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Pediatric heart transplantation (pHTx) represents only a small proportion of cardiac transplants. Due to these
low numbers, clinical data relating to induction therapy in this special population are far less extensive than
for adults. Induction is used more widely in pHTx than in adults, mainly because of early steroid withdrawal or
complete steroid avoidance. Antithymocyte globulin (ATG) is the most frequent choice for induction in pHTX,
and rabbit antithymocyte globulin (rATG, Thymoglobulin®) (Sanofi Genzyme) is the most widely-used ATG prep-
aration. In the absence of large, prospective, blinded trials, we aimed to review the current literature and da-
tabases for evidence regarding the use, complications, and dosages of rATG. Analyses from registry databases
suggest that, overall, ATG preparations are associated with improved graft survival compared to interleukin-2
receptor antagonists. Advantages for the use of rATG have been shown in low-risk patients given tacrolimus
and mycophenolate mofetil in a steroid-free regimen, in sensitized patients with pre-formed alloantibodies
and/or a positive donor-specific crossmatch, and in ABO-incompatible pHTx. Registry and clinical data have in-
dicated no increased risk of infection or post-transplant lymphoproliferative disorder in children given rATG af-
ter pHTx. A total rATG dose in the range 3.5-7.5 mg/kg is advisable.
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Background

Children (<18 years old) account for approximately 14% of all
heart transplants (HTx), with numbers rising gradually over
the last decade [1]. Survival rates in pediatric heart transplan-
tation (pHTx) have increased progressively over time, reach-
ing more than 90% at 1 year, with the longest survival times
in infants and children aged up to 5 years at time of trans-
plant [1,2]. During the first post-transplant year, graft failure,
rejection, infections, and multiple organ failure are major rea-
sons for death, with cardiac allograft vasculopathy (CAV) be-
coming a more common cause in recent years [3].

There are substantial differences between adult and pediat-
ric HTx recipients. Children transplanted for dilated cardiomy-
opathy are less likely to be sensitized due to previous blood
transfusions than are adults [4-6], and sensitization due to
pregnancy does not apply. However, children suffering from
congenital heart disease (CHD) or on mechanical circulatory
support have high levels of panel reactive antibody (PRA) (up
to 27%) [7]. Two-thirds of children undergoing HTx in the USA
have no PRAs [2]. Age also influences rejection risk. The young-
est children (<6 years) have a lower risk for early or late acute
rejection than do older children [2], while those aged more
than 6 years show similar rates of rejection to those of young-
er adults [2]. Over-immunosuppression should be avoided in
infants due to the higher risk of post-transplant lymphoprolif-
erative disorder (PTLD) than in adults [2,8]. Lastly, the imper-
ative to minimize long-term metabolic complications such as
post-transplant diabetes mellitus (PTDM) is more pressing in
children, since they will require immunosuppression for many
decades, with the additional need to ensure that growth is as
normal as possible. Immunosuppression regimens in pediat-
ric transplant patients must be carefully planned to take into
account their immunological status and long-term risks for
immunosuppression-related complications, and minimized
where possible [9].

Even though induction therapy is given more frequently in
pHTx [9] than in adult HTx [2,10], and its use has increased
in recent years [1,11], evidence-based prescribing criteria are
lacking. Data from the International Society for Heart and Lung
Transplantation (ISHLT) have shown that approximately 70% of
children are now given induction therapy after heart transplan-
tation, most frequently antithymocyte globulin (ATG) (~50%
of patients), with less use of interleukin-2 receptor antagonist
(IL-2RA) induction (~22%) [1]. The Pediatric Heart Transplant
Study (PHTS), a multicenter US registry, recently reported sim-
ilar rates of ATG and IL-2RA induction (48% and 35%), with
27% given no induction [11]. Evidence from the ISHLT [9] and
PHTS [11] databases indicates that in children, ATG induction
tends to be preferred to IL-2RA induction in younger patients
(especially <6 months), in those with CHD, in patients requiring
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pre-transplant inotropic support or extracorporeal membrane
oxygenation (ECMO), and in more sensitized patients or those
with longer ischemic time [11,12].

Rabbit antithymocyte globulin (rATG, Thymoglobulin®) is the
most frequently used ATG preparation. It is licensed for the
prophylaxis of acute graft rejection in heart transplantation,
with no age restriction. However, randomized trials comparing
outcomes with rATG versus other induction agents — or ver-
sus no induction — have not been undertaken. This is largely
due to the small number of pHTx procedures performed (<600
annually worldwide [9]). Data are instead derived from pro-
spective or retrospective studies performed at single centers,
usually with no comparator arm, and from registry analyses.

