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Abstract: Despite advancements in transplant immunosuppression and techniques for managing critically

ill patients awaiting heart transplantation, children who are immunologically sensitized to human leukocyte

antigen remain at increased risk for morbidity and mortality, both while awaiting and after heart transplant.

In this review we will discuss the epidemiology of sensitization, review the immunologic basis and methods

of human leukocyte antigen antibody detection, describe outcomes for sensitized pediatric transplant

candidates, and consider both pre- and post-transplant management options for sensitized patients.
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Introduction

Orthotopic heart transplantation has been an accepted
therapy for children with end stage heart disease since
the 1980s. Over the last 3 decades, advancements in peri-
operative management and transplant immunosuppression
have led to significantly improved outcomes, with an
overall median survival of 16 years among all pediatric
heart transplant recipients, and up to 22 years in
those transplanted as infants (1). Furthermore, refined
management of congenital heart disease and advanced
technologies for managing critically ill patients awaiting
transplantation means that more and more children
are surviving to the point where transplant becomes an
option. However, despite these successes in pediatric heart
failure and transplant management, children who are
immunologically sensitized to human leukocyte antigen
(HLA) remain at increased risk for morbidity and mortality,
both while awaiting and after transplant. In this review we
will discuss the epidemiology of sensitization, review the
immunologic basis and methods of HLA antibody detection,
describe outcomes for sensitized transplant candidates, and
consider both pre- and post-transplant management options
for sensitized patients.
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HLA, anti-HLA antibodies, and transplantation

HLAs are cell-surface proteins that aid the immune system
in recognition of self vs. non-self. HLA proteins are encoded
by genes in the major histocompatibility complex (MHC)
located on chromosome 6. Class I MHC proteins (HLA-A,
HLA-B, and HLA-C) are expressed on nearly all nucleated
cells, while class I MHC (HLA-DR, HLA-DQ, and HLA-
DP) expression is limited to B cells, monocytes, dendritic
cells, and other antigen presenting cells. In the setting of
organ transplantation, both class I and class II HLA can be
expressed by vascular endothelial cells of the donor organ,
where mismatched donor HLA can be recognized as “non-
self” by the recipient’s circulating immune system, thus
becoming targets for antibody-mediated injury. The primary
mechanism for antibody-mediated graft injury is thought to
be via activation of the classical complement cascade, which
triggers an inflammatory response leading to endothelial
cell injury, microvascular thrombosis, and eventual graft
dysfunction (2). Antibody-mediated graft injury can also
occur by complement-independent pathways when activated
HLA antibodies crosslink at sites other than the Fc receptor,
initiating cytokine release and aberrations in intracellular
cell signaling (3). While improved understanding of these
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mechanisms has helped to develop monitoring and treatment
strategies which will be discussed in this review, much is still
to be learned about what triggers antibody development and
which antibodies are clinically significant.

What we do know is that the presence of pre-existing
anti-HLA antibodies in a transplant recipient—termed
“sensitization”—poses a high risk for early antibody-mediated
rejection (AMR) and is associated with worse outcomes.
Sensitization typically occurs after an immunologic challenge
to non-self material, such as blood transfusions, pregnancy,
prior organ transplantation, and/or mechanical circulatory
support (MCS) devices (4-6). In children, exposure to human
homograft tissue during surgical palliation of congenital
heart disease is another important risk factor (7). Sensitized
transplant candidates are often subject to longer waitlist
times—and consequently higher waitlist mortality—as the
availability of HLA compatible donors is limited (6). Pre-
transplant sensitization is also associated with increased risk
of rejection, cardiac allograft vasculopathy (CAV), and overall
mortality in both adult (8) and pediatric (4) heart transplant
recipients, especially when donor-specific HLA antibodies
(DSA) are identified (9).

