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Excellent T-cell reconstitution and survival depend on low ATG
exposure after pediatric cord blood transplantation
Rick Admiraal,1,2 Caroline A. Lindemans,1 Charlotte van Kesteren,1,2 Marc B. Bierings,1 A. Birgitta Versluijs,1

Stefan Nierkens,2,3 and Jaap Jan Boelens1,2

1Pediatric Blood and Marrow Transplant Program, 2Utrecht–Dendritic Cells Against Cancer, Laboratory of Translational Immunology, and
3Utrecht–Diagnostic Center for Diagnostic Advances in Immunology Research, Laboratory Translational Immunology, University Medical Center, Utrecht,

The Netherlands

Key Points

• Immune reconstitution after
CBT is excellent provided
ATG exposure is low or
absent.

• Individualized dosing, or
omission of ATG in selected
patients, may increase the
chance of survival after CBT.

Successful immune reconstitution (IR) is associated with improved outcomes following

pediatric cord blood transplantation (CBT). Usage and timing of anti–thymocyte globulin

(ATG), introduced to the conditioning to prevent graft-versus-host disease and graft

failure, negatively influences T-cell IR. We studied the relationships among ATG

exposure, IR, and clinical outcomes. All pediatric patients receiving a first CBT between

2004 and 2015 at the University Medical Center Utrecht were included. ATG-exposure

measures were determined with a validated pharmacokinetics model. Main outcome of

interest was early CD41 IR, defined as CD41 T-cell counts >50 3 106/L twice within 100

days after CBT. Other outcomes of interest included event-free survival (EFS). Cox

proportional-hazard and Fine-Gray competing-risk models were used. A total of 137

patients, with a median age of 7.4 years (range, 0.2-22.7), were included, of whom 82%

received ATG. Area under the curve (AUC) of ATG after infusion of the cord blood

transplant predicted successful CD41 IR. Adjusted probability on CD41 IR was reduced by 26% for every 10-point increase in AUC

after CBT (hazard ratio [HR], 0.974; P < .0001). The chance of EFSwas higher in patients with successful CD41 IR (HR, 0.26; P < .0001)

and lower ATG exposure after CBT (HR, 1.005; P5 .0071). This study stresses the importance of early CD41 IR after CBT, which can

be achieved by reducing the exposure to ATG after CBT. Individualized dosing of ATG to reach optimal exposure or, in selected

patients, omission of ATG may contribute to improved outcomes in pediatric CBT. (Blood. 2016;128(23):2734-2741)

Introduction

Allogeneic hematopoietic cell transplantation (HCT) has been
introduced as a curative option for several diseases, including
malignancies, immune deficiencies, bonemarrow failure, and selected
metabolic disease. Since the late 1980s, umbilical cord blood has
become available as an alternative donor source in pediatric HCT.1

Compared with bone marrow (BM) or peripheral blood stem cells
(PBSCs), umbilical cord blood transplantation (CBT) has the
advantage of less stringent HLA matching requirements, increasing
the chance of finding a suitable donor, and is rapidly available.2

Furthermore, CBT shows at least comparable survival compared
with BM and PBSCs3-6 and lower rates of chronic graft-versus-host
disease (GVHD), and it has been suggested to have a more potent
antileukemic effect compared with traditional stem cell sources.7,8

When focusing on early T-cell immune reconstitution (IR)
(ie, within 3 months after HCT), CBT is suggested to have a
slower IR compared with non–T-cell-depleted BM or PBSCs.9-11

Anti–thymocyte globulin (ATG), introduced to the conditioning
regimen to prevent GVHD and graft failure, may have a more
profound effect on IR after CBT than BM and peripheral
blood.6,12-14 This more profound in vivo depletion may be due to
the fact that ATG is produced in rabbits using infant human

thymus, which may result in more antibodies against naive recep-
tors, which are more likely to be present on cord blood T cells.15,16

Successful IR following HCT is associated with improved chance
of survival following HCT,9,11,15,17,18 making efforts to improve IR
imperative. Strategies to enhance IR may include optimizing the dosing
and thereby the exposure toATG.Using the same linear dosing regimen
inmilligramsperkilogramfor individualsofall sizes, exposure toATGis
highly variable between patients,19-23 especially in pediatric populations.
This is mainly due to large variability in clearance, which depends on
both body weight and recipient lymphocyte counts.20,23 Individualized
dosing of ATG targeted at a predefined optimal exposure, thereby
reducingvariability in exposure for all patients,may subsequently lead to
better predictable and improved IR. However, for individualized dosing
of ATG, the optimal target exposure (ie, the therapeutic window) needs
to be further investigated in cord blood recipients.

Studies investigating the relationship between ATG exposure and
either IR or clinical outcome are scarce, especially for CBT, where it
may be most relevant.15,20 We recently described the relationship
betweenATGexposure and outcome; however, the cord blood patients
in this analysis were heterogeneous in terms of conditioning regimens,
GVHD prophylaxis, and supportive care. In the current study, these
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limiting aspects will be overcome by including a large cohort with
uniformly treated children receiving a CBT in an experienced CBT
center to study the relationships amongATG exposure, IR, and clinical
outcomes. An identified therapeutic window may be used as the target
for individualized dosing.

