
Platelets

Plasma

RBCs

First
Choice

Second
Choices

First
Choice

Second
Choices

A
B
AB
AB
AB
A
B
AB
AB
AB
AB
AB

AB, B, O
AB, A, O
A, B, O
A, B, O
B, A, O
AB, B, O
AB, A, O
A, B, O
A, B, O
B, A, O
B, A, O
O, A, B

A
B
AB
AB
AB
A
B
AB
AB
AB
AB
AB

AB
AB
NA
NA
NA
AB
AB
NA
NA
NA
NA
NA

Donor
Donor
Donor
Donor
Donor
Donor
Donor
Donor
Donor
Donor
Donor
Donor

Platelets

Plasma

First
Choice

Second
Choices

First
Choice

Second
Choices

A
B
AB
AB
AB
A
B
AB
AB
AB
AB
AB

AB, B, O
AB, A, O
A, B, O
A, B, O
B, A, O
AB, B, O
AB, A, O
A, B, O
A, B, O
B, A, O
B, A, O
A, B, O

A
B
AB
AB
AB
A
B
AB
AB
AB
AB
AB

AB
AB
NA
NA
NA
AB
AB
NA
NA
NA
NA
NA

NA indicates not applicable.
* Time period from diagnosis to transplantation.
y
Time period from transplantation to RBC engraftment.
z
Engraftment established, as indicated by direct antiglobulin testing being negative, along with 2 consecutive independent samples with the forward and
reverse typing showing donor ABO status.

Management of platelet transfusions in ABO-mismatched
HSCT patients can be challenging. When available,
ABO-compatible platelet transfusions are preferred because
they are associated with improved corrected count increments [71], including patients undergoing bone marrow
transplantation [72]. In addition, patients receiving ABOincompatible plasma via platelet transfusion are occasionally reported to have hemolytic reactions [73,74]. Patients
with major ABO incompatibility receive platelet and plasma
transfusions of donor type and RBC transfusions of recipient
type during the ﬁrst period after the transplantation and
switch over to donor blood type when conversion of the ABO

blood group is observed and antidonor alloantibody titers
are undetectable. Platelets and plasma of recipient type and
RBC of donor blood type are transfused after the transplantation in patients with minor ABO incompatibility.
For patients with bidirectional incompatibility, the ﬁrst
choice of blood groups is AB for platelet and plasma
infusions, and type O for RBC transfusions. In the case of
ABO-incompatible platelet transfusions, pooled random
platelets suspended in additive solution are used to minimize the dose of alloantibodies contained in the plasma.
Following reduced-intensity conditioning regimens, hematopoietic and immune function are both host and donor in