DSA can also develop after transplant. New antibody
formation can be triggered by re-exposure to previously
recognized HLA (a so-called “memory response”,
commonly involving class I antibodies), or DSA can develop
truly de novo (often later post-transplant, and often class II
antibodies) (10). Both the timing and HLA class specificity
of DSA development can have clinical implications.
Multiple studies have demonstrated that late forming and
persistent DSAs are more detrimental than early and/or
transient DSAs (9,11,12). And while class I DSA have been
associated with acute rejection (13), class II antibodies have
been consistently associated with the development of CAV
and chronic rejection (11,14).

More recently, antibodies to non-HLA antigens such
as vimentin, MHC class I polypeptide-related sequence
A (MICA), angiotensin and endothelin receptors have
also been implicated in antibody-mediated injury of the
graft (15,16). However, the true clinical significance of
these antibodies remains largely unknown, and there is
no consensus on how best to monitor or manage these
antibodies, so this review will focus primarily on HLA
specific antibodies.

HLA antibody detection

Several HLA antibody detection assays have been developed
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to assess a transplant candidate’s HLA antibody load and
assess potential donor compatibility. The complement
dependent cytotoxic (CDC) assay was first described by
Patel and Terasaki in 1969 (17). This cell-based assay
involves applying the candidate’s serum to a representative
panel of donor T- and B-lymphocytes which express
common HLAs, and then adding a source of complement
(usually derived from rabbit serum). Complement-fixing
HLA antibodies in the candidate serum recognize, bind,
and lyse any cells which express those HLA. The number of
unique panel cells lysed over the total tested yields a percent
panel reactive antibody (PRA). A PRA >10% is considered
sensitized. While the CDC assay has the advantage of
identifying clinically relevant antibodies (i.e., those that
kill donor cells), it is limited by a lack of specificity and
sensitivity, variability in technique and interpretation, and
the inability to distinguish individual antibody specificities.
More recently, solid phase immunoassays, in which
engineered “beads” are coated with one or more HLA
antigens, have revolutionized the field of HLA antibody
identification. The flow PRA solid phase assay applies
candidate serum to a panel of beads which have been coated
with class I or class II HLA antigens. Fluorescein tagged
anti-human immunoglobulin (anti-IgG) antibody is then
added, which binds to any candidate HLA antibody that
is bound to HLA antigen on the beads. The tagged anti-
IgG antibody is then detected by flow cytometry, yielding
a percent PRA for both class I and class II antibodies,
although further antibody specificities cannot be identified.
In current practice, most HLA labs use single antigen
bead (SAB) technology, in which a single purified or
recombinant HLA epitope has been attached to each bead
in the panel. Luminex testing is then used to detect which
beads have bound antibody from the candidate serum.
These assays not only identify how many HLA antibodies
are present (yielding a percent PRA), but they can also
determine HLA-antibody specificities and how strongly
they bind, as measured by mean fluorescent intensity (MFI).
Importantly, while MFI does provide some quantification
of antibody binding strength and bead saturation, it may
not correlate directly with antibody strength in vive given
that the “expression” of each HLA allele on its bead may
not reflect the true expression of that particular allele on
actual donor cells. In fact, there is still no consensus as
to what MFT cutoff corresponds to a “clinically relevant”
antibody. Typically, MFI levels greater than 1,000 are
considered “positive”, while levels more than 5,000 are
considered “clinically important”, but in practice, cutoffs

Transl Pediatr 2019;8(4):302-313 | http://dx.doi.org/10.21037/tp.2019.07.13



304

are institution-dependent, based on collaboration between
clinician and HLA lab expertise (18).

One of the primary challenges of SAB assays is that they
can detect antibodies that do not fix complement, which
may not be clinically relevant (5). To address this concern,
a modified SAB assay has been developed to distinguish
complement-fixing from non-complement fixing antibodies
by identifying which antibodies bind Clgq, the first step in
the complement cascade. C1q assays have been shown to
more accurately predict a positive crossmatch and antibody
mediated rejection in heart transplant recipients (19-21).
Additionally, assays detecting antibodies which can bind
and activate C3d and C4d—further down the complement
cascade—have been found to correlate with an increased risk
of AMR (22) and poor long-term cardiac graft outcome (23).