The authors of the present study all represent German-speaking
HTx centers experienced in the use of rATG induction. Our group
has previously published expert opinion articles concerning
the appropriate use of rATG induction in adults undergoing
HTx [8] and proposals for rATG dosing and early maintenance
regimens in this setting [13]. Recognizing the important dif-
ferences between adult HTx and pHTx and attempts towards
patient-orientated tailored immunosuppressive regimens, we
aimed to review available studies relating to rATG induction in
pHTX, and to consider its role within modern immunosuppres-
sive strategies in this unique population. Given the lack of large
prospective trials, the present review is necessarily based on
registry databases and studies with relatively weak designs.
Moreover, given that almost 50% of all US pHTx procedures
are undertaken at centers performing <10 pHTx per year, and
an even higher proportion outside the US [9], it is helpful to
share our limited experience with one another.

A literature search was performed in April 2017 using PubMed
MeSH (medical subject headings) as the core database, with
no time or language restrictions. Search terms included heart
transplantation, pediatric, children, induction, antithymocyte,
rabbit antithymocyte globulin, ATG, and thymoglobulin. Articles
with no abstract in English were excluded. The reference lists
of original articles and review articles were checked for ad-
ditional citations. Studies in patients <18 years were consid-
ered to represent pHTXx.

Evidence from Registry Analyses: Efficacy

The low number of pHTx places particular value on national
and international transplant registries, which capture data from
multiple centers. While informative, however, registry analy-
ses have certain important weaknesses. To improve statisti-
cal power, data are often assessed over many years, despite
changes in clinical practice over time. Patients given different
lymphocyte-depleting or ATG preparations are often included
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in a single group — or, indeed, all induction therapies may be
grouped together — disregarding differences between agents.
There is also an absence of dosing information, an important
factor because rATG doses have been reduced substantially in
recent years [14]. Furthermore, the type of maintenance im-
munosuppression is not always taken into account and dose/
exposure levels of maintenance therapies are not considered.
Multivariate analyses or propensity scores approaches attempt
to address some of these weaknesses and to minimize selec-
tion bias in prescribing induction agents, but, as in any obser-
vational study, all bias cannot be excluded.

Any induction

Butts et al. recently published an analysis of data from the
United Network for Organ Sharing (UNOS) registry, which as-
sessed graft survival in 2792 primary pHTx recipients who did
or did not receive induction therapy [15]. The study grouped
all types of induction therapy (rabbit or equine ATG prepara-
tions, OKT3 or IL-2RA agents), and included patients transplant-
ed over a 10-year time span (1994-2013). A robust statistical
approach based on propensity-score-matched transplants was
applied. The hazard ratio (HR) for graft loss was 0.88 (95% Cl
0.75-1.01, p=0.07) with any induction versus no induction. In
the subgroups of highly sensitized patients (204 patients with
PRA »50%; HR 0.57 [95% Cl 0.34-0.97]) and patients with CHD
(n=1210; HR 0.78 [95% Cl 0.64—0.96]), induction was associat-
ed with a lower risk for graft loss [15]. A recent study of pedi-
atric heart transplant recipients registered with the US PHTS
database also found lower patient survival in children without
induction overall, on univariate analysis (p<0.04) [11]. Registry
data are conflicting as to whether induction therapy of any
type is associated with higher or lower rates of rejection com-
pared to children given no induction [1,11], which may reflect
variations in the extent to which analyses account for prefer-
ential use of induction in higher-risk children.

Interestingly, induction does not seem to affect short-term pa-
tient survival. However, ISHLT data from 2004 to 2013 showed
no association with induction versus no induction and survival
at 1 year after heart transplantation in children [3]. Strikingly,
the most recently published data on pediatric heart transplant
recipients registered with the ISHLT for the first time showed
a small but significant association between induction thera-
py and CAV-free survival, which could potentially contribute
to a longer-term survival advantage [1].

Induction by class

In the study by Butts et al., graft survival was compared for
rabbit or equine ATG versus IL-2RA induction in 535 propensity-
matched pairs of children [15]. Results showed a significantly
higher risk of graft loss with IL-2RA induction (HR 1.34, 95% Cl
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Figure 1. All-cause mortality in pediatric recipients of heart
transplant during 2001-2013 who received either
antithymocyte globulin (ATG) or basiliximab
induction (OPTN data; Kaplan-Meier estimates)

[14]. Multivariate analysis confirmed the higher
mortality risk with basiliximab versus ATG induction
(HR 1.27, 95% Cl 1.02-1.67, p=0.030). The figure is
reproduced with permission from Ansari D, Héglund

P, Andersson B, Nilsson J. Comparison of basiliximab
and antithymocyte globulin as induction therapy in
pediatric heart transplantation: A survival analysis. J
Am Heart Assoc 2015; 5(1). pii: €002790 [Available at:
http://jaha.ahajournals.org/content/5/1/e002790] [16].

