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ABSTRACT

Background Transplantation of hearts from ABO-
incompatible donors is contraindicated because of
the risk of hyperacute rejection mediated by preformed
antibodies in the recipient to blood-group antigens
of the donor. This contraindication may not apply to
newborn infants, who do not yet produce antibodies
to T-cell-independent antigens, including the major
blood-group antigens.

Methods We studied 10 infants, 4 hours to 14
months old (median, 2 months), who had congenital
heart disease or cardiomyopathy and who received
heart transplants from donors of incompatible blood
type between 1996 and 2000. Serum isohemagglutinin
titers were measured before and after transplantation.
Plasma exchange was performed during cardiopulmo-
nary bypass; no other procedures for the removal of
antibodies were used. Standard immunosuppressive
therapy was given, and rejection was monitored by
means of endomyocardial biopsy. The results were
compared with those in 10 infants who received heart
transplants from ABO-compatible donors.

Results The overall survival rate among the 10 re-
cipients with ABO-incompatible donors was 80 per-
cent, with 2 early deaths due to causes presumed to
be unrelated to ABO incompatibility. The duration of
follow-up ranged from 11 months to 4.6 years. Two
infants had serum antibodies to antigens of the do-
nor's blood group before transplantation. No hyper-
acute rejection occurred; mild humoral rejection was
noted at autopsy in one of the infants with antibodies.
No morbidity attributable to ABO incompatibility has
been observed. Despite the eventual development of
antibodies to antigens of the donor’s blood group in
two infants, no damage to the graft has occurred.
Because of the use of ABO-incompatible donors, the
mortality rate among infants on the waiting list de-
clined from 58 percent to 7 percent.

Conclusions ABO-incompatible heart transplanta-
tion can be performed safely during infancy before the
onset of isohemagglutinin production; this technique
thus contributes to a marked reduction in mortality
among infants on the waiting list. (N Engl J Med 2007;
344:793-800.)

Copyright © 2001 Massachusetts Medical Society.

OLID-ORGAN transplantation between do-
nors and recipients with incompatible blood
groups is usually contraindicated because of the
high risk of hyperacute rejection. Such rejec-
tion occurs when preexisting serum anti-A or anti-B
antibodies (natural isohemagglutinins) in the recipient
bind to their respective blood-group antigens on vas-
cular endothelial cells of the donor organ, resulting
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in the activation of the complement cascade and rapid
thrombosis in the vasculature of the graft.13 Although
undertaken occasionally in kidney and liver trans-
plantation,2412 ABO-incompatible transplantation of
hearts has been reported rarely — only as an inadvert-
ent occurrence and often with a lethal outcome.!3

Newborn infants do not produce isohemaggluti-
nins, and serum anti-A or anti-B antibody titers usu-
ally remain low until the age of 12 to 14 months.!*
Furthermore, the complement system is not fully com-
petent in young infants.!s Thus, the primary factors
that would initiate hyperacute rejection are absent dur-
ing early infancy.

Infants with lethal cardiac disease often die before
transplantation because of the shortage of donor
hearts,'¢!7 with patients in blood group O encoun-
tering disproportionate competition for organs (Ta-
ble 1). Furthermore, when organs become available
from donors who have the less common B and AB
blood types, there may be no recipients of appropri-
ate size with compatible blood types awaiting trans-
plantation, so these organs go unused.

We reasoned that ABO-incompatible transplanta-
tion would be safe during early infancy because of the
recipients’ relative immunologic immaturity. We there-
fore performed cardiac transplantation in 10 infants us-
ing hearts from donors of incompatible blood groups.

METHODS

Patients

Since January 1996, parents of fetuses and infants referred for
cardiac transplantation at the Hospital for Sick Children in Toron-
to have been offered the heart from the first available donor of com-
patible size, regardless of blood type. Except for two older infants,
only infants with no serum antibodies to blood-group antigens were
considered. The protocol was approved by the institutional ethics
committee, and all parents gave written informed consent. We com-
pared the results in the 10 infants who received hearts from ABO-
incompatible donors between January 1996 and January 2000 with
those of 10 infants who received hearts from ABO-compatible do-
nors during the same period.