Table 4
Suggested Approach to ABO-Incompatible HPC Transplantation
Evaluation
Phase I, pretransplantation conditioning
Donor and recipient laboratory analysis
Evaluate ABO/Rh status, presence or absence of antibodies
1. Two independent peripheral blood samples for ABO/Rh typing and antibody screen
a. Determination of clinical signiﬁcance or insigniﬁcance of all non-ABO minor RBC antibodies (eg, anti-K versus anti-N)
b. Determination of ABO-incompatibility type: major, minor, bidirectional, or none
2. Communication with clinical teams regarding transfusion support and risk for hemolysis
HPC acquisition and potential manipulation
Conﬁrmation of ABO-incompatibility and stem cell dose. If product contains transplant dose (or approximate dose), HPC product manipulation may not be
warranted given anticipated CD34 loss with product modiﬁcation.
1. Major mismatch: RBC depletion
2. Minor mismatch: plasma depletion
3. Bidirectional: consider both product modiﬁcations in appropriate clinical context
Management
If donorerecipient ABO-discrepancy is identiﬁed, immediate notiﬁcation and documentation with clinical team, transfusion medicine service, and stem cell
processing laboratory. Transplant conditioning and post-transplant immunosuppression regimen will determine risk proﬁle for persistence of recipient
plasma cell isohemagglutinin production.
Major mismatch:
1. Monitor for acute RBC hemolysis (DAT, LDH, haptoglobin, reticulocyte count, isohemagglutinin titers, AST/ALT, bilirubin, peripheral blood smear)
a. Evaluation for potential pure red blood cell aplasia
Minor mismatch:
1. Based on product modiﬁcation (plasma reduction), risk stratify potential for acute and delayed hemolysis
a. Day þ5 to 15, monitor for passenger lymphocyte syndrome with daily CBC
b. Keep hemoglobin level at least 9 g/dL, with donor compatible RBC transfusions
Bidirectional:
1. Monitor for both major and minor incompatibility-related adverse events
2. Ensure adequate supply of blood type AB plasma products and O RBCs
HPC indicates hematopoietic progenitor cells; DAT, direct antiglobulin test; LDH, lactate dehydrogenase; AST/ALT, aspartate aminotransferase/alanine
aminotransferase ratio.
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origin for variable periods after transplantation, with a delayed
disappearance of host alloantibody-producing plasma cells.
Thus, the risks of hemolytic reactions and delayed RBC
engraftment may be higher in cases of donorerecipient major
ABO-incompatibility when nonmyeloablative regimens are
used.
Transfusion support recommendations for ABOincompatible HSCT are summarized in Table 3.
SUMMARY
The overall clinical and laboratory management of ABOincompatible HPC transplantation is complex (Table 4).
During the initial transplantation evaluation, potential ABO
discrepancies between the recipient and donor require
a systematic approach. Although the Foundation for the
Accreditation of Cellular Therapies requires ABO typing of
both the donor and recipient, there is ultimately no selection
guidance, other than requiring resolution and documentation before issuing the HPC product [75]. As a result,
a concise transfusion policy, conditioning regimen, cellular
processing protocol, and post-transplantation immunosuppression treatment plan needs to be established by the
individual institution to address major, minor, and bidirectional mismatching. It is very important that the clinical
teams and blood bank remain in communication to collectively anticipate and manage post-transplantation immunohematologic events, and especially to correctly manage
potentially catastrophic immune hemolysis and avoid the
inappropriate transfusion of donor incompatible RBCs in
patients with PLS due to minor ABO incompatibility. Establishing electronic notiﬁcation systems between the transplantation team and the corresponding blood bank are
critical in this pursuit.
ACKNOWLEDGMENTS
Financial disclosure: The authors have nothing to disclose.
Conﬂict of interest statement: The authors declare no
competing ﬁnancial interests.
Authorship statement: G.S.B., C.D.B., and B.N.S. designed
the review; and G.S.B., E.A.G, C.D.B., and B.N.S. each
contributed to the writing of the manuscript.
REFERENCES
1. Bakker E, Pearson PL, Meera Khan P, et al. Orientation of major histocompatibility (MHC) genes relative to the centromere of human
chromosome 6. Clin Genet. 1979;15:198-202.
2. Campbell RD, Trowsdale J. Map of the human MHC. Immunol Today.
1993;14:349-352.
3. Sieff C, Bicknell D, Caine G, et al. Changes in cell surface antigen
expression during hemopoietic differentiation. Blood. 1982;60:703-713.
4. Yamamoto F. Review: ABO blood groups system-ABH oligosaccharide
antigens, anti-A and anti-B, A and B glycosyltransferases, and ABO
genes. Immunohematology. 2004;20:3-22.
5. Kominato Y, Hata Y, Matsui K, et al. Transcriptional regulation of
the human ABO histo-blood group genes is dependent on the N
box upstream of the proximal promoter. Transfusion. 2004;44:
1741-1749.
6. Rowley SD, Donato ML, Bhattacharyya P. Red blood cell-incompatible
allogeneic hematopoietic progenitor cell transplantation. Bone
Marrow Transplant. 2011;46:1167-1185.
7. Kimura F, Sato K, Kobayashi S, et al. Impact of ABO-blood group
incompatibility on the outcome of recipients of bone marrow transplants from unrelated donors in the Japan Marrow Donor Program.
Haematologica. 2008;93:1686-1693.
8. Broxmeyer HE, Douglas GW, Hangoc G, et al. Human umbilical cord
blood as a potential source of transplantable hematopoietic stem/
progenitor cells. PNAS. 1989;86:3828-3832.
9. Seebach JD, Stussi G, Passweg JR, et al. ABO blood group barrier in
allogeneic bone marrow transplantation revisited. Biol Blood Marrow
Transplant. 2005;11:1006-1013.