Methods

Study design and patients

In this analysis, we included all patients receiving a single-unit CBT treated in the
pediatric Blood and Marrow Transplantation Program of the University Medical
CenterUtrecht,TheNetherlands,betweenDecember2004andOctober2015.Cord
bloodwas selected in patientswhere an identical sibling donorwas not available or
based on indication (high-risk acute myeloid leukemia [AML], inborn errors of
metabolism, or primary immune deficiencies). Only first allogeneic HCTs were
included. There was no restriction on the underlying disease or dose of ATG used.
Consecutively treatedpatientswere included.Patients developing immunoglobulin
G anti-ATG antibodies were excluded.24 Data were collected prospectively in a
local clinical database. Blood samples were collectedweekly;ATG concentrations
were measured in batches. Patient inclusion and data collection started after
informed consent was obtained in accordance to the Declaration of Helsinki. For
data and sample collection, institutional ethical committee approval was
obtained through trial numbers 05/143 and 11/063-K.

Procedures

Umbilical cord blood (UCB) units were obtained from accredited (inter)national
cordbloodbanks.HLAmatchingwasperformedonHLA-A,HLA-B, andHLA-
DRB1 and had to be at least 4/6 matched to the patient (using intermediate-
resolution typing: low resolution on class 1 and high resolution on DR). The
minimum total nucleated cell dose required for the cord blood graft was 2.5, 3, or
5 3 107 nucleated cells per kilogram for 6/6, 5/6, or 4/6 HLA-matched UCB
units, respectively. In rare cases, a 3/6 matched UCB unit was chosen with a
minimum of 5 3 107 nucleated cells per kilogram. Grafts were thawed and
diluted 1:1 with NaCl 0.9%/albumin 10% in a laminar flow cabin before
infusion; no washing was performed.

Conditioning regimens were selected according to national and international
study protocols open in the program and were most frequently busulfan-based
myeloablative regimens. Busulfan was given IV with therapeutic drug
monitoring aiming for a target cumulative area under the curve (AUC) of 85 to
95 mg*h/L in a myeloablative setting.25,26 ATG (Thymoglobulin; Genzyme,
Cambridge,MA, USA)was administered at a dose of 10mg/kg in 4 consecutive
days according to (inter)national protocols. From 2010 onwards, patients with a
bodyweight.40kg received a reduced dose of 7.5mg/kg.Additionally, thefirst
infusion of ATG relative to the CBT was moved from day25 (before 2010) to
day29 (2010 onwards). Starting from 2013, patients treated for AML or high-
risk acute lymphoid leukemia (ALL) did not receive ATG as part of the
conditioning regimen to ensure early T-cell reconstitution.27 Patients not
receiving ATG were included in the analysis to investigate the full spectrum of
ATG exposures, including no exposure. GVHD prophylaxis consisted of
cyclosporin A with a target trough concentration of 200 to 250 mg/L combined
with prednisolone1mg/kg. Prednisolonewas tapered in 2weeks starting4weeks
post-HCT in benign disorders and 1 week after engraftment in malignant
disorders. Cyclosporin A was continued until 3 months (malignant disease) or
6 months (benign disorders) after HCT. Patients were prophylactically treated
with acyclovir; treatment of viral reactivations of adenovirus, cytomegalovirus
(CMV), andEpstein-Barr virus (EBV)was startedafter reaching1000copies/mL.
All patients received gut decontamination and Pneumocystis jiroveci prophy-
laxis according to local protocol as previously described.15 Patientswere treated
in high-efficiency, positive-pressure, particle-free isolation rooms.

ATG concentrations

Active ATG concentrations were measured in serum every week following the
first infusion of ATG.23 Using a validated pediatric population pharmacokinetic

model,23 full concentration–time curves could be estimated, and pharmacoki-
netic exposures measures were calculated. These included the total AUC, the
AUC before (defined as the AUC from start of first infusion up to the infusion of
the graft) and after (defined as the AUC from start of infusion to infinite time, ie,
total eliminationof allATG)CBT,maximumconcentration, andconcentration at
the time of infusion of the graft. ATG exposure measures were calculated using
NONMEM 7.3.0 (Icon, Dublin, Ireland).

Lymphocyte subsets

Lymphocyte subsets, consisting of CD31, CD41, and CD81 T cells, B cells,
(CD191), and natural killer cells (CD561CD32),weremeasured after reaching a
leukocyte count of .0.43 109 cells/L. Cell counts were followed every other
week up to 12 weeks after CBT and monthly thereafter.

Outcomes

Mainoutcomeof interestwasCD41T-cell IR, defined as having.50/mLTcells
in 2 consecutivemeasurements within 100 days. The definitionwas based on the
previously demonstrated association between chance of survival and achieving
50/mL CD41 T cells within 100 days after transplantation.6,9,12,15 Patients who
deceased within 100 days were evaluated until date of death.