Blood Group and Antibody Status

The blood type of recipients was determined by means of stand-
ard blood-bank procedures for all infants except those placed on
the waiting list while still in utero, whose blood type was deter-
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TABLE 1. COMPATIBLE AND INCOMPATIBLE COMBINATIONS OF
BLOOD TYPE FOR POTENTIAL ORGAN DONORS AND RECIPIENTS.

ComPATIBLE BLOOD INCOMPATIBLE BLOOD

VARIABLE GRrours GRrours
Recipient’s blood type
(¢] (¢] A, B, AB
A A O B, AB
B B, O A, AB
AB AB, B, A, O —
Donor’s blood type
(¢] O, A, B, AB —
A A, AB 0O, B
B B, AB 0O, A
AB AB O,A, B

mined at birth. The blood type of donors was provided by the re-
ferring organ-procurement agency.

Serum from all infants except those placed on the waiting list
antenatally was tested for the presence of anti-A and anti-B anti-
bodies by means of standard agglutination tests with erythrocytes
from blood whose type was known (reverse blood typing); 0.1 ml
of the patient’s serum diluted with saline in a ratio ranging from
1:1 to 1:256 was mixed with 0.1 ml of a suspension of 3 to 5 per-
cent erythrocytes of blood groups A and B (Ortho Diagnostics),
incubated at room temperature for 1 hour, and centrifuged at low
speed for 60 seconds. Erythrocytes from type O blood were used
as controls in testing for the presence of other alloantibodies; sa-
line was used as a negative control. If antibodies were detected,
the isotype (IgG or IgM) was not determined.

Testing for serum antibodies was repeated periodically, and it was
performed immediately when a potential donor was identified. The
tests were also conducted during the operation before the release
of the aortic cross-clamp and every six hours for four days after
transplantation. In recipients without antibody production before
transplantation, subsequent testing was repeated daily for two weeks,
weekly for two months, then monthly. In the older recipients, test-
ing was repeated more frequently.

Preparations of Blood Products for Cardiopulmonary
Bypass

For recipients with type O blood, the bypass circuit was primed
with plasma from blood of either the donor’s blood type or type
AB, which therefore carried no antibodies to the donor’s blood
group. In the one recipient with type A blood who received a heart
from a donor with type B blood, plasma from type AB blood was
given to avoid introducing antibodies directed against the blood
types of both the donor and the recipient. All cellular products (ex-
cept platelets) administered intraoperatively and postoperatively were
from group O blood (or the recipient’s blood group) and there-
fore expressed no exogenous A or B antigens. All plasma products
were from group AB blood (or the donor’s blood type when the
recipient had blood group O) and therefore carried few or no ex-
ogenous anti-A or anti-B antibodies (Table 2).

Although platelets express low levels of A or B antigens, plate-
lets from group O blood were not used with recipients with blood
type O, because substantial quantities of anti-A and anti-B anti-
bodies would be expected to appear in preparations of platelets from
group O blood. These antibodies could be more detrimental in ini-
tiating hyperacute rejection of ABO-incompatible grafts than ad-
ditional A or B blood-group antigens expressed in preparations of
platelets from blood of the donor’s blood group. Thus, platelets
from group AB were used (or from blood of the donor’s blood type,
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TABLE 2. BLOOD GROUPS REQUIRED FOR BLOOD PRODUCTS
ADMINISTERED DURING ABO-INCOMPATIBLE
HEART TRANSPLANTATION.

DonoR’s RECIPIENT'S

BLoop BLoop
GrouP Grour ANTIBODIES TO AVOID INDICATED BLOOD GROUP
RED
PLASMA  CELLS PLATELETS
AB (] Anti-A (vs. graft) AB O AB
Anti-B (vs. graft)
B o Anti-B (vs. graft) AB or B O AB or B
A (0] Anti-A (vs. graft) ABorA O AB or A
AB B Anti-A (vs. graft) AB OorB AB
Anti-B (vs. graft
and recipient)
A B Anti-A (vs. graft) AB OorB AB
Anti-B (vs. recipient)
AB A Anti-B (vs. graft) AB OorA AB
Anti-A (vs. graft
and recipient)
B A Anti-B (vs. graft) AB OorA AB

Anti-A (vs. recipient)

in the case of recipients with type O blood). Because sufficient plate-
lets from type AB blood were not available, saline-washed platelets
from type A blood were also given, with no apparent adverse effect.