0.02-1.76; p=0.03). Consistent with this, an ISHLT analysis of
pHTx, based on a more recent time period (2000-2012), also
observed that ATG (of any type) was associated with improved
survival versus those given IL-2RA induction, on univariate anal-
ysis (p=0.014), but no multivariate analysis was performed [9].
Lastly, another UNOS analysis compared 1612 patients given
ATG induction after pHTx to 699 given the IL-2RA agent basi-
liximab [12]. Transplants between 2001 and 2013 were in-
cluded, with a median follow-up of 2.7 years. Differences in
recipient, donor, and transplant characteristics, and in main-
tenance immunosuppression, were included in a multivariate
model. The results again showed basiliximab to be associated
with an increased risk for mortality versus ATG, both on uni-
variate analysis (Figure 1) and multivariate analysis (HR 1.27,
95% Cl 1.02-1.67, p=0.030). The difference in mortality was
due to increased graft failure (p=0.013), with no difference in
deaths from cardiovascular causes, malignancy, or infections
[12]. The same group performed a similar analysis in 9324
adult recipients of a HTx during 2001 to 2011 and also found
basiliximab to be associated with increased mortality risk ver-
sus ATG over a median of 3 years of follow-up [16]. Taken to-
gether, these findings indicate that ATG induction is more ef-
fective than IL-2RA induction after HTx in children.
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rATG Induction with Conventional
Immunosuppressive Regimens

There are limited data regarding use of rATG induction in chil-
dren receiving a standard triple regimen [17-19], published in
the late 1990s to early 2000s. Di Filippo and colleagues de-
scribed their single-center experience in 30 children during
1984-2001 who were given rATG dosed according to plate-
let count, at a median cumulative dose of 8.0 mg/kg [17].
Maintenance therapy consisted of cyclosporine, azathioprine,
and steroids [17]. During year 1, 15 patients (50%) experienced
rejection, leading to graft loss in 3 patients, and 40% of pa-
tients experienced infection in month 1. Such high rATG dos-
ing is no longer used, however, and cyclosporine-based triple
regimens with azathioprine have been superseded. In gener-
al, rATG with standard triple therapy is used only selectively.
The ISHLT comments that ATG may be beneficial in patients
at high risk for acute rejection [20].

rATG and Steroid Minimization or Avoidance

Long-term steroid therapy after solid organ transplantation has
a well-established association with increased metabolic abnor-
malities [21], adverse skeletal effects [22,23], and risk of infec-
tions [24,25]. Steroid avoidance has been shown to achieve
significant benefits in pediatric transplant recipients, including
improved growth [26-28]. Nevertheless, approximately 70%
of children who undergo HTx are discharged from hospital on
steroid therapy [2,9] and more than half of all children are still
receiving steroids at 1 year after transplant [2,9]. Early, retro-
spective, single-arm studies of steroid-free maintenance ther-
apy without induction therapy during the cyclosporine era de-
scribed high early rates of rejection [29], or a lower rejection
rate but only at the cost of high cyclosporine exposure and
renal dysfunction [30]. Induction therapy appears essential to
avoid or to minimize steroid exposure. An OPTN analysis from
1990 to 2010 found no significant difference in graft surviv-
al between patients discharged from hospital with or without
steroids in a population of 462 propensity-matched pairs giv-
en induction therapy in 89% of cases (the type of induction
was not stated) [31]. The ISHLT guidelines published in 2010
include the recommendation that ‘routine use of induction
therapy with a polyclonal preparation is indicated when com-
plete steroid avoidance is planned after HTx’ [20].

A retrospective 2-center experience with rATG and steroid-
free therapy in children undergoing HTx has been described
by Singh et al. [32] (Table 1). Fifty-five patients transplanted
during 2005-2009 who had a negative donor-specific flow cy-
tometry crossmatch (49 with PRA <10%, 6 PRA >10%) received
rATG, oral tacrolimus, and mycophenolate mofetil (MMF)). rATG
was given at a dose of 1.5 mg/kg for 5 days (range 3—6 days),
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with an intravenous dose of methylprednisolone. Five patients
died from multi-organ failure during post-transplant hospital-
ization. Among the remaining 50 patients, 8 (16%) started ste-
roids in response to rejection, development of donor-specific
antibody (DSA), or persistent enteropathy. Freedom from re-
jection, defined as cellular rejection (ISHLT grade >2R) or an-
tibody-mediated rejection (AMR) according to pre-defined cri-
teria, was 92% at month 6, 87% at year 1, and 81% at year
2 (Figure 2) [32]. One patient, who was pre-sensitized, died
from AMR after developing DSA; no other patients died after
leaving hospital. In the absence of a control arm, no firm con-
clusions can be drawn, but these results are encouraging for
steroid-free therapy with rATG induction in patients at low im-
munological risk.