If specific HLA-antibodies are detected, the transplant
program can choose which, if any, HLA must be avoided
in a donor, termed “unacceptable antigens” (UAs). The
choice of UAs is program dependent, but typically depends
on the HLA class, strength of antibody binding (MFTI), Clq
positivity, and milieu of candidate clinical factors. Once
UAs are chosen, a calculated PRA (cPRA) can be generated
which provides an estimate of the percentage of organ
donors that will be incompatible for a candidate based on
national data (24).

When a donor becomes available, a direct crossmatch
may be performed to determine the potential reactivity
of the candidate HLA-antibody profile to donor HLA.
Prospective and retrospective crossmatch assays can be
CDC or flow-based and require the HLA laboratory to
have both candidate serum and donor cells at hand. Similar
to PRA testing, flow crossmatch is more sensitive than
CDC (25), but non-complement-fixing antibodies can be
detected which may not be clinically relevant. In a study of
renal transplant recipients with a negative CDC crossmatch
but positive flow crossmatch, flow results had no significant
predictive value of acute rejection, graft loss, or death (26).

Retrospective crossmatching is easily and routinely done
post-transplant. Although the results are not available until
after the transplant is complete, they can be helpful in
guiding post-transplant immunosuppression, especially in
the event of a positive crossmatch.

Prospective crossmatching, on the other hand, is
typically reserved for highly sensitized transplant candidates
to help determine the HLA compatibility of a potential
donor, before donor acceptance. Unfortunately, the
requirement of donor samples can be prohibitive which
often leads to increased time on the waitlist. In a cohort of
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>6,000 pediatric transplant candidates, a requirement for a
prospective crossmatch at or during listing was associated
with increased waitlist mortality (27).

More recently, the use of SAB to specify recipient HLA-
antibody profile allows for comparison to a potential donor
HLA type to predict crossmatch results. This process is
termed virtual crossmatch and has been shown to have good
correlation with both prospective flow-based assays (28,29)
and with retrospective crossmatch results (30).

Epidemiology of sensitization

Large pediatric transplant registries have described
sensitization rates of between 9-11%, with increasing
prevalence in the current era (1,31,32). This trend is likely
due to a combination of factors, including increasing
numbers of high-risk patients surviving to transplant (i.e.,
those with palliated congenital heart disease and those
requiring mechanical support) and more sensitive anti-HLA
antibody detection assays (33). One recent study reported
a sensitization rate of 50-60% when PRA detection was
limited to the SAB assay with conservative MFI cutoffs
(1,000 MFT) (34).

The use of cryopreserved human allograft material
in congenital heart surgery is a major risk factor for
HLA-antibody sensitization in pediatric heart transplant
candidates. In a study by Hooper and colleagues, 12 of 13
children receiving allograft material had PRA >50% at 3
months after implantation. At an average of 8 years after
surgery, all 12 remained sensitized, although 10 had a lower
PRA (35). Hawkins e 4. compared sensitization in patients
undergoing congenital heart surgery who received allograft
versus those who did not, and found that 92% of the
allograft group were sensitized (PRA >10%) at 3 months,
with 85% remaining sensitized at 1 year. This was compared
to 0% when an allograft was not implanted (36). And in
a retrospective review of 40 neonates with hypoplastic
left heart syndrome, Ideen and colleagues compared
sensitization rates between those palliated by Norwood
operation using allograft material for arch reconstruction
vs. those palliated by a hybrid approach using ductal stent
and pulmonary artery banding (no allograft). Patients
exposed to allograft during the Norwood operation had
significantly higher rates of sensitization compared to those
who underwent a hybrid palliation 38% wvs. 0%, P=0.005),
with 85% of sensitized allograft recipients being highly
sensitized (PRA >50%) (37).