Intraoperative Procedures

Orthotopic heart transplantation was performed by standard sur-
gical techniques. During cardiopulmonary bypass, approximately
three times the total body volume of plasma was exchanged. Blood
equal in volume to the estimated circulating blood volume was re-
moved from the infant during the initiation of bypass through the
line for venous return to the bypass circuit and was replaced with
an equal volume of blood from a blood bank and plasma from type
AB blood. The infant’s blood was separated into plasma and red-cell
fractions by the hospital’s blood bank or by means of a commercial
blood-salvage system (Sequestra 1000, Medtronic). The plasma was
discarded and the red-cell fraction was returned through the by-
pass circuit. This procedure was repeated up to three times during
bypass to reduce to undetectable levels the concentrations of circu-
lating antibodies to blood-group antigens; the reduction was con-
firmed before the aortic cross-clamp was released.

Immunosuppressive Treatment

All infants received 30 mg of methylprednisolone per kilogram
of body weight intravenously during the operation, and they re-
ceived induction immunosuppression with the use of rabbit poly-
clonal antithymocyte antibody immediately after the operation and
until renal function normalized (median duration, 6 days [range,
3 to 14]; dose, 0.15 ml per kilogram per day intravenously, adjust-
ed to yield a lymphocyte count of 200 to 400 per cubic millimeter).
Primary immunosuppression of the first two recipients of hearts
from ABO-incompatible donors and all recipients of hearts from
ABO-compatible donors consisted of cyclosporine (Neoral, Novar-
tis Canada; initial oral dose, 8 to 10 mg per kilogram per day; tar-
get plasma concentration, 250 to 325 ng per milliliter, according
to enzyme-multiplied immunoassay), azathioprine (2 mg per kilo-
gram per day orally), and prednisone (3 mg per kilogram per day
orally, decreasing to 0.25 mg per kilogram per day during the first
10 days after transplantation). Subsequent recipients of hearts from
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ABO-incompatible donors received primary immunosuppression
with newly available drugs that may have a greater effect than the
combination of cyclosporine and azathioprine on B-lymphocytes
and thus on antibody production.!$1® These patients were given tac-
rolimus (Prograf, Fujisawa Canada; initial oral dose, 0.1 to 0.3
mg per kilogram per day; target plasma concentration, 8 to 12 ng
per milliliter) with mycophenolate mofetil (Cellcept, Hoffmann—
LaRoche Canada; initial oral dose, 20 to 40 mg per kilogram per
day) and prednisone (in the doses described above).

In all infants, the doses of adjunct immunosuppressive medica-
tions (prednisone and either azathioprine or mycophenolate mofetil)
were gradually decreased, and the drugs were discontinued if no
rejection occurred. The doses of calcineurin-inhibitor drugs were
reduced over time (target plasma concentration one year after trans-
plantation, 150 to 200 ng per milliliter for cyclosporine and 4 to
6 ng per milliliter for tacrolimus), so that total immunosuppression
was maintained at the lowest level required to prevent rejection.
Infants who received cyclosporine-based therapy and who had re-
current rejection or unacceptable side effects or in whom it was
impossible to reduce the drugs to low doses or discontinue glu-
cocorticoid therapy were switched to tacrolimus-based maintenance
therapy. Patients 1 and 7 were switched from tacrolimus to cyclo-
sporine because of gastrointestinal disturbance and anemia (in one
patient each). Acute cellular rejection was treated with methylpred-
nisolone (given in intravenous doses of 10 to 15 mg per kilogram
per day for three days). If humoral rejection had occurred, plasma-
pheresis would have been performed, combined if necessary with
the administration of cyclophosphamide (1 to 2 mg per kilogram
per day).