1157

10. Michallet M, Le QH, Mohty M, et al. Predictive factors for outcomes
after reduced intensity conditioning hematopoietic stem cell transplantation for hematological malignancies: A 10-year retrospective
analysis from the Société Française de Greffe de Moelle et de Thérapie
Cellulaire. Exp Hematol. 2008;36:535-544.
11. Kollman C, Howe CW, Anasetti C, et al. Donor characteristics as risk
factors in recipients after transplantation of bone marrow from unrelated donors: The effect of donor age. Blood. 2001;98:2043-2051.
12. Kim JG, Sohn SK, Kim DH, et al. Impact of ABO incompatibility on
outcome after allogeneic peripheral blood stem cell transplantation.
Bone Marrow Transplant. 2005;35:489-495.
13. Helming AM, Brand A, Wolterbeek R, et al. ABO incompatible stem cell
transplantation in children does not inﬂuence outcome. Pediatr Blood
Cancer. 2007;49:313-317.
14. Stussi G, Muntwyler J, Passweg JR, et al. Consequences of ABO
incompatibility in allogeneic hematopoietic stem cell transplantation.
Bone Marrow Transplant. 2002;30:87-93.
15. Erker CG, Steins MB, Fischer RJ, et al. The inﬂuence of blood group
differences in allogeneic hematopoietic peripheral blood progenitor
cell transplantation. Transfusion. 2005;45:1382-1390.
16. Blin N, Traineau R, Houssin S, et al. Impact of donor-recipient
major ABO mismatch on allogeneic transplantation outcome according to stem cell source. Biol Blood Marrow Transplant. 2010;16:
1315-1323.
17. Buckner CD, Clift RA, Sanders JE, et al. ABO-incompatible marrow
transplants. Transplantation. 1978;26:233-238.
18. Benjamin RJ, McGurk S, Ralston MS, et al. ABO incompatibility as an
adverse risk factor for survival after allogeneic bone marrow transplantation. Transfusion. 1999;39:179-187.
19. Bacigalupo A, Van Lint MT, Occhini D, et al. ABO compatibility and
acute graft-versus-host disease following allogeneic bone marrow
transplantation. Transplantation. 1988;45:1091-1094.
20. Gajewski JL, Johnson VV, Sandler SG, et al. A review of transfusion
practice before, during, and after hematopoietic progenitor cell transplantation. Blood. 2008;112:3036-3047.
21. Briemer ME, Molne J, Norden G, et al. Blood group A and B antigen
expression in human kidneys correlated to A1/A2/B, Lewis, and
Secretor Status. Clinical Transplantation. 2006;82:479-485.
22. Daniels G. The molecular genetics of blood group polymorphism. Hum
Genet. 2009;126:729-742.
23. Gehrie EA, Cates JM, Nian H, et al. Blood group A antigen expression on
cardiac endothelium is highly individualized: Possible implications for
transplantation. Carvasc Pathol. 2013;22:251-256.
24. Costanzo MR, Dipchand A, Starling R, et al. The International Society of
Heart and Lung Transplantation Guidelines for the Care of Heart
Transplant Recipients. J Heart Lung Transplant. 2010;29:914-956.
25. Montgomery RA, Locke JE, King KE, et al. ABO incompatible renal
transplantation: A paradigm ready for broad implementation. Transplantation. 2009;87:1246-1255.
26. Tanabe M, Kawachi S, Obara H, et al. Current progress in ABOincompatible liver transplantation. European Journal of Clinical Investigation. 2010;40:943-949.
27. Kobayashi T, Saito K. A series of surveys on assay for anti-A/B antibody
by Japanese ABO-incompatible Transplantation Committee. Xenotransplantation. 2006;13:136-140.
28. Kumlein G, Wilpert J, Safwenberg J, Tyden G. Comparing the tube and
gel techniques for ABO antibody titration, as performed in three
European centers. Transplantation. 2007;84:S17-S19.
29. Cooper DKC. Clinical survey of heart transplantation between ABO
blood group-incompatible recipients and donors. J Heart Transplant.
1990;9:376-381.
30. Rowley SD. Hematopoietic stem cell transplantation between red cell
incompatible donor-recipient pairs. Bone Marrow Transplant. 2001;28:
315-321.
31. Worel N, Greinix HT, Schneider B, et al. Regeneration of erythropoiesis
after related- and unrelated-donor BMT or peripheral blood HPC
transplantation: A major ABO mismatch means problems. Transfusion.
2000;40:543-550.
32. Grifﬁth LM, McCoy JP, Bolan CD, et al. Persistence of recipient
plasma cells and anti-donor isohemagglutinins in patients with
delayed donor erythropoiesis after major ABO incompatible nonmyeloablative haematopietic cell transplantation. Br J Haematol.
2005;128:668-675.
33. Barge AJ, Johnson G, Witherspoon R, Torok-Storb B. Antibody-mediated
marrow failure after allogeneic bone marrow transplantation. Blood.
1989;74:1477-1480.
34. Slavin S, Nagler A, Naparstek E, et al. Non-myeloablative stem cell
transplantation and cell therapy as an alternative to conventional bone
marrow transplantation with lethal cytoreduction for treatment of
malignant and nonmalignant hematologic diseases. Blood. 1998;91:
756-763.
35. Giralt S, Estey E, Albitar M, et al. Engraftment of allogeneic hematopoietic progenitor cells with purine analog-containing chemotherapy:

1158

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.
50.