Children requiring MCS are also at increased risk for
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HLA sensitization (34). Potential triggers for HLA antibody
production in patients requiring MCS include increased
exposure to blood products or a possible immunologic
response to the textured surfaces of some devices (38).
Multiple studies have demonstrated high rates of HLA
sensitization in children with left ventricular assist device
(LVAD) support (43-66%), with a less prominent HLA
antibody response to extracorporeal membrane oxygenation
(ECMO) (7%) (39,40). However, while sensitization
is common in children requiring MCS, several studies
suggest that sensitization in response to MCS may not
have as negative an impact as sensitization in patients not
supported by MCS. For example, O’Connor and colleagues
examined sensitization in children supported by ventricular
assist device (VAD) and found that while more than 1/3 of
VAD recipients developed PRA >10%, only half of these
saw sustained sensitization in long term follow-up (41).
A United Network for Organ Sharing (UNOS) registry
study involving more than 3,000 pediatric heart transplant
recipients, 19% of whom were bridged to transplant with
a durable VAD, found no difference in post-transplant
outcomes despite a greater rate of sensitization among those

supported by a VAD (42% vs. 30%, P<0.001) (42).

Outcomes in sensitized patients
Waitlist mortality

Because sensitized patients have a limited donor pool, they
often face longer wait times for transplant and therefore are
at higher risk of waitlist mortality. Feingold ez 4/. showed
longer waitlist duration (2.6 vs. 1.3 months, P=0.02) and
higher waitlist mortality (22% vs. 8.4%, P=0.055) for
sensitized patients when a negative prospective crossmatch
is required (6). Another study of the Pediatric Heart
Transplant Society (PHTS) registry found higher risk of
waitlist mortality and lower rates of transplant in sensitized
patients (4).

More recently, reports of transplanting across a potential
positive crossmatch suggest better waitlist outcomes
compared to waiting for a negative prospective crossmatch (6).
In a large multicenter observational study—also known as
the Clinical Trials in Organ Transplantation in Children
(CTOTC) study—Webber and colleagues reported on
290 transplant candidates, more than half (53%) of whom
were sensitized (MFI >1,000), and 240 of whom underwent
transplantation. Despite a shorter waitlist duration for non-
sensitized recipients, waitlist mortality was no different for
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sensitized vs. non-sensitized candidates (6.6% vs. 5.8%,
P=0.6) (5).

Rejection

The risk of rejection is highest in sensitized patients
transplanted across a positive crossmatch (43,44). In
the CTOTC study by Webber ez al., only 11 of 143
sensitized patients had a positive CDC crossmatch,
and these patients experienced inferior freedom from
rejection in positive compared to negative crossmatch
recipients (40 vs. 82%, P<0.001) (5). In a smaller series
of crossmatch positive transplants, Holt er a/. described a
92% incidence of rejection, with a significant proportion
of patients experiencing recurrent episodes and rejection
with hemodynamic compromise (44). For this reason,
most programs will not intentionally transplant across a
positive crossmatch, although some centers are using novel
immunosuppression protocols to transplant across a weakly
positive crossmatch (18). Of note, rejection can also occur
in sensitized patients after a negative crossmatch, often due
to re-activation of quiescent antibodies upon exposure to
the graft. In these cases, rejection can often be successfully
treated if identified early and treated aggressively, but the
long-term risks of antibody-mediated graft injury may
persist.

CAV

The presence of anti-HLA antibodies prior to transplant
is associated with increased incidence of CAV (6,32,45). In
one single center study of 105 patients, 5-year CAV-free
survival was 0% in patients with DSA compared to 25% in
patients without (P<0.01) (46). Persistent DSA, particularly
to class IT HLA-DQ, has been associated with an increased
incidence of CAV and graft loss compared to patients with
transient or no-DSA (12).

Post-transplant graft loss

Finally, multiple large registry studies have described a
correlation between pre-transplant sensitization and post-
transplant graft loss (47) as well as all-cause mortality
(31,32). The mortality risk appears most pronounced
early after transplantation, with several studies showing
amelioration of risk beyond the first year (4,32).

As with rejection, the risk of mortality is higher in the
setting of a positive crossmatch (4,48). Conversely, when
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sensitized patients are fortunate to receive a negative
crossmatch, survival is comparable to non-sensitized
patients (6,49). However, even in the setting of a positive
crossmatch, the utilization of peri-operative desensitization
therapies has been associated with very acceptable short and
medium-term survival (5,50-52).