Surveillance for Rejection

All infants underwent endomyocardial biopsy for the detection
of acute cellular and humoral rejection at intervals of approximate-
ly three to four weeks, or earlier if possible rejection was indicated
by changes in clinical status (fever, hypotension, lethargy, irritabil-
ity) or by the results of electrocardiographic studies (decreased QRS
voltages or new rhythm abnormalities) or echocardiographic stud-
ies (decreased ejection fraction or increased wall thickness). The bi-
opsy specimens were stained with hematoxylin and eosin and were
examined by pathologists with expertise in cardiac-transplant bi-
opsies, who assessed them according to the criteria of the Interna-
tional Society for Heart and Lung Transplantation.20 Histopatholog-
ical features of antibody-mediated rejection included interstitial
edema or hemorrhage and swelling of the endothelial cells. Immu-
nohistochemical analysis was performed with the use of fluorescent
tagged antibodies to IgG, IgM, IgA, C3, and fibrinogen. Coronary
angiography was performed within six months after transplantation,
then annually, to identify chronic rejection (accelerated coronary ar-
tery disease in the graft), a process that may be associated with an-
tibody-mediated damage.?!

RESULTS

The median age at the time of transplantation in
the recipients of grafts from ABO-incompatible donors
(Patients 1 through 10) was two months (Table 3).
A retransplantation (with a graft from an ABO-com-
patible donor) was performed urgently in Patient 2
after a traumatic injury to the initial graft during trans-
port. Data on 10 recipients of grafts from ABO-com-
patible donors (Patients 11 through 20) who under-
went transplantation at a median age of 5.5 months
were used for comparison (Table 3).

Serum Antibody Titers before Transplantation

Serum anti-A or anti-B antibodies were detected
before transplantation in four recipients of hearts from
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ABO-incompatible donors (Table 4). Patients 2 and
10 had low titers of isohemagglutinins (1:2 or lower),
presumably maternal in origin, given the infants’ ages
(six months or younger). Patients 4 and 9 had serum
antibody titers consistent with normal isohemagglu-
tinin production for their age (14 months).

Mortality

Patients 3 and 4 died of causes that were presumed
to be unrelated to ABO incompatibility. In Patient 3
(donor’s blood type, Aj; recipient’s blood type, O),
progressive cardiac hypertrophy developed two weeks
after transplantation, and the patient died on day 29.
Post-transplantation endomyocardial biopsy and post-
mortem examination of the transplanted heart revealed
no cellular or humoral rejection. No serum anti-A or
anti-B antibodies were detected, and there was no
deposition of immunoglobulin or complement with-
in the graft. Possible factors contributing to the pa-
tient’s lethal cardiac hypertrophy were the use of mul-
tiple inotropic drugs in high doses?? and neonatal
myocardial sensitivity to glucocorticoids® or tacro-
limus2¢ (which is unlikely at the low doses that were
administered).

Patient 4 (donor’s blood type, B; recipient’s blood
type, O), who had detectable serum anti-B antibod-
ies before transplantation that were eliminated during
transplantation, died of aspiration pneumonia on day
24 after transplantation. Serum anti-B antibodies were
detected the day before death (titer, 1:4), but graft
function was normal on echocardiography; a biopsy
revealed mild cellular rejection and no humoral re-
jection. Postmortem examination demonstrated mild
cellular and humoral rejection — specifically, edema
and vasculitis, with deposition within the graft of im-
munoglobulin and fibrinogen but not complement.
The importance of these findings relative to the clin-
ical outcome is unclear.

Rejection and Modulation of Immunosuppression

No infant had hyperacute rejection. In the recipients
with ABO-incompatible donors, acute cellular rejec-
tion occurred infrequently: no infant had more than
one episode, and the episodes that did occur resolved
casily with short-term, high-dose glucocorticoid ther-
apy (Table 5). Among the recipients with ABO-com-
patible donors, there was a slightly higher incidence of
rejection episodes overall (Table 5), perhaps because
they were not given the combination of tacrolimus
and mycophenolate mofetil used for immunosuppres-
sion in most recipients with ABO-incompatible do-
nors or because they were older at the time of trans-
plantation (median age, 5.5 vs. 2 months).2> There
were no findings consistent with humoral rejection in
the recipients with ABO-incompatible donors, except
for the autopsy findings, described above, in Patient 4.
Chronic rejection (coronary vasculopathy in the graft),
as diagnosed by coronary angiography, has not oc-
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TABLE 3. CHARACTERISTICS OF PATIENTS WHO RECEIVED HEART TRANSPLANTS
FROM ABO-INCOMPATIBLE OR ABO-COMPATIBLE DONORS.*