Other outcomes of interest were overall survival (OS), defined as days to
death of any cause or last follow up; and event-free survival (EFS), defined as
days to first event (death due to any cause, relapse, or graft failure) or last follow-
up. Nonrelapse mortality (NRM) and relapse-related mortality (RRM) were
defined as death due to any cause other than relapse and death due to relapse,
respectively, or last follow up. Acute and chronic GVHD were classified
according to the Glucksberg28 and Shulman29 criteria. Graft failure was defined
as nonengraftment or secondary rejection. Probability on neutrophil reconstitu-
tion defined as the first day of achieving a neutrophil count $0.5 3 109/L of
3 consecutive days; viral reactivations of CMV, adenovirus, and EBV were
defined as the first day having.1000 copies/mL in blood . Both AUC of ATG
before and after CBT and CD41 IR were investigated as predictor for clinical
outcomes. Additionally, other IR markers including CD31, CD41, B cell, and
natural killer cell counts were evaluated as a predictor for outcome. All patients
were censored at the date of last contact.

Statistical analyses

Duration of follow-upwas defined as the time fromCBT to last contact or death.
Factors considered as predictors for outcome included patient-related variables
(age, sex, CMV serostatus, and EBV serostatus), disease variables (malignancy,
primary immune deficiency, bone marrow failure syndromes, or benign
non–primary immune deficiency ), donor related variables (HLA-disparity,
CMV serostatus, EBV serostatus), treatment period (before or after median year
of transplantation), ATG exposure measures (AUC before and after CBT) and
CD41 IR. IR was considered as a time-varying predictor. Variables with a
2-sided P value of, .05 in univariate analysis were considered as a predictor in
multivariate analysis. Probabilities of survivalwere determined using theKaplan
Meier estimation; P values were calculated using a 2-sided log-rank test. Cox
proportional hazard and logistic regressionmodels were used. For the end points
acute and chronic GVHD, NRM, and RRM, Fine-Gray competing risk models
were used. For finding optimal cutoff values for the main outcome of interest,
receiving–operator characteristic curves were used. The cutoff with the
maximum sum of sensitivity and specificity, and therefore the most accurate,
was selected. Statistical analyses were performed using R version 3.2.3, with the
packages cmprsk, survival, and ROCR.

Results

Patients

A total of 137 patients with a median age of 7.4 (range, 0.2-22.7) were
included in this analysis (Table 1; split for ATG exposure in
supplemental Table 1, available on the Blood Web site). Of these
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patients, 66 patients (48%) were included in a previous analysis.15

Most (82%) patients received ATG as part of their conditioning
regimen; ATG was omitted in 17 out of 30 patients with AML and 6
out of 20 patients with ALL. One patient (0.7%) was excluded due to
the development of anti-ATG antibodies. A busulfan-based condi-
tioning regimen was the most frequently used (89%) and was com-
binedwith eitherfludarabine alone (67%)orfludarabine andclofarabine
(22%). The indication for CBT was a nonmalignant disorder in 58%
of the patients. Median follow-up was 44 months (0.2-143).

Main outcome of interest

Low exposure toATG after infusion of the CB transplant was found to
be the best predictor for successful CD41 IR. In multivariate analysis,
probability on CD41 IR was reduced 26% with every 10-point
increase inAUCafter CBT (hazard ratio [HR], 0.974; 95% confidence
interval [CI], 0.962-0.986;P, .0001; Table 2; supplemental Table 2).
Next, the optimal cutoff in exposure to ATG after CBT for CD41

IR was investigated using receiving–operator characteristic curves.
The most optimal cutoff was found to be 16 AU*day/mL, with a
specificity of 85% with a sensitivity of 65% (supplemental Figure 1).
Therefore, the patientswere divided in groups of noATG, lowAUCafter
CBT exposure (,16 AU*day/mL), and high AUC after CBT ($16
AU*day/mL). Omitting ATG resulted in 100%CD41 IR, while patients
that did receive ATG had a lower chance of reaching IR (81%6 6%,
P5 .008 and 33%6 6%, P, .0001 in no ATG versus lowAUC and
versus high AUC, respectively; Figure 1). This was also true when
malignant and nonmalignant indications were analyzed separately
(supplemental Figure 4). No other multivariate predictors for CD41 IR
were found (supplemental Table 1). When investigating whether the
optimal ATG exposure differed based on donor, recipient, or transplant
characteristics, no variables could be identified, indicating the optimal
exposure after CBT is,16AU*day/mL, irrespective of disease, age, and
HLA match grade.

Other outcomes of interest according to ATG exposure

after CBT

EFS was comparable in patients not receiving ATG and having low
ATG exposure after CBT, while those with high AUC after CBTATG
had a significantly lower EFS comparedwith each of the other 2 groups
(Figure 2; supplemental Figure 3). However, patients not receiving
ATG are not comparable to those that do, as ATG is omitted only in
AML and high-risk ALL. In multivariate analysis, high ATG exposure
after CBT (HR, 1.005; 95%CE, 1.001-1.009; P5 .0071) and positive
recipient CMV serostatus were multivariate predictors for inferior EFS
(HR, 1.99; 95% CI, 1.13-3.49; P 5 .016). Here, ATG exposure after
CBT was introduced as a continuous covariate to use the full statistical
power of the data and minimize bias. Chance of OS was comparably
improved with lower ATG exposure after CBT (HR, 1.005; 95% CI,
1.001-1.009; P5 .026). This indicates that every 10-point increase in
ATG exposure after CBT results in 5% lower survival probability.
RRM and relapse incidence were not impacted by ATG exposure, but
the incidenceofNRMwas significantly reduced inpatientswitha lower
ATGexposure afterCBT (HR, 1.005; 95%CI, 1.001-1.009;P5 .028).
No viral reactivations were observed in the no-ATG group, and a trend
toward lower viral reactivations was observed with lowATG exposure
when comparedwith highATGexposure (supplemental Figure 2). The
number of patients at risk were similar in the 3 groups (supplemental
Table 1), while the number of infectious deaths was lower in the no-
ATGand low-exposure groups (supplementalTable3).GVHDwasnot
impactedbyexposure toATGafterCBT(P5 .42,P5 .21, andP5 .12
for grade 2-4 acute GVHD, grade 3-4 acute GVHD, and extensive
chronicGVHD, respectively).No influence of cell dose (total nucleated
cells per kilogram) infused was noted on neutrophil reconstitution
(supplemental Figure9), and the impact ofATGexposure onneutrophil
engraftment was similar among groups (supplemental Figure 5).