Management of the sensitized patient
Pre-transplant

Once a transplant candidate is identified as being sensitized,
the transplant center must make several decisions, including
which UAs to avoid, how often to monitor PRAs, and
whether desensitization therapies are indicated.

Most centers use an MFT cutoff of 5,000 to determine
which HLA antigens should be avoided in a donor (18),
but for highly sensitized patients the list of UAs can be
refined with the help of Clq testing and HLA lab expertise.
Notably, UAs often need to be adjusted over time, as PRA
results can change in response to new sensitizing events or
desensitization therapies. It is also important to be aware
that certain desensitization therapies [i.e., intravenous
immunoglobulin (IVIG)] can interfere with SAB Luminex
testing, so the HLA lab must be made aware of these
issues when interpreting results. There are no published
guidelines as to how frequently to monitor PRAs, and
there is significant variability between centers, ranging
anywhere between monthly to annually (18,53). Many
programs, including ours, adjust the frequency of PRA
monitoring based on the initial PRA and the clinical risk for
sensitization (Figure 1A4).

Depending on the degree of sensitization and the clinical
status of the patient, medical therapies to reduce the number
of circulating antibodies—termed “desensitization”—may
be considered.

The threshold for initiating desensitization therapy
is center and patient-specific. In a survey of 75 centers
participating in an international consensus conference in
2016, 21% of respondents reported using PRA or cPRA
threshold of >80% and 21% reported a threshold of >50%,
with the remainder using values ranging from >10% to
>90% in conjunction with other clinical factors (18). In
a recent scientific statement from the American Heart
Association, a PRA >50% in patients who have had multiple
positive crossmatches was suggested as an indication for
desensitization (54).

Once the decision is made to proceed with
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desensitization, several therapeutic options exist which
target various points along the pathway from B-cell
activation to antibody production (Figure 2). However, no
single therapy has been found to be reliably effective, and in
most cases, a combination therapy approach is used (7able I).
Furthermore, very little data exists on the effectiveness
of specific desensitization strategies in pediatric heart
transplant candidates, such that most of our experience has
been extrapolated from adult data and/or from studies in
other solid organ transplant candidates or recipients.

Plasmapheresis, including therapeutic plasma exchange
(TPE) and immunoabsorption, involves extracorporeal
mechanical removal of antibodies from the circulation.
TPE indiscriminately removes proteins, including not
only HLA-antibodies but also clotting factors, which can
predispose to coagulopathy. Due to large volume shifts,
TPE may not be well tolerated in hemodynamically
unstable patients. Immunoabsorption involves passing
serum over columns containing IgG to remove antibodies.
These modalities require central access, which poses risk
of infection. Antibody rebound following plasmapheresis
is a well described phenomenon (55), so these methods are
rarely if ever used in isolation (56).

IVIG is often used in conjunction with plasmapheresis.
The mechanism of action is thought to involve
neutralization of circulating anti-HLA antibodies by binding
with soluble HLA class I molecules. Other proposed
effects include inhibition of complement, neutralization of
cytokines, and down regulation of B and T cell activity (57).
When used in combination with plasmapheresis, IVIG is
effective in reducing PRA and improving mortality (52).

Rituximab is a monoclonal antibody to CD20, a B-cell
marker involved in regulation of B-cell development and
differentiation. Rituximab causes depletion of mature
memory B cells—the precursors of antibody-producing
plasma cells—in the peripheral circulation as well as bone
marrow and lymph nodes. Balfour and colleagues used
rituximab in a sensitized pediatric patient who failed IVIG,
mycophenolic acid, and plasmapheresis. Multiple doses of
rituximab reduced PRA from 55% to 18%, allowing for a
negative crossmatch (58). Schumacher ez 4/. described their
experience with a desensitization regimen involving IVIG
and rituximab in 14 sensitized pediatric heart transplant
candidates. There was a significant reduction in PRA among
all patients, with most patients requiring multiple doses of
rituximab (47).