AGE INTERVAL FROM DoNOR’s  RECIPIENT’S
PATIENT AGE AT AT LasT TRANSPLANTATION ~ BLoop BLoop
No. DiaGnosis TRANSPLANTATION FoLLow-up  TO LAsT FoLLow-up  GRoup Grour
ABO-incompatible
1 Hypoplastic left heart syndrome 25 days 4.7 yr 4.6 yr AB (@)
2t  Dilated cardiomyopathy 6 mo 4.7 yr 4.2 yr B,O (0]
3t  Endocardial fibroelastosis, ventricular 4 hr 30 days 29 days O
dysfunction
4t Dilated cardiomyopathy 14 mo 15 mo 24 days B (©)
5 Hypoplastic left heart syndrome 2 mo 31yr 29 yr B A
6 Single ventricle, right atrial isomerism 2 mo 2.9 yr 2.7 yr A (@)
7 Hypoplastic left heart syndrome 2 days 22 mo 22 mo B (©)
8 Hypoplastic left heart syndrome 7 wk 21 mo 19 mo B (0]
9 Hypoplastic left heart syndrome, after 14 mo 2.5 yr 17 mo A O
unsuccessful surgical palliation
10 Hypoplastic left heart syndrome 10 wk 13 mo 11 mo A (0]
ABO-compatible
111  Single ventricle, right atrial isomerism, 10 wk 10.5 wk 4 days A A
pulmonary atresia
12 Hypoplastic left heart syndrome 2 mo 34 yr 32yr A A
13 Hypoplastic left heart syndrome, after 7 mo 34yr 2.8 yr A A
unsuccessful surgical palliation
14 Dilated cardiomyopathy 12 mo 34yr 2.4 yr (@) (@)
15 Dilated cardiomyopathy 11 mo 2.5 yr 1.6 yr A A
16 Restrictive cardiomyopathy 7 mo 2.1yr 1.5 yr O A
17 Hypoplastic left heart syndrome, 5 mo 19 mo 14 mo O O
coarctation
18 Single ventricle, atrioventricular valve 9 wk 16 mo 14 mo B B
regurgitation
19 Dilated cardiomyopathy 6 mo 19 mo 13 mo A A
20  Hypoplastic left heart syndrome, 5 wk 12 mo 11 mo (@) (@]

double-outlet right ventricle

*Among the recipients with ABO-incompatible donors, the median age at transplantation was 2 months (range, 4 hours
to 14 months); the median age at last follow-up for the eight surviving patients was 2.7 years (range, 13 months to 4.7
years), and the median interval between transplantation and last follow-up was 2.25 years (range, 11 months to 4.6 years).
Among the recipients with ABO-compatible donors, the median age at transplantation was 5.5 months (range, 5 weeks to
12 months); the median age at follow-up of the nine surviving patients was 2.1 years (range, 12 months to 3.4 years),
and the median interval between transplantation and last follow-up was 1.3 years (range, 16 months to 3.2 years).

fPatient 2 underwent urgent retransplantation (of a heart from a donor with blood group O) after a traumatic injury

to the initial graft.
$The patient died.

curred as of this writing in any recipient with an
ABO-incompatible donor.

Adjunct immunosuppressive therapy has been dis-
continued in most recipients with ABO-incompatible
donors. Five of the eight surviving patients now re-
ceive calcineurin-inhibitor monotherapy, and weaning
from additional immunosuppressive therapy contin-
ues in two patients who underwent transplantation
recently. Because of preexisting serum isohemagglu-
tinins at the time of transplantation, Patient 9 has
continued to receive low-dose tacrolimus and myco-
phenolate mofetil.