Other outcomes of interest according to use of ATG

No difference in GVHD incidence was found based on ATG exposure
levels. Therefore, we investigated whether the use of ATG influenced
the probability of developingGVHD.Here, we found that although the
use ofATGdid not predict the incidence of grade 2-4GVHD(P5 .78),
patients receivingATGhad a significantly lower incidence of grade 3-4
acute GVHD compared with those not receiving ATG (HR, 0.27; 95%
CI, 0.08-0.86; P 5 .027). No differences were found in incidence of
chronic GVHD and graft failure according to the use of ATG, which

Table 1. Patient characteristics

Characteristic Total

Number of patients 137

Male sex 82 (60)

Age at transplant (y), median (range) 7.4 (0.2-22.7)

Patients receiving ATG 112 (82)

Diagnosis

Malignancy 56 (41)

ALL 22 (16)

AML 30 (22)

Lymphoma 4 (3)

PID 33 (24)

BM failure 7 (5)

Benign non-PID 41 (30)

Conditioning regimen

Bu-Flu 92 (67)

Bu-Flu-Clo 30 (22)

TBI based 10 (7)

Cy-Flu 5 (4)

Match grade

6/6 matched 55 (40)

5/6 matched 63 (46)

4/6 matched 18 (13)

3/6 matched 1 (1)

Follow-up (mo), median (range) 44 (0.2-143)

Values are n (%) of patients unless indicated otherwise.

Bu, busulfan; Clo, clofarabine; Flu, fludarabine; PID, primary immune deficiency;

TBI, total body irradiation.

Table 2. Multivariate analysis

Variable HR 95% CI P value Significance level

Post-HCT AUC of ATG

(continuous)

CD41 IR 0.974 0.962-0.986 ,.0001 ****

EFS 1.005 1.001-1.009 .0071 **

OS 1.005 1.001-1.009 .026 *

NRM 1.005 1.001-1.009 .028 *

Use of ATG (no ATG

is reference)

Acute GVHD grade 2-4 0.878 0.353-2.185 .78

Acute GVHD grade 3-4 0.268 0.083-0.862 .027 *

Chronic extensive GVHD 1.132 0.137-9.383 .91

IR (no IR is reference)

EFS 0.264 0.156-0.447 ,.0001 ****

OS 0.516 0.279-0.955 .035 *

NRM 0.358 0.154-0.829 .017 *

RRM in myeloid leukemia 0.134 0.03-0.595 .008 **

* ,.05; ** ,.01; *** ,.001; **** ,.0001.
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may be due to the low number of events (5% and 11% for chronic
GVHD and graft failure, respectively).

Other outcomes of interest in the context of CD41 IR

Within the IRmarkers, we found CD41 IR to be the strongest and only
predictor for the outcomes of EFS, OS, NRM, and RRM.

PatientswithsuccessfulearlyCD41IRatday1100hadabetterchance
of EFS (HR, 0.26; 95%CI, 0.16-0.45;P, .0001; Figure 3A). This is also
true when subdividing in malignant and nonmalignant disease groups
(supplementalFigure7). Inaddition toCD41IR,negativeCMVserostatus
before transplantation was a multivariate predictor of an improved chance
of EFS. OS was comparably improved with successful CD41 IR (HR,
0.51; 95% CI, 0.28-0.95; P 5 .035, Figure 3B; supplemental Figure 8).
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Moreover, successful CD41 IR lowered the chance of NRM (Figure 3C)
andRRM(Figure3D), the latter only incasesofmyeloid leukemia (a small
subgroup of patients). In the multivariate models for NRM and RRM,
CD41IRwas theonlypredictor (NRM:HR,0.36;95%CI,0.15-0.83;P5
.0017; RRM: HR, 0.13; 95% CI, 0.03-0.60; P5 .008). In patients not
reaching CD41 IR, infectious disease was the most common cause of
NRM (11 out of 52 patients compared with 5 out of 85 patients with
CD41 IR). Other causes ofNRMwere comparable between the groups.