Bortezomib is a proteasome inhibitor used primarily for
the treatment of relapsed or refractory multiple myeloma (59).
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Proteasome inhibition leads to apoptosis of rapidly dividing
cells. In the setting of solid organ transplant with AMR,
bortezomib induces apoptosis in activated plasma cells and
reduces DSA production (60). Bortezomib has been used
successfully to treat AMR in pediatric heart transplant
(61,62), but reports of its use in desensitization prior to
heart transplant are limited. May and colleagues utilized
bortezomib in a 9-year-old with dilated cardiomyopathy
supported by VAD with 100% PRA despite IVIG. With
repeated cycles of plasmapheresis followed by rituximab
and bortezomib, PRA fell to 0% allowing for a negative
crossmatch (63). Patel ez 4l. reported their experience using
bortezomib in conjunction with TPE in 7 adults with
PRA >50%. Six of the 7 patients experienced significant
reduction in PRA, (mean 62% to 35%, P=0.01). However,
infection was a common adverse event (64).
Cyclophosphamide is a cytotoxic agent that suppresses
proliferation and differentiation of B and T cells. In
desensitization, it is typically given via intravenous
pulses to limit toxicities encountered during long term
oral use. Given the broad bone marrow suppressive
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effects, cyclophosphamide is not commonly described in
contemporary pediatric desensitization protocols.

Mycophenolic acid mofetil (MMF) inhibits lymphocyte
proliferation by blocking amino acid purine synthesis.
In the sensitized patient, it blocks B-cell proliferation
and thus production of HLA-antibodies. Generally, it is
better tolerated for long-term immunosuppression than
cyclophosphamide.

At time of transplant

When a donor offer is received, a decision must be made
whether to proceed with transplant based on virtual and/
or prospective crossmatch results. If a positive crossmatch
is anticipated, antibody removal at the time of transplant
should be arranged. In addition, our center initiates
treatment with eculizumab in the operating room for
patients with an expected positive crossmatch (Figure 1B).
Eculizumab, a humanized anti-C5 monoclonal antibody,
acts at the final step in antibody mediated cellular injury
by blocking terminal complement activation. Eculizumab
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Table 1 Overview of most common therapeutic options for desensitization therapy

Therapy Mechanism of action

Notes

Plasmapheresis

Intravenous
immunoglobulin (IVIG)

Several postulated mechanisms:

Neutralization of circulating anti-HLA antibodies

Inhibition of complement
Cytokine neutralization

B and T cell down regulation

Rituximab Monoclonal antibody to CD20, targets removal of
mature memory B cells

Bortezomib Proteasome inhibitor leading to apoptosis of
plasma cells and reduction in alloantibody
production

Cyclophosphamide  Suppresses proliferation and differentiation of

B and T cells

Mycophenolate

mofetil (MMF) synthesis

Removal of antibodies from circulation by plasma
exchange (indiscriminately removes plasma) or
immunoabsorption (selectively removes antibodies)

Inhibits lymphocyte proliferation by blocking purine

Typically used in combination with other therapies
(IVIG, bortezomib)

Large volume shifts may not be tolerated
Central access poses risk for infection

Typically used in combination with other therapies
(rituximab, plasmapheresis)

Can be given peripherally, no significant infection risk

Volume load may not be tolerated, risk of reversible renal injury

Typically used with other therapies (IVIG, bortezomib)
Standard dose: 375 mg/m?, although dosing regimens vary
Immunosuppressive, may increase risk for infection

Typically used in combination with other therapies
(IVIG, rituximab, plasmapheresis)

Standard dose: 1.3 mg/m?, dosed 4 times over 2 weeks
Immunosuppressive, may increase risk for infection

Broad bone marrow suppressive effects limit long-term use

Better tolerated than cyclophosphamide

HLA, human leukocyte antigen.

can act quickly to block antibody mediated graft injury
even while antibody levels are high, potentially protecting
the graft from injury while giving other therapies directed
at lowering antibody levels time to work. A phase 4
randomized controlled trial is currently underway to
investigate whether eculizumab prevents AMR in sensitized
adult cardiac transplant candidates (The De-novo Use of
Eculizumab in Presensitized Patients Receiving Cardiac
Transplantation; NCT02013037).