In 2013, Marshall et al. published a retrospective observation-
al single-center study comparing a historical cohort of 64 pa-
tients given an induction-free triple regimen versus a cohort
of 39 patients given rATG induction with tacrolimus, MMF, and
no oral steroids [33] (Table 1). Drug doses and exposure lev-
els were not reported. PRA >10% was present in 14% of the
historical control group and 10% of the new protocol group.
The 2 groups were similar except for non-significant trends to
shorter ischemia time (mean 187 versus 209 min) and more
ABO-incompatible transplants (10% versus 2%) in the ste-
roid-free group. The incidence of acute rejection in the first
year post-transplant was significantly lower with steroid-free
rATG/tacrolimus/MMF therapy than with induction-free cyclo-
sporine-based triple therapy (36% versus 58%, p=0.042) [33]
(Figure 3). However, determining the specific effect of rATG in-
duction in this analysis is not possible because tacrolimus and
MMF are more potent in suppressing rejection than cyclospo-
rine and azathioprine [38,39], but rATG induction with tacro-
limus and MMF maintenance therapy offered adequate ste-
roid-free immunosuppression.

Retrospective, uncontrolled studies have been published de-
scribing the use of rATG induction to support early steroid
withdrawal (<1 week), or entirely steroid-free regimens, with
tacrolimus and MMF maintenance therapy after pediatric kid-
ney transplantation [28,40-42]. These have reported rare or no
acute rejection with good longitudinal growth and normal bone
density, although, as in pHTx, prospective trials are lacking.

rATG Induction in Sensitized Patients

The ISHLT advises that pediatric recipients with pre-formed al-
loantibodies and a positive donor-specific crossmatch should
receive induction therapy [20]. As described above, Butts and
colleagues analyzed UNOS registry data from patients who un-
derwent pHTx during 2003-2013 [15]. Their study included an
analysis of graft survival in patients with PRA <10%, 10-50%,
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Table 1. Overview of selected clinical studies of rATG induction in subpopulations of pediatric heart transplant patients.

Follow- rATG Maintenance  Control Key

Study Design ™ Population n induction S o outcomes Comments

Steroid avoidance regimen

Singh Retrospective Median 49 sensitized 55 1.5 mg/kg IV steroids - 5.4% cellular Maintenance
2010 [32] Single arm 19 6 non- (median 5 (median 5 rejection? steroids
2 centers months sensitized doses) days) 9.1% AMR required in
TAC 8/50 patients
MMF who survived
beyond
discharge
Marshall ~ Retrospective 1 year Standard 103 1.5 mg/ IV steroids ~ No Acute Similar rates
2013 [33] Historical risk kg x5 to day 5 induction rejection of bacterial,
controls TAC CsA 36% vs. 58% fungal and viral
Single center MMF AZA (log rank infections
Steroids p=0.42)

Jacobs Retrospective Not Sensitized® 60 Dose not CNI 50% vs. 1/8 sensitized
2004 [34] Single center stated (n=8) specified AZA or MMF 15.4% patients died
Non- Pulsed steroids to day 4 mortality after graft
sensitized rejection; 3/8
(n=52) deaths were
unrelated to
rejection
Pollock- Retrospective Median Sensitized® 13 1.5 mg/kg  TAC - ACR 53.8% No
BarZiv Single arm 1.7 (2-7 days) MMF AMR 46.2%  hemodynamic
2007 [35] Single center years Steroids compromise
or impaired
systolic

function due to
rejection except
1 rejection-
related death

Holt 2007 Retrospective 3 years Sensitized! 13 Not CNI = Acute 1 death due to
[36] Single arm specified® AZA or rejection ACR
Single center MMF 92.3% 1 death due to
Steroids to AMR
month 6

Daebritz ~ Retrospective 12-17 ABO- 3 3 mg/kg TAC = No rejection  3/3 grafts
2007 [37] Single arm months incompatible x1then2  MMF functioning at
Single center mg/kg/day year 1
adjusted
by
lymphocyte
count

ACR - acute cellular rejection; AMR — antibody-mediated rejection; AZA — azathioprine; CNI — calcineurin inhibitor; CsA — cyclosporine;
IS —immunosuppression; IV — intravenous; MMF — mycophenolate mofetil; PRA — panel reactive antibodies; TAC — tacrolimus. @ ISHLT
graded 2R/3A; ® Elevated PRA (>10%); © Elevated PRA (>10%) or positive T cell or B cell crossmatch (n=10; daily plasmapheresis + IV
immunoglobulin G was given to patients with positive crossmatch); ¢ Elevated PRA (>10%) and positive T cell or B cell crossmatch
(treated with pre- and post-transplant plasmapheresis); ¢ Antithymocyte globulin (ATGAM) was used until 1995.
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Figure 2. (A) Freedom from rejection and (B) survival in 55 pediatric heart transplant patients receiving rATG induction with tacrolimus
and MMF maintenance therapy (a 2-center retrospective analysis). Rejection was defined as cellular rejection (ISHLT grade
>2R) or antibody-mediated rejection (Kaplan-Meier estimates) [32].
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Figure 3. Freedom from rejection in the first year after pediatric
heart transplantation in 64 patients given no induction
with cyclosporine/azathioprine/steroids as maintenance
therapy (2005-2008) versus 39 patients given rATG
induction with tacrolimus/MMF and no oral steroids
as maintenance therapy (2008-2010) (a single-center
retrospective analysis) (Kaplan-Meier estimates) [33].

or >50%, based on 1369 propensity-matched pairs in which
one patient was given induction and the other was induc-
tion-free. The HR values for graft survival for induction versus
no induction increased dramatically in the highly sensitized
patients (Table 2). Outcomes with ATG induction specifically
were not assessed in the subgroups with different PRA levels.