Discussion

To our knowledge, this is the largest pediatric single-center study
comprehensively investigating the relationships among ATG

exposure, CD41 T-cell IR, and clinical outcomes. We show that
even very minimal exposure to ATG after CBT has a detrimental
effect on early CD41 IR. We also found that both ATG exposure
and CD41 IR are predictors of clinical outcome, including EFS,
OS, and NRM. The use of ATG was associated with a lower
incidence of grade 3-4 acute GVHD, but not grade 2-4 or chronic
GVHD, possibly because of the low incidence of chronic GVHD
(,5%). While recognizing the limitations of a retrospective cohort
study, the strengths of this study include the homogeneous group of
patients analyzed (eg, conditioning regimens, GVHD prophylaxis,
and supportive care). Additionally, the inclusion of consecutive
patients with prospective data collection minimizes the risk of
potential bias, and includingpatientswhodidnot receiveATG(n525)
provided information regarding the maximum potential of CD41

reconstitution after CBT. Taken together, these results stress the
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importance to aim for optimal ATG exposure in pediatric CBT,
both for achieving early IR and for ensuring an improved chance
of survival.

Outcomes ofCBThave improved significantly over the last decade.
In the 1990s and early 2000s, lower engraftment rateswere a significant
disadvantage ofCBT; however, the current use of higher cell-dose units
has significantly reduced this disadvantage.4 Although NRM due to
infectious causes is still reported to be a serious limitation of CBT, this
occurs mainly in the context of ATG in the conditioning regimen. In
a report on cell-source comparison without ATG, very low incidences
of viral reactivations are reported.30 In the absence of ATG, relapse
incidence is suggested to be lower with CBT than with other cell
sources. More studies are warranted to confirm this finding, as other
factorsmay be influential.4,5 As timely IR seems essential in preventing
RRMandNRM, strategies to improve IR to increase protection against
viral disease and relapse of malignancy are warrented.7,15,27,30 T-cell
IR has been associated with the use, dose, and timing of serotherapy,
indicating that a higher dose of serotherapy shortly before infusion of
the graft is detrimental for timely and robust IR.6,14,27,31,32 Thus, in
vivo exposure of graft-infused T cells to serotherapy results in
significant depletion of T cells and limits the exceptional proliferative
capacity of cord blood T cells, as recently shown.15 The present study
confirms that very lowexposure toATGhas a dramatic effect onT-cell
reconstitution potential irrespective of disease group, and no exposure
to ATG results in exceptional IR potential. The IR potential in CBT is
possibly even better than that in transplantation of other stem cell
sources, as suggested before.27 In the major landmark studies by
Rocha et al and Eapen et al comparing cord blood to other stem cell
sources,most cord bloodpatients receivedATG.3,33 Taking the results
of the current study into account, when reducing in vivo exposure of
ATG to the graft in these studies, the cord blood groups may have
performed better. Moreover, the presented results are very likely true
in adult CBT as well, potentially at a greater magnitude. Due to the
higher body weights in adults compared with children, the number of
infused T cells per kilogram is mostly lower. Additionally, from a
pharmacokinetic perspective, ATG clearance is markedly higher in
smaller (younger) children compared with older children and is likely
to be even lower in adults. Therefore, current dosages ofATG in adults
may result in very high ATG exposure after infusion of the CBT and
fully deplete the even lower amount of graft-infused T cells,
subsequently leading to poor IR.

Both successful CD41 IR and lower ATG exposure after CBT
were associated with survival, as they both lowered NRM and
RRM in AML. This is in line with previous studies, where CD41

IR was associated with lower incidence of viral reactivations and
relapse and a better chance of survival.6,9,15,27,30 However, few
studies have reported on the association between ATG pharma-
cokinetics (PK) and survival, where PK is evaluated either as
single concentration measurements or as exposure. Studies inves-
tigating single concentrations at a certain time point could not
find a correlation with survival, while actual exposure of ATG
before and after transplantation was associated with a variety
of outcomes.15,19-21,34 This discrepancy may be due to a lower
number of patients included in the concentration studies; however,
ATG exposure (AUC) more likely harbors more information
compared with single concentration samples and therefore is a
stronger predictor.35

In the current study, the use of ATG led to a lower incidence
of grade 3-4 acute GVHD, which is in line with previous
studies.6,36-38 However, no correlation was found between the
use of ATG and grade 2-4 GVHD, extensive chronic GVHD, and
graft failure, which in previous studies were related to ATG

exposure before transplantation. The absence of a correlation may
be due to the relatively low incidence of chronic GVHD and graft
failure in this cohort (5% and 11% for extensive chronic GVHD and
graft failure, respectively). The incidence of acute GVHD grade 2-4
was relatively low compared with a previous study in which ATG
was omitted.27 This difference may be due to different GVHD-
prophylaxis regimens: the current study used prednisolone (together
with cyclosporine) while Chiesa et al used mycophenolate mofetil
(together with cyclosporine).27