Post-transplant

Management of the sensitized patient after transplant is
focused on monitoring for the presence of DSA and the
prevention/treatment of AMR. International Society for
Heart and Lung Transplantation guidelines recommend
monitoring for DSA at 1, 3, 6, and 12 months post-
transplant (65). More recent consensus documents
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recommend continued monitoring annually after the first
year (18). Sensitized patients, even in the setting of a negative
crossmatch, remain at high risk for DSA production and
therefore require more frequent monitoring, especially
early post-transplant. If at any time DSA are detected and/
or there is clinical concern for rejection, AMR-specific
therapies should be initiated (Figure 1C).

AMR treatment options are similar to desensitization
therapies, again with no single treatment being adequate,
such that a combination approach is most often used (62).
In addition to plasmapheresis, IVIG, rituximab, and
bortezomib, other immunosuppressive agents including
corticosteroids, anti-thymoglobulin, and eculizumab are
often used to treat AMR—especially in the setting of
graft dysfunction—to reduce non-specific inflammation
and cell damage, inhibit T-cell mediated activation of
B-cells, and block complement mediated endothelial
injury.
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Alemtuzumab, a recombinant monoclonal antibody to
CD52 (found on mature lymphocytes but not plasma cells),
is another agent that has been used to treat refractory AMR
and early graft failure in small case reports of pediatric heart
transplant recipients (66,67).

Future directions

Several novel biological therapies are now being considered
in adult and other solid organ transplant recipients which
may hold promise for future desensitization and AMR
therapies in pediatric heart recipients.

Daratumumab is a monoclonal antibody with specificity
against CD38 which is expressed on plasma cells. Like
bortezomib, daratumumab was developed and is now used
to treat multiple myeloma. A recent case report details the
use of daratumumab as salvage therapy in renal transplant
AMR refractory to plasma exchange, IVIG, rituximab and
eculizumab. Although repeat biopsy after completion of
therapy showed no evidence of AMR, the patient developed
severe cell mediated rejection and renal function was only
marginally improved (68).

Other novel agents in development target the proteasome
(carfilzomib), complement system (C1 inhibitor),
immunoglobulin degradation (imlifidase), inflammatory
cytokines (tocilizumab), and T and B cell stimulation
(belimumab and belatacept). Of course, future study will be
needed to understand both the benefits and the risks of these
therapies in pediatric patients.

Finally, ongoing discovery in the world of transplant
immunology will allow us to more precisely identify what
triggers antibody production and which antibodies are truly
pathologic. For example, we now know that the antigenicity
of each HLA molecule is determined by surface amino acid
residues, termed eplets (or epitopes), which can vary even
among the same allele designation. In kidney transplant
recipients, epitope mismatching has been shown to be
more predictive (than allele mismatching) of immune-
mediated complications such as rejection and graft loss (69),
and epitope-mismatch analysis is now being used to
identify “acceptable mismatches” in highly sensitized
renal transplant candidates (70). Similarly, HLA epitope
mismatching has been correlated with adverse events after
pediatric heart transplant (71). Although epitope analysis is
not yet mainstream in heart transplantation, this technique
may someday help to improve the accuracy of virtual
crossmatching and tailor immunosuppression protocols for
the individual patient.
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Conclusions

The number of sensitized pediatric heart transplant
candidates is increasing, and the presence of anti-HLA
antibodies has implications for successful transplantation
and outcomes thereafter. Despite advances in our
understanding of transplant immunology and HLA
antibody detection, many questions remain, including which
antibodies should be treated and what is the best treatment
strategy. Future study should focus on elucidating the
mechanisms of immune-mediated allograft injury so that
new therapeutic targets can be discovered and management
can be tailored to the individual patient.
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