Use of rATG induction in small series of sensitized children
undergoing HTx has been described in the literature [34-36]
(Table 1). The first report, in 2004, retrospectively assessed out-
comes in 8 patients with PRA >10% and in 52 patients with
non-elevated PRA (<10%), all transplanted between 1995 and
2003 [42]. Immunosuppression comprised rATG (the dose was
not specified), pulse steroids for 4 days, and intravenous im-
munoglobulin, with a calcineurin inhibitor (CNI) (usually cy-
closporine) and either azathioprine or MMF. Overall mortal-
ity was higher in the sensitized group (50% versus 15.4%,
p=0.043), but using this relatively intensive immunosuppres-
sive strategy, only 1 graft in the sensitized group was lost to
rejection. Pollock-BarZiv et al. subsequently reported use of
rATG induction in HLA-sensitized patients with a more con-
temporary maintenance regimen [35]. In their series, 13 pa-
tients who underwent pHTx with PRA >10%, or with a positive

Table 2. Multivariate Cox regression analysis of graft loss in 1369 propensity-scoring matched pairs of pediatric heart transplant

patients, according to PRA level (OPTN data 1994-2013).

Hazard ratio

PRA level No. pairs
<10% 1120

10-50% 147
>50% 102

(induction vs. no induction) Raact
091 0.76-1.08
- o8 051-145
s 034-097

Cl - confidence interval; OPTN — Organ Procurement and Transplantation Network; PRA — panel reactive antibodies.
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T or B cell crossmatch, received rATG (1.5 mg/kg/day for 2-7
days), followed by triple therapy with tacrolimus, MMF, and
steroids. All patients underwent plasma exchange peri-opera-
tively, and 12 patients with a positive crossmatch underwent
daily plasmapheresis for 12 days post-operatively. Five patients
were also given weekly intravenous immunoglobulin and MMF
(20 mg/kg/day) pre-transplant. Based on B cell counts, ritux-
imab was administered in 9 patients and cyclophosphamide
was administered in 2 early patients [35]. AMR developed in
9/13 patients and 7/13 patients had early acute cellular re-
jection, with no hemodynamic compromise or impaired graft
function in any case, other than 1 patient who died due to se-
vere acute rejection and AMR on day 11. No AMR developed
after month 6, and none of the 9 patients who survived be-
yond month 9 were diagnosed with CAV, PTLD, or malignan-
cy after a median follow-up of 1.7 years. Although AMR was
relatively common early post-transplant, graft dysfunction or
graft loss as a result was infrequent in this challenging pa-
tient group [35]. Similar results have been reported in a ret-
rospective analysis by Holt et al,, in a cohort of 13 pre-sensi-
tized children (PRA >10%) who also had a positive T cell or B
cell crossmatch [36]. Plasmapheresis was performed shortly
before transplant and for 5-7 days post-transplant, with rATG
(or in early patients, ATGAM) for 7-14 days (no dose was stat-
ed) and cyclophosphamide for 4 weeks. Maintenance thera-
py comprised cyclosporine or latterly tacrolimus, with azathi-
oprine or MMF, plus steroids to month 6. In this series, 12
of the 13 patients experienced rejection, usually associated
with hemodynamic compromise. One- and three-year survival
rates were 85% and 73%: 1 death was considered to be due
to acute cellular rejection and 1 due to AMR. rATG induction
was only a single component in these complex regimens, so
its specific role cannot be defined, but it is unlikely that ran-
domized trials will be conducted in this setting and these re-
sults are encouraging.