Strategies for improved and predictable T-cell IR are warranted
and may lead to an improved chance of survival following HCT.
This is especially important in CBT, where even very low exposure
after CBT has a major impact on the probability of CD41 IR.
Omission of ATG in a CBT setting for all indications may
contribute to improved IR but is less feasible in immune-competent
recipients, in whom the omission of ATG could potentially lead to
more graft failure or GVHD.6,27 All chemo-naive patients (eg,
benign disorders) received ATG in the current analysis. Therefore,
no inferences can be made on omitting ATG in these patients based
on this study. Individualizing ATG exposure is an alternative
strategy; dosing is based on patient characteristics (eg, weight and
absolute lymphocyte count), with the aim of reaching optimal
exposure before and after CBT. The advantages of individualized
dosing include optimal IR while protecting against GVHD and
graft failure, thereby offering the best of both worlds. This approach
is currently being investigated in a prospective clinical trial (Dutch
trial register NTR4960). If proven to be effective, an individualized
dosing regimen for ATG, based on body weight and absolute
lymphocyte count, is relatively easy to implement in all centers, as
ATG PK measuring is not required. For more complicated cases (eg,
patients at high risk for graft failure), therapeutic drugmonitoringmay
be an additional tool to target the ATG exposure more precisely. This
requires some expertise in terms of pharmacological modeling and
settingup andvalidating an assay.Alternatively, samples can be sent to
a centralized laboratory with an operational validated active ATG
measuring assay.

These data and data from others suggest that ATG can be safely
omitted in patients receiving a CBT for a chemotherapy pretreated
malignancy.6,27,34 The chance of rejection is low in these patients,
making the omission of ATG an easier and safer solution to ensure
low or no exposure to ATG after CBT. For nonmalignant and
chemo-naive malignant indications, ATG exposure before CBT
may help prevent rejection, as previously shown.15 Future studies
have to show whether individualized ATG dosing (aiming for
sufficiently high exposure before CBT) inmalignant indications is
of additional value to prevent severe acute GVHD (as suggested
in a previous study) while ensuring optimal EFS.15 Furthermore,
the broader T-cell repertoire of reconstituting naive CD41 cells
after CBT may have an additional advantage over BM and
PBSCs,39 as cord blood cells have an exceptional learning capac-
ity despite their naivety and show a lower incidence of viral
reactivation30 and stronger antileukemic activity.4,5,7 The high num-
ber of naive cells makes CBT a powerful platform for adjuvant
cellular therapies (eg, cell vaccinations),40,41 as the above-mentioned
associations suggest that efficient priming of these cellsmay enhance
antileukemic activity.

In conclusion, this study shows the importance of adequate
targeting of ATG exposure after CBT to ensure early CD41 T-cell
reconstitution. By omitting ATG or using individualized dosing and
timing of ATG aimed at optimal target exposure, T-cell IR will
improve.Our data indicate that promotingCD41 IRwill likely improve
the chance of survival by lowering both RRM and NRM.

BLOOD, 8 DECEMBER 2016 x VOLUME 128, NUMBER 23 ATG EXPOSURE AFTER CORD BLOOD TRANSPLANTATION 2739

For personal use only.on December 28, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


Acknowledgments

Amelia Lacna and Lysette Epskamp-van Raaij are acknowledged for
measuring the ATG concentrations.

This study was funded by a Rational Pharmacotherapy Program
grant (40-41500-98-11044) from the Dutch Organization for Scientific
Research.

Authorship

Contribution: R.A. designed the research, analyzed data, and
wrote the manuscript; C.A.L. and J.J.B. designed the research,
analyzed data, included patients, and wrote the manuscript; S.N.

and C.v.K. analyzed data and wrote the manuscript; A.B.V. and
M.B.B. included patients and wrote the manuscript; all authors
reviewed and approved the final version of the manuscript; and
R.A. and J.J.B. had full access to all of the data in the study and
take responsibility for the integrity of the data and the accuracy of
the data analysis.

Conflict-of-interest disclosure: UMC Utrecht is conducting
an investigator-initiated clinical trial to evaluate individualized
dosing of ATG, which is supported by an unrestricted research
grant from Sanofi. The work was performed independently of all
funders.

ORCID profiles: R.A., 0000-0003-1512-2791; J.J.B., 0000-
0003-2232-6952.

Correspondence: Jaap J. Boelens, Department of Pediatric Im-
munology, University Medical Centre Utrecht, PO Box 85500, 3508
AB Utrecht, The Netherlands; e-mail: j.j.boelens@umcutrecht.nl.

References

1. Ballen KK, Gluckman E, Broxmeyer HE. Umbilical
cord blood transplantation: the first 25 years and
beyond. Blood. 2013;122(4):491-498.

2. Eapen M, Klein JP, Sanz GF, et al; Eurocord-
European Group for Blood and Marrow
Transplantation; Netcord; Center for International
Blood and Marrow Transplant Research. Effect of
donor-recipient HLA matching at HLA A, B, C, and
DRB1 on outcomes after umbilical-cord blood
transplantation for leukaemia and myelodysplastic
syndrome: a retrospective analysis. Lancet Oncol.
2011;12(13):1214-1221.

3. Rocha V, Cornish J, Sievers EL, et al.
Comparison of outcomes of unrelated bone
marrow and umbilical cord blood transplants in
children with acute leukemia. Blood. 2001;97(10):
2962-2971.

4. Eapen M, Rubinstein P, Zhang M-J, et al.
Outcomes of transplantation of unrelated donor
umbilical cord blood and bone marrow in children
with acute leukaemia: a comparison study.
Lancet. 2007;369(9577):1947-1954.

5. Brunstein CG, Gutman JA, Weisdorf DJ, et al.
Allogeneic hematopoietic cell transplantation for
hematologic malignancy: relative risks and
benefits of double umbilical cord blood. Blood.
2010;116(22):4693-4699.