Morbidity

The recipients with ABO-incompatible donors have
had no more chronic problems after transplantation
than the recipients with ABO-compatible donors, and
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increased immunosuppression has not been neces-
sary to prevent or treat rejection. Specifically, no cases
of post-transplantation lymphoproliferative disease, se-
vere opportunistic infections, or diabetes mellitus have
developed in recipients with ABO-incompatible do-
nors. The frequency of anemia, leukopenia, hyperten-
sion, renal dysfunction, serum lipid abnormalities, and
feeding difficulties has been similar in the two groups.

Development of Isohemagglutinins after Transplantation

Of the seven surviving recipients with ABO-incom-
patible donors who still have their original grafts, six
were not producing isohemagglutinins before trans-
plantation. According to the most recent follow-up
data, production of antibodies to the A or B blood-
group antigens in the ABO-incompatible graft has
been detected in only two infants (Patients 1 and 6);
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in these cases, the onset of antibody production was
ThsLE 1‘:' PRETRANSPLANTATION SERUM %OHEMAGGLUTININ delayed, and titers have remained low (Fig. 1). Despite
ITERS IN RECIPIENTS OF HEART TRANSPLANTS the production of antibody to the antigens in these

FROM ABO-INCOMPATIBLE DONORS. . . B
grafts, repeated biopsies revealed no evidence of hu-
moral rejection or deposition of immunoglobulin, fi-

SERUM  SERUM 1 1thi
PATIENT AGE AT RECIPIENT’S DONOR’S ANTI-A  AnTI-B brmogen, or comp lement within the graft.

No.  TRANSPLANTATION BLOOD GROUP BLoOD GROuP TITER  TITER In contrast, the production of antibodies to the
A or B blood-group antigens not expressed in either
1 25 days o AB 0 0 o . .
5 o o 5O 12 0 donor or recipient (for example, production of anti-B
3 4 o A 0 0 antibody in a recipient with blood type O and a g.raft
4 14 mo o B 1256 18 from a donor with blood type A) has proceeded in a
5 2 mo A B 0 0 fashion similar to that in the recipients with ABO-com-
6 2 mo o) A 0 0 patible donors, suggesting that deficient production
7 2 days o) B 0 0 of antibody to the antigens in the ABO-incompatible
8 7 wk o B 0 0 graft is not due to immunosuppression therapy.
9 14 mo o A 1128 116 Before transplantation, both of the older infants we
10 10 wk O A 1:1 1:1

studied had serum antibodies to the antigens in the

*Patient 2 underwent urgent retransplantation (of a heart from a donor AB O'incomp atible gr aft. In Patient 4 (dOIlOI' ’s blood
with blood group O) after the traumatic injury of the initial graft. type, B; I'CCipiCnt’S blood type, O), serum anti-B anti-
bodies reaccumulated within three weeks after trans-
plantation, although the titer remained low at death
(1:4), whereas antibody to nonexpressed blood-group
A antigen had reaccumulated to a titer of 1:64. Pa-

TABLE 5. IMMUNOSUPPRESSIVE THERAPY AND REJECTION PATTERNS IN RECIPIENTS OF HEART TRANSPLANTS
FROM ABO-INCOMPATIBLE AND ABO-COMPATIBLE DONORS. *

DAys oF RasBIT

DonoR’s RECIPIENT’S ~ AGE AT PoLYCLONAL
PATIENT BLoOD BLoop TRANS- ANTITHYMOCYTE No. oF
No. GRouP GROUP  PLANTATION AnTIBODY IMMUNOSUPPRESSIVE DRUGS ReJecTiON EPISODEST

AT 12 MO AFTER CURRENT <06 MO AFTER >06 MO AFTER
TRANSPLANTATION TRANSPLANTATION (MO OF FOLLOW-UP) TRANSPLANTATION TRANSPLANTATION