ABO-Incompatible Transplants

ABO-incompatible transplantation has been pioneered in pHTx
due to the imperative to save lives in severely ill children for
whom transplantation cannot be delayed by waiting for an
ABO-compatible graft. Such transplants have generally been
performed in neonates, in whom the immune system is rel-
atively immature. An analysis of transplants reported to the
Pediatric Heart Study database during 1996-2008 assessed
85 ABO-incompatible transplants in patients aged up to 15
months, and compared outcomes to 417 ABO-compatible
transplant recipients who were also aged <15 months [43].
One-year survival rates were similar in a risk-adjusted anal-
ysis [43]. This is in line with the findings of an analysis from
the OPTN database that observed comparable survival to 3
years post-transplant [44].
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rATG induction is widely used in ABO-incompatible HTx in chil-
dren, and preliminary data from small series have been pub-
lished (Table 1). As above, Pollock-BarZiv and colleagues includ-
ed 6 ABO-incompatible patients in their cohort of sensitized
patients, but did not present outcomes specifically in these 6
cases [35]. Daebritz et al. described 3 infants undergoing ABO-
incompatible HTx who were managed with intraoperative plas-
mapheresis, rATG (3 mg/kg then 2 mg/kg, adjusted to reach
a lymphocyte count of 200-400/pL), and intravenous methyl-
prednisolone, using a maintenance regimen of tacrolimus, MMF,
and steroids [37]. At 1 year, all 3 patients were rejection-free
with good graft function. A larger series, involving 57 children
aged 0.03-90 months who received 58 ABO-incompatible HTX,
has been reported by Urschel et al., who surveyed 6 centers
in Europe and the USA [45]. Graft survival was high (100% at
year 1, 96% at year 5) with low rates of acute cellular rejec-
tion (7%) and AMR (12%). However, due to the nature of the
analysis across 4 centers and over 9 years, management prac-
tices and immunosuppression varied widely. Only 34% of pa-
tients were given rATG and a further 27% were given equine
ATG, so it is difficult to draw conclusions about the role or rATG.

Safety Issues

Risk of infection

Randomized trials of rATG induction versus IL-2RA induction
in adult HTx recipients have shown no difference in the rate
of infections overall, or for cytomegalovirus (CMV) infection
in particular [46,47]. The only randomized trial of rATG induc-
tion following HTx is that of Yamani et al., which was con-
ducted in adults [46]. The study compared rATG (total dose
6 mg/kg) and a steroid-free regimen versus no induction and
standard steroids, both with tacrolimus and MMF, in 32 low-
risk individuals [46]. The authors stated that there was no rel-
evant difference in the incidence of infections during the first
year post-transplant (no data were provided). CMV infection
occurred in 19% of rATG-treated patients versus 25% of con-
trols, with pneumonia in 6% and 13%, respectively. Marshall
and colleagues observed a similar rate of bacterial, fungal,
CMV, and EBV infections when they compared 39 children giv-
en rATG induction with tacrolimus and MMF versus 64 histor-
ical induction-free controls treated with cyclosporine, azathi-
oprine, and steroids [33].

Registry data also indicate no increased risk for infection in
children receiving rATG induction after HTx [48]. A PHTS anal-
ysis assessed 2374 children who underwent transplantation
from 1999 to 2008 at 32 centers [48]. Of these, 1258 received
induction therapy, including 246 who were given rATG. Overall,
the proportion of patients given steroid maintenance therapy
was lower in the induction group (39% versus 61% in patients
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Table 3. Observed incidence of infections by year 1 in pediatric heart transplant patients at 32 centers during 1993-2007 (Pediatric
Heart Transplant Study) [48].

rATG (n=247)

IL-2RA induction (n=242) No induction (n=1111)

Bacterial 41 (16.6) 32 (13.2) 228 (20.5)
”””””””” Fugdl s @0 3 .Q@) s @9
”””””””” Vi 21 @®% 36 @49 150 138
”””””””” w8 @G 6@y 71368

rATG — rabbit antithymocyte globulin; IL-2RA — interleukin-2 receptor antagonist.

Table 4. Univariate analysis of risk for PTLD by year 3 after pediatric heart transplantation according to type of induction therapy at 32
centers during 1993-2007 (Pediatric Heart Transplant Study) [48].

N (vers:lsR nf: l;::::,tion*) Saat A
Any induction** 1,258 0.63 0.27-0.95 0.027
""""" w s o;m o100 o006
""""" L2RAinducton 244 o045 01123 o010

* 1,116 patients had no induction; ** Induction comprised rATG (n=329), IL-2RA (n=244), antithymocyte serum (ATS, n=231),

antithymocyte globulin excluding rATG (n=329) and OKT3 (n=194).

with no induction). The incidences of viral, fungal, or bacteri-
al infections over the first year post-transplant were all lower
in the rATG-treated group than in those given no induction,
as was the incidence of CMV infection (Table 3) [48]. It is pos-
sible that these lower rates of infection may be related to re-
duced steroid exposure or a lower requirement for anti-rejec-
tion steroid therapy in the cohort given rATG induction (mean
1.06 versus 1.33 rejection episodes in the no-induction group;
p<0.001), but this cannot be confirmed.

It seems reasonable to conclude that rATG induction does not
increase the risk for infection in children after HTx.