6. Lindemans CA, Chiesa R, Amrolia PJ, et al.
Impact of thymoglobulin prior to pediatric
unrelated umbilical cord blood transplantation
on immune reconstitution and clinical outcome.
Blood. 2014;123(1):126-132.

7. Hiwarkar P, Qasim W, Ricciardelli I, et al. Cord
blood T cells mediate enhanced antitumor effects
compared with adult peripheral blood T cells.
Blood. 2015;126(26):2882-2891.

8. Ponce DM, Zheng J, Gonzales AM, et al.
Reduced late mortality risk contributes to similar
survival after double-unit cord blood
transplantation compared with related and
unrelated donor hematopoietic stem cell
transplantation. Biol Blood Marrow Transplant.
2011;17(9):1316-1326.

9. Bartelink IH, Belitser SV, Knibbe CAJ, et al.
Immune reconstitution kinetics as an early
predictor for mortality using various hematopoietic
stem cell sources in children. Biol Blood Marrow
Transplant. 2013;19(2):305-313.

10. Kanda J, Chiou LW, Szabolcs P, Sempowski GD,
Rizzieri DA, Long GD, et al. Immune recovery in
adult patients after myeloablative dual umbilical
cord blood, matched sibling, and matched
unrelated donor hematopoietic cell
transplantation. Biol Blood Marrow Transplant.
2012;18:1664-1676.

11. Servais S, Lengline E, Porcher R, et al. Long-term
immune reconstitution and infection burden after
mismatched hematopoietic stem cell
transplantation. Biol Blood Marrow Transplant.
2014;20(4):507-517.

12. Booth C, Veys P. T cell depletion in paediatric
stem cell transplantation. Clin Exp Immunol. 2013;
172(2):139-147.

13. Szabolcs P, Niedzwiecki D. Immune
reconstitution after unrelated cord blood
transplantation. Cytotherapy. 2007;9(2):111-122.

14. Duval M, Pédron B, Rohrlich P, et al. Immune
reconstitution after haematopoietic
transplantation with two different doses of pre-
graft antithymocyte globulin. Bone Marrow
Transplant. 2002;30(7):421-426.

15. Admiraal R, van Kesteren C, Jol-van der Zijde
CM, et al. Association between anti-thymocyte
globulin exposure and CD41 immune
reconstitution in paediatric haemopoietic cell
transplantation: a multicentre, retrospective
pharmacodynamic cohort analysis. Lancet
Haematol. 2015;2(5):e194-e203.

16. Waller EK, Langston AA, Lonial S, et al.
Pharmacokinetics and pharmacodynamics of
anti-thymocyte globulin in recipients of partially

HLA-matched blood hematopoietic progenitor
cell transplantation. Biol Blood Marrow
Transplant. 2003;9(7):460-471.

17. Parkman R, Cohen G, Carter SL, et al. Successful
immune reconstitution decreases leukemic
relapse and improves survival in recipients of
unrelated cord blood transplantation. Biol Blood
Marrow Transplant. 2006;12(9):919-927.

18. Ishaqi MK, Afzal S, Dupuis A, Doyle J, Gassas A.
Early lymphocyte recovery post-allogeneic
hematopoietic stem cell transplantation is
associated with significant graft-versus-leukemia
effect without increase in graft-versus-host
disease in pediatric acute lymphoblastic leukemia.
Bone Marrow Transplant. 2008;41(3):245-252.

19. Podgorny PJ, Ugarte-Torres A, Liu Y, Williamson
TS, Russell JA, Storek J. High rabbit-antihuman
thymocyte globulin levels are associated with low
likelihood of graft-vs-host disease and high
likelihood of posttransplant lymphoproliferative
disorder. Biol Blood Marrow Transplant. 2010;
16(7):915-926.

20. Remberger M, Persson M, Mattsson J,
Gustafsson B, Uhlin M. Effects of different serum-
levels of ATG after unrelated donor umbilical cord
blood transplantation. Transpl Immunol. 2012;
27(1):59-62.

21. Call SK, Kasow KA, Barfield R, et al. Total and
active rabbit antithymocyte globulin (rATG;

Thymoglobulin) pharmacokinetics in pediatric
patients undergoing unrelated donor bone marrow
transplantation. Biol Blood Marrow Transplant.
2009;15(2):274-278.

22. Seidel MG, Fritsch G, Matthes-Martin S, et al.
Antithymocyte globulin pharmacokinetics in
pediatric patients after hematopoietic stem cell
transplantation. J Pediatr Hematol Oncol. 2005;
27(10):532-536.

23. Admiraal R, van Kesteren C, Jol-van der Zijde
CM, et al. Population pharmacokinetic modeling
of Thymoglobulin(�) in children receiving
allogeneic-hematopoietic cell transplantation:
towards improved survival through individualized
dosing. Clin Pharmacokinet. 2015;54(4):435-446.

24. Jol-van der Zijde CM, Bredius RG, Jansen-
Hoogendijk AM, et al. IgG antibodies to ATG early
after pediatric hematopoietic SCT increase the
risk of acute GVHD. Bone Marrow Transplant.
2012;47(3):360-368.