51.

52.

53.
54.

55.

G.S. Booth et al. / Biol Blood Marrow Transplant 19 (2013) 1152e1158

Harnessing graft-versus-leukemia without myeloablative therapy.
Blood. 1997;89:4531-4536.
Bardos A, Tricot G, Toor A, et al. ABO mismatch may affect engraftment
in multiple myeloma patients receiving nonmyeloablative conditioning. Transfusion. 2002;45:205-209.
Volin L, Ruutu T. Pure red-cell aplasia of long duration after major ABOincompatible bone marrow transplantation. Acta Haematol. 1990;84:
195-197.
Taniguchi S, Yamasaki K, Shibuya T, et al. Recombinant human erythropoietin for long-term persistent anemia after major ABO incompatible
bone marrow transplantation. Bone Marrow Transplant. 1993;12:423.
Santamaría A, Sureda A, Martino R, et al. Successful treatment of pure
red cell aplasia after major ABO-incompatible T cell-depleted bone
marrow transplantation with erythropoietin. Bone Marrow Transplant.
1997;20:1105-1107.
Bavaro P, Di Girolamo G, Olioso P, et al. Donor lymphocyte infusion as
therapy for pure red cell aplasia following bone marrow transplantation. Br J Haematol. 1999;104:930-931.
Sorà F, De Matteis S, Piccirillo N, et al. Rituximab for pure red cell
aplasia after ABO-mismatched allogeneic peripheral blood progenitor
cell transplantation. Transfusion. 2005;45:643-645.
Ozkurt ZN, Yegin ZA, Yenicesu I, et al. Impact of ABO-incompatible
donor on early and late outcome of hematopoietic stem cell transplantation. Transplantation Proceedings. 2009;41:3851-3858.
Bensinger WI, Buckner CD, Sander JE, et al. ABO-incompatible marrow
transplants. Transplantation. 1982;33:427-429.
Curley C, Pillai E, Mudie K, et al. Outcomes after major or bidirectional
ABO-mismatched allogeneic hematopoietic progenitor cell transplantation after pretransplant isoagglutinin reduction with donor-type
secretor plasma with or without plasma exchange. Transfusion. 2012;
52:291-297.
Achermann FJ, Julmy F, Gilliver LG, et al. Soluble type A substance in
fresh-frozen plasma as a function of ABO and Secretor genotypes and
Lewis phenotype. Transfus Apher Sci. 2005;32:255-262.
Stussi G, Halter J, Bucheli E, et al. Prevention of pure red cell aplasia
after major or bidirectional ABO blood group incompatible hematopoietic stem cell transplantation by pretransplant reduction of host
anti-donor isoagglutinins. Haematologica. 2009;94:239-248.
Fong SW, Qaqundah BY, Taylor WF. Developmental patterns of ABO
isoagglutinins in normal children correlated with the effects of age,
sex, and maternal isoagglutinins. Transfusion. 1974;14:551-559.
Quillen K, Sheldon SL, Daniel-Johnson J, et al. A practical strategy to
reduce the risk of passive hemolysis by screening plateletpheresis
donors for high-titer ABO antibodies. Transfusion. 2011;51:92-96.
Roback JD, Grossman BJ, Harris T, Hillyer CD. AABB Technical Manual,
17th ed. Bethesda, MD: AABB Press; 2011.
Bolan CD, Childs RW, Procter JL, et al. Massive immune haemolysis
after allogeneic peripheral blood stem cell transplantation with minor
ABO incompatibility. Br J Haematol. 2001;112:787-795.
Daniel-Johnson J, Schwartz J. How do I approach ABO-incompatible
hematopoietic progenitor cell transplantation? Transfusion. 2011;51:
1143-1149.
Karaﬁn MS, Blagg L, Tobian AA, et al. ABO antibodiy titers are not
predictive of hemolytic reactions due to plasma-incompatible platelet
transfusions. Transfusion. 2012;52:2087-2093.
Hareuveni M, Merchav H, Austerlitz N, et al. Donor anti-Jk(a) causing
hemolysis in a liver transplant recipient. Transfusion. 2002;42:363-367.
Hows J, Beddow K, Gordon-Smith E, et al. Donor-derived red blood cell
antibodies and immune hemolysis after allogeneic bone marrow
transplantation. Blood. 1986;67:177-181.
Lee JH, Gulbis A, De Padua Silva L, et al. Rituximab for passenger
lymphocyte syndrome associated with allogeneic SCT. Bone Marrow
Transplant. 2008;42:67-69.