ABO-incompatible

1 AB (¢} 25 days 6 C, MP, A T C (55) 1 0
2% B, O o 6 mo 14 C, MP, A T,P, A T (50) 1 0
3§ A O 4 hr 10 T, MP — — — —
4§ B O 14 mo 6 T, MP, A — — 1 —
5 B A 2 mo 3 T, MP, MM T, MM T (35) 1 0
6 A O 2 mo 5 T, MP, MM T, MM T (32) 0 0
7 B O 2 days 7 T, MP, A C, MM C, MM (22) 0 0
8 B (0] 7 wk 6 T, MP, MM T, P, MM T, MM (19) 1 0
9 A O 14 mo 6 T, MP, MM T, MM T, MM (17) 0 0
10 A O 10 wk 5 T, MP, A NA T, MM (10.5) 1 0
ABO-compatible
11§ A A 10 wk 4 C, MP, A — — — —
12 A A 2 mo 0 C, MP, A T, MM T (39) 1 1
13 A A 7 mo 6 C, MP, A T,P, A T (33) 1 1
14 (6] O 12 mo 4 C, MP, A T, P, MM T, P, MM (29) 2 1
15 A A 11 mo 5 C, MP, A T,D, A T, P, MM (19) 3 1
16 o A 7 mo 5 C, MP, A C, MM C, MM (18) 1 0
17 (6] O 5 mo 7 C, MP, A T,P, A T, P, A (14) 0 1
18 B B 9 wk 5 C, MP, A C, P, A C, P, A (14) 2 1
19 A A 6 mo 5 C, MP, A C, P C, P (13) 0 1
20 (¢] (¢} 5 wk 6 C, MP, A N T, MM (11) 2 1

*C denotes cyclosporine, MP methylprednisolone, P prednisone, A azathioprine, T tacrolimus, MM mycophenolate mofetil, and NA not applicable.
tData are for rejection episodes of grade 2 or higher.

tPatient 2 underwent urgent retransplantation (of a heart from a donor with blood group O) after the traumatic injury of the initial graft.

§The patient died.
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Figure 1. Serum Antibody Development in Surviving Infants with Grafts from ABO-Incompatible Donors Transplanted before the
Onset of Isohemagglutinin Production.
Panels A and D represent the production of antibodies to the blood-group A or B antigen in the incompatible graft; Panels B and E
represent the production of antibodies to non-expressed blood-group A or B antigen; and Panels C and F represent normal antibody
development (extrapolated from Fong et al.).4
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tient 9 (donor’s blood type, A; recipient’s blood type,
O), who had serum anti-A and anti-B antibody titers
of 1:128 and 1:16, respectively, before transplantation,
had not had a reaccumulation of antibody to the
blood-group A antigen in the ABO-incompatible graft
17 months after transplantation, despite having a re-
accumulation of antibody to nonexpressed blood-
group B antigen 2 months after transplantation.

Effect on Waiting-List Mortality

Before the initiation of this protocol, there were
7 deaths among 12 infants (58 percent) younger than
six months old who had been placed on the waiting
list for transplants since 1990, with only 2 infants re-
ceiving transplants and 3 infants receiving (unsuccess-
ful) surgical palliation. Between January 1996, when
our study began, and October 2000, 29 infants
younger than six months old were listed as potential
recipients of organs from a donor of any blood group,
of whom 2 (7 percent) died after waiting six and nine
weeks, respectively. Twenty-two infants received trans-
plants (9 from ABO-incompatible donors and 13 from
ABO-compatible donors), 3 were treated with other
surgery, and 2 were removed from the list after two
days of waiting (1 had a lethal genetic syndrome and
1 had an intracerebral hemorrhage).

DISCUSSION

Heart transplantation is a successful therapy for
infants with potentially lethal cardiac disease, and re-
sults are improving steadily; five-year survival rates
are approaching 80 percent in centers with extensive
experience.?%26 However, efficient allocation of the
rarely available organs is hampered by the presumed
need for a recipient who has a blood type that is
compatible with that of the donor.

Some aspects of antibody production are not yet
developed in infants. In particular, stimulation by
T-cell-independent polysaccharide antigens, such as
the capsular components of bacteria (e.g., pneumo-
cocci), does not elicit a serum antibody response early
in life.2728 Similarly, the production of antibodies to
the carbohydrate blood-group antigens begins at the
age of six to eight months, in infants of susceptible
genotypes, as a cross-reactive immune response after
the colonization of the gut with polysaccharide-bear-
ing Escherichin coli %29