Post-transplant lymphoproliferative disorder

PTLD is a well-recognized and potentially fatal complication af-
ter solid organ transplantation. It affects approximately 0.8%
of kidney transplant recipients [49] but occurs more frequent-
ly (>1.0%) after HTx [50]. Children are at greatly increased risk
for PTLD versus adults [2,51] and PTLD is the most common
form of post-transplant malignancy in children [52]. The in-
cidence of PTLD after pHTx has been reported to be 8% at 5
years post-transplant, most frequently affecting the gastroin-
testinal tract and respiratory system [53]. This increased risk
is believed to be due to primary EBV infection of seroneg-
ative children [54]: 40-50% of patients aged <18 years are
EBV-negative at time of transplant [48,55]. OPTN data show
the 5-year incidence rate of PTLD to be approximately 4% in
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children receiving a HTx during 2001-2011, rising to 6% in
EBV-negative children [2]. EBV contributes to the develop-
ment of PTLD in more than 70% of cases [56], and EBV sero-
negativity is an independent predictor for PTLD [48,57]. One
large-scale OPTN analysis (n=5169) found that 65% of pHTx
patients who developed PTLD were EBV-negative compared to
42% of those without PTLD (p<0.001) [55]. Multivariate anal-
ysis showed a diagnosis of PTLD to be associated with more
than a 3-fold increase in mortality risk [55].

The relative rarity of PTLD makes an accurate assessment of the
effect of specific immunosuppressive agents difficult. Registry
analyses, which offer the large populations necessary for eval-
uation, frequently span periods when rATG dosing was high-
er than at present, and do not always control for the mainte-
nance regimen. Registry analyses published in the mid-2000s
that explored an association between PTLD and induction
with rATG in adult or pediatric kidney transplantation report-
ed mixed findings [58-60]. Dharnidharka and colleagues found
no significant increase in risk of PTLD between children giv-
en rATG induction after kidney transplantation (n=685) versus
no induction (n=2433) in OPTN data from 1987 to 2003 [58].

In pHTxX, an analysis of ISHLT data from 2000 to 2011 found
no effect of induction therapy overall on risk of malignancy in
565 children [9]. Gajarski et al. investigated the effect of in-
duction on risk for PTLD in 2375 children (<18 years) receiving
HTx during 1993-2007, using data from the Pediatric Heart
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Transplant Study [48]. Overall, induction of any type was asso-
ciated with a lower risk for PTLD versus no induction (Table 4).
When different induction agents were assessed separately, rATG
was associated with a significantly lower risk for PTLD than
with no induction (Table 4). It is possible that this reduction in
risk may have arisen from the general trend towards less in-
tensive maintenance therapy in recent years, when induction
was used more widely. More specifically, rATG induction may
also have been used to facilitate CNI-sparing or steroid-spar-
ing therapy, potentially lowering the risk for PTLD. Hayes and
colleagues have also examined factors for PTLD in a series of
1462 pHTx patients registered with the OPTN in a less recent
cohort (1987-2003) [55]. In their analysis, rATG was grouped
with other lymphocyte-depleting agents (anti-Lymphocyte glob-
ulin [ALG] and ATG). On multivariate analysis, there was no sig-
nificant relation between rATG/ALG/ATG and risk for PTLD (HR
1.03, 95% Cl 0.72-1.49; p=0.866). Induction per se, or rATG in
particular, does not seem to increase risk for PLTD.

Individual studies of PTLD under rATG induction in pHTx pa-
tients are limited by small population sizes. Several retrospec-
tive analyses in patients given rATG have reported no cas-
es [17,28,38,42] or only a single case [19,33,61,62] of PTLD.
There is tentative evidence, however, concerning the ques-
tion of whether lower rATG dosing reduces the risk for PTLD.
Aliabadi et al. performed a retrospective single-center analy-
sis in which outcomes in 523 HTx patients (including 19 pa-
tients aged 5-18 years) were assessed according to cumula-
tive rATG dose (<4.5 mg/kg, 4.5-7.5 mg/kg, or >7.5 mg/kg) [63].
There were no cases of PTLD in patients given a total dose
of up to 7.5 mg/kg. The mean time to tumor development,
including PTLD, was significantly shorter in the group given
more than 7.5 mg/kg rATG (mean 32 months) than in those
given <4.5 mg/kg (63 months) or 4.5-7.5 mg/kg (47 months)
(p=0.031). An earlier systematic review of 5 studies in adult
HTx patients found the incidence of PTLD to be 0.50% (2/402)
in patients given a total rATG dose <7.5 mg/kg compared to
1.55% (7/452) with a total dose >7.5 mg/kg [48]. In children,
Schubert et al. analyzed 72 patients who had undergone HTx
at their center during 1986 to 2007 and found the mean num-
ber of rATG doses to be 4.3 in those with PTLD versus 2.7 in
those without PTLD, but doses were not stated and the anal-
ysis included rATG given to treat rejection as well as induction
[64]. Based on these data, albeit largely derived from adult pa-
tients, rATG dosed at today’s levels (typically no more than 7.5
mg/kg) would not be expected to increase the risk for PTLD.

rATG Dosing and Monitoring in Pediatric
Heart Transplantation

Our group recently published a review that concluded, based
on 2 published studies [33,61], that a maximum total rATG dose
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of 7.5 mg/kg is adequate in children at standard immunologi-
cal risk receiving CNI-based maintenance therapy [13]. A low-
er cumulative dose (but not less than 3.5 mg/kg) may be suf-
ficient in younger, lower-risk patients who are receiving CNI
therapy, in view of the increased risk for PTLD in the youngest
recipients [8,13], although this has not been assessed clinically.
The duration of rATG infusion should not be less than 6 h [13].