25. Bartelink IH, Boelens JJ, Bredius RGM, et al.
Body weight-dependent pharmacokinetics of
busulfan in paediatric haematopoietic stem cell
transplantation patients: towards individualized
dosing. Clin Pharmacokinet. 2012;51(5):331-345.

26. Bartelink IH, Bredius RGM, Belitser SV, et al.
Association between busulfan exposure and
outcome in children receiving intravenous
busulfan before hematologic stem cell
transplantation. Biol Blood Marrow Transplant.
2009;15(2):231-241.

27. Chiesa R, Gilmour K, Qasim W, et al. Omission of
in vivo T-cell depletion promotes rapid expansion
of naı̈ve CD41 cord blood lymphocytes and
restores adaptive immunity within 2 months after
unrelated cord blood transplant. Br J Haematol.
2012;156(5):656-666.

28. Glucksberg H, Storb R, Fefer A, et al. Clinical
manifestations of graft-versus-host disease in
human recipients of marrow from HL-A-matched
sibling donors. Transplantation. 1974;18(4):
295-304.

29. Shulman HM, Sullivan KM, Weiden PL, et al.
Chronic graft-versus-host syndrome in man. A
long-term clinicopathologic study of 20 Seattle
patients. Am J Med. 1980;69(2):204-217.

30. Hiwarkar P, Gaspar HB, Gilmour K, et al. Impact
of viral reactivations in the era of pre-emptive
antiviral drug therapy following allogeneic
haematopoietic SCT in paediatric recipients.

Bone Marrow Transplant. 2013;48(6):803-808.

31. Na I-K, Wittenbecher F, Dziubianau M, et al.
Rabbit antithymocyte globulin (thymoglobulin)
impairs the thymic output of both conventional
and regulatory CD41 T cells after allogeneic

2740 ADMIRAAL et al BLOOD, 8 DECEMBER 2016 x VOLUME 128, NUMBER 23

For personal use only.on December 28, 2016. by guest  www.bloodjournal.orgFrom 

http://orcid.org/0000-0003-1512-2791
http://orcid.org/0000-0003-2232-6952
http://orcid.org/0000-0003-2232-6952
mailto:j.j.boelens@umcutrecht.<!?A3B2 tvjmline 0mm?>nl
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


hematopoietic stem cell transplantation in adult
patients. Haematologica. 2013;98(1):23-30.

32. Willemsen L, Jol-van der Zijde CM, Admiraal
R, et al. Impact of serotherapy on immune
reconstitution and survival outcomes after
stem cell transplantations in children:
thymoglobulin versus alemtuzumab. Biol
Blood Marrow Transplant. 2015;21(3):
473-482.

33. Eapen M, Rocha V, Sanz G, et al; Center for
International Blood and Marrow Transplant
Research; Acute Leukemia Working Party
Eurocord (the European Group for Blood Marrow
Transplantation); National Cord Blood Program of
the New York Blood Center. Effect of graft source
on unrelated donor haemopoietic stem-cell
transplantation in adults with acute leukaemia:
a retrospective analysis. Lancet Oncol. 2010;
11(7):653-660.

34. Admiraal R, Chiesa R, Bierings M, et al. Early
CD41 immune reconstitution predicts

probability of relapse in pediatric AML after
unrelated cord blood transplantation: importance
of preventing in vivo T-cell depletion using
Thymoglobulin�. Biol Blood Marrow Transplant.
2015;21:S206.

35. Gabrielsson J, Weiner D. Pharmacokinetic
and Pharmacodynamic Data Analysis:
Concepts and Applications. 3rd ed.
Stockholm, Sweden: Swedish Pharmaceutical
Press; 2001.

36. Theurich S, Fischmann H, Shimabukuro-
Vornhagen A, et al. Polyclonal anti-thymocyte
globulins for the prophylaxis of graft-versus-host
disease after allogeneic stem cell or bone
marrow transplantation in adults. [Review]
Cochrane Database Syst Rev. 2012; (9):
CD009159.

37. Finke J, Bertz H, Schmoor C, et al. Allogeneic
bone marrow transplantation from unrelated
donors using in vivo anti-T-cell globulin. Br J
Haematol. 2000;111(1):303-313.

38. Bacigalupo A, Lamparelli T, Bruzzi P, et al.
Antithymocyte globulin for graft-versus-host
disease prophylaxis in transplants from
unrelated donors: 2 randomized studies from
Gruppo Italiano Trapianti Midollo Osseo (GITMO).
Blood. 2001;98(10):2942-2947.

39. van Heijst JWJ, Ceberio I, Lipuma LB, et al.
Quantitative assessment of T cell
repertoire recovery after hematopoietic stem
cell transplantation. Nat Med. 2013;19(3):372-377.

40. Spel L, Boelens J-J, Nierkens S, Boes M.
Antitumor immune responses mediated by
dendritic cells: How signals derived from
dying cancer cells drive antigen cross-
presentation. OncoImmunology. 2013;
2(11):e26403.

41. de Haar C, Plantinga M, Blokland NJ, et al.
Generation of a cord blood-derived Wilms Tumor 1
dendritic cell vaccine for AML patients treated with
allogeneic cord blood transplantation.
OncoImmunology. 2015;4(11):e1023973.

BLOOD, 8 DECEMBER 2