56. Zantek ND, Koepsell SA, Tharp DR Jr, Cohn CS. The direct antiglobulin
test: A critical step in the evaluation of hemolysis. Am J Hematol. 2012;
87:707-709.
57. Lapierre V, Mahe C, Auperin A, et al. Platelet transfusion containing
ABO-incompatible plasma and hepatic veno-occlusive disease after
hematopoietic transplantation in young children. Transplantation.
2005;80:314-319.
58. Yazer MH, Triulzi DJ. Immune hemolysis following ABO-mismatched
stem cell or solid organ transplantation. Curr Opinion in Hematology.
2007;14:664-670.
59. Cserti-Gazdewich CM, Waddell TK, Singer LG, et al. Passenger lymphocyte syndrome with or without immune hemolytic anemia in all
recipients of lungs from rhesus alloimmunized donors: Three new cases
and a review of the literature. Transfus Med Rev. 2009;23:134-145.
60. Ramsey G. Red cell antibodies arising from solid organ transplants.
Transfusion. 1991;31:76-86.
61. Worel N, Greinix HT, Supper V, et al. Prophylactic red blood cell exchange
for prevention of severe immune hemolysis in minor ABO-mismatched
allogeneic peripheral blood progenitor cell transplantation after
reduced-intensity conditioning. Transfusion. 2007;47:1494-1502.
62. Ting A, Pun A, Dodds AJ, et al. Red cell alloantibodies produced after
bone marrow transplantation. Transfusion. 1987;27:145-147.
63. Abou-Elella AA, Camarillo TA, Allen MB, et al. Low incidence of red cell
and HLA antibody formation by bone marrow transplant patients.
Transfusion. 1995;35:931-935.
64. Lopez A, de la Rubia J, Arriaga F, et al. Severe hemolytic anemia due to
multiple red cell alloantibodies after an ABO-incompatible allogeneic
bone marrow transplant. Transfusion. 1998;38:247-251.
65. Borge PD, Stroka-Lee H, Schmid P, et al. Delayed Red Blood Cell
Chimerism in an HSC Transplant for Sickle Cell Disease Associated with
a Non-ABO Alloantibody. Transfusion. 2010;50(suppl). S155A. Abstract
262.
66. Young PP, Goodnough LT, Westervelt P, Diersio JF. Immune hemolysis
involving non-ABO/RhD alloantibodies following hematopoietic
stem cell transplantation. Bone Marrow Transplant. 2001;27:13051310.
67. de La Rubia J, Arriaga F, Andreu R, et al. Development of non-ABO RBC
alloantibodies in patients undergoing allogeneic HPC transplantation.
Is ABO incompatibility a predisposing factor? Transfusion. 2001;41:
106-110.
 ska B, Zaucha JM, Michalewska B, et al. Multiple red cell
68. Zupan
alloantibodies, including anti-Dib, after allogeneic ABO-matched
peripheral blood progenitor cell transplantation. Transfusion. 2005;
45:16-20.
69. Leo A, Mytilineos J, Voso MT, et al. Passenger lymphocyte syndrome
with severe hemolytic anemia due to an anti-Jka after allogeneic PBPC
transplantation. Transfusion. 2000;40:632-636.
70. Tormey CA, Stack G. The persistence and evanescence of blood group
alloantibodies in men. Transfusion. 2009;49(3):505-512.
71. Lee EJ, Schiffer CA. ABO compatibility can inﬂuence the results of
platelet transfusion. Results of a randomized trial. Transfusion. 1989;
29:384-389.
72. Klumpp TR, Herman JH, Innis S, et al. Factors associated with response
to platelet transfusion following hematopoietic stem cell transplantation. Bone Marrow Transplant. 1996;17:1035-1041.
73. Mair B, Benson K. Evaluation of changes in hemoglobin levels associated with ABO-incompatible plasma in apheresis platelets. Transfusion.
1998;38:51-55.
74. Shanwell A, Ringden O, Wiechel B, et al. A study of the effect of ABO
incompatible plasma in platelet concentrates transfused to bone
marrow transplant recipients. Vox Sang. 1991;60:23-27.
75. International Standards for Cellular Therapy Product Collection, Processing and Administration, v 5.2. FACT-JACIE, Omaha, NE, 2012.