A small number of centers use CD3 monitoring, or absolute
lymphocyte count, to guide rATG dosing. Where this approach
is applied, the ISHLT guidelines advise targeting a CD3 count
in the range 25-50 cells/mm? or an absolute total lymphocyte
count <100-200 cells/mm? [20]. Data on immune monitoring in
pHTx are scant but a retrospective study compared CD3-guided
rATG dosing in 32 patients versus 17 historical controls given
fixed rATG dosing (1.5 mg/kg, usually for 5 days) [65]. The pa-
tient group managed with CD3 monitoring received a signif-
icantly lower total rATG dose (median 3.2 versus 7.4 mg/kg,
p<0.001), with no difference in rates of rejection, patient sur-
vival, or infection. This dosing strategy merits further study.
Peri-operative initiation of rATG during HTx in children, with
subsequent doses titrated according to lymphocyte count, has
also been reported by 1 center, but evaluation is difficult due
to the single-arm nature of the study [61].

Hematological values should be monitored and taken into ac-
count during rATG dosing, with the dose lowered — or even dis-
continued - in response to thrombocyte, lymphocyte, and neu-
trophil counts. Thrombocytopenia is a particular risk due to the
thrombocytopenic effect of circularly bypass. Our group has
previously proposed thresholds for platelet, leukocyte, neutro-
phil, and lymphocyte counts in adult HTx patients to prompt
rATG dose reduction, halving, or withdrawal [13]. These thresh-
olds can also be applied in pHTx. According to these proposals,
the rATG dose should be lower, halved, or discontinued if the
thrombocyte count declines to 75 000/mm?, 5000-75 000 mm?
or <50 000 mm?>, respectively [13].

One unresolved question is whether rATG therapy should be
reduced or temporarily interrupted in the presence of elevat-
ed pulmonary pressures, but reliable evidence is lacking and
case reports are rare [66,67]. An FDA investigation of horse ATG
between 2004 and 2012 identified only 2 drug adverse event
reaction reports related to pulmonary pressure.

Limitations

We are aware of the inherent weaknesses in registry analy-
ses, notably the long observation periods spanning changes in
clinical practice, missing data, and the absence of relevant in-
formation such as dosing data, which makes comparison dif-
ficult. Despite these issues, it seems unrealistic to undertake
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Table 5. Overview of suitability for rATG induction in different clinical situations according to the authors’ experience and opinion.

Non-sensitized patients receiving triple therapy*

Donor EBV-positive, recipient EBV-negative

* Standard CNI therapy, an antimetabolite and maintenance steroids;

non-adherence.

prospective, randomized, controlled trials to achieve sufficient
numbers to provide adequate statistical power in studies of
patients undergoing pHTx.

Conclusions

pHTx represents a small but crucial part of the solid organ
transplant program. Comparative trials are rare in this pop-
ulation, and decision-making about immunosuppression fre-
quently has to be based on limited data or clinical experience
and expertise. By necessity, data from adult HTx or other types
of organ transplantation may need to be considered, despite
the distinctive risk profiles of children receiving a HTx. While
recognizing the highly limited evidence-base in this popula-
tion, we tentatively propose our recommendations for rATG
induction in pediatric heart transplantation (Table 5). Based
on the available data, the following points seem realistic: (1)
Registry analyses indicate that, in general, rATG induction is
associated with improved graft survival versus IL-2RA induc-
tion. (2) Polyclonal induction therapy is recommended when
steroid avoidance is attempted, and early steroid withdrawal
(<1 week) or steroid avoidance in low-risk patients is feasible
with rATG induction, tacrolimus, and MMF without loss of im-
munosuppressive efficacy versus steroid-containing regimens.
(3) Induction therapy is recommended in sensitized patients
or those with a positive crossmatch, and small series have
suggested relatively good outcomes, with acceptable rates of
graft loss due to acute cellular rejection or AMR, when rATG
induction is included in early, aggressive management strate-
gies. (4) ABO-incompatible transplantation, while still rare, has
been reported to be achieved successfully in children receiv-
ing rATG induction. (5) The risk for infection, including CMV,
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Consider in patients at high risk of rejection**

Not recommended

*%

e.g. poor HLA mismatch, black race, retransplantation, risk of

does not appear to be increased with rATG induction. (6) PTLD
does not seem to be frequent in children given rATG induc-
tion at a total dose <7.5 mg/kg, and a lower dosage (minimum
3.5 mg/kg) may be adequate.
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