Blood-group antigens and isohemagglutinins that
develop in persons who lack antigen expression are a
major immunologic barrier to organ transplantation.!-3
Nonetheless, the scarcity of donors has spurred efforts
to use ABO-incompatible organs, with some success
in kidney2410 and liver11.12.30 transplantation. The sim-
ple removal of antibodies by techniques such as plas-
mapheresis,*¢!12 immunoadsorption,>3! or administra-
tion of competitive soluble carbohydrate antigen3? is
sometimes successful, but reaccumulation of antibod-
ies usually occurs.
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In cardiac transplantation, the particularly devas-
tating effects of antibody-mediated rejection, both
hyperacute and delayed, have dictated the avoidance
of situations in which antibody-mediated rejection
may occur. Thus, although HLA compatibility is not
the principal determinant of outcome in cardiac trans-
plantation, sensitized patients who have antibodies to
the donor’s HLA antigens before transplantation are
at high risk for graft loss due to humoral rejection.33
Similar considerations have prevented the intentional
use of organs from ABO-incompatible donors. In an
international survey,!® Cooper found only eight cases
of ABO-incompatible heart transplantation, all in
adults and all occurring inadvertently because of errors
in determining the blood type of the donor. Despite
urgent removal of antibodies or retransplantation, only
two patients survived.

In this study, we found that heart transplantation
between donors and recipients of incompatible blood
groups can be performed safely during early infancy.
In the absence of preformed antibodies against blood-
group antigens, hyperacute rejection did not occur, in
keeping with predictions based on experimental evi-
dence in animals and limited clinical experience with
the transplantation of other organs. Other than plasma
exchange during cardiopulmonary bypass, invasive pre-
paratory procedures to remove antibodies were not re-
quired, nor was splenectomy performed to diminish
antibody production.

For patients placed on the waiting list antenatally,
fetal blood typing was unnecessary. After transplan-
tation, there was no rapid production of antibodies to
the incompatible blood-group antigens, in contrast to
the clinical course in most adult patients in whom
ABO-incompatible transplantation has been attempt-
ed. This lack of antibody production is probably due
to the patients’ immature immune responsiveness to
stimulation by T-cell-independent antigens. Thus, in
infants who underwent transplantation before the ini-
tial development of isohemagglutinins, the clinical
course was similar to that of infant recipients with
ABO-compatible donors.

Antibodies to the blood-group antigens in the
ABO-incompatible graft have thus far developed in
only two infants who underwent transplantation be-
fore antibody production had begun, and no graft
damage has become apparent on histologic examina-
tion. Early experience suggested that if ABO-incom-
patible transplantation could be performed in persons
or animals with minimal serum titers of preformed an-
tibodies, graft damage would be avoided when anti-
bodies reaccumulated — a process called accommo-
dation .4-6:32,34-36

Patients 4 and 9 represent a different phase of im-
munologic maturation. Isohemagglutinin production
was under way in these older infants, with relatively
high serum antibody titers, which predict a high risk
of hyperacute rejection. Nonetheless, hyperacute re-
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jection was avoided with the use of intraoperative plas-
ma exchange as the sole method for the removal of
antibodies.

The absence of antibody production or its delay be-
yond the time expected because of early immunosup-
pression may be evidence of partial B-cell tolerance
induced by exposure to donor antigens during the
maturation of the immune system.?7-3 This is particu-
larly obvious in Patients 6 and 9 (both recipients with
type O blood whose donors had type A blood), who
have had increasing production of anti-B antibody
but abnormally low production of anti-A antibody.

The generally good results in this series reflect the
fundamental immunologic malleability of young in-
fants. Thus, caution must be exercised to avoid exces-
sive immunosuppression in such infants solely because
of ABO incompatibility.

It should be noted that these infants were desper-
ately ill at the time of transplantation, most with severe
cardiac malformations. Their highest risk of mortality
derived from the insufficient availability of ABO-com-
patible donors. The maximal age at which this pro-
tocol may be used safely remains to be determined,
but the appropriate population could include all in-
fants in whom serum isohemagglutinins have not yet
developed.

We are indebted to the clinical heart transplant team and the
cardiovascular perfusionists for their expert assistance in the cave of
these patients; to the technical staff of the Hospital for Sick Children
blood bank; and to Elmer Cruz for assistance with the manuscript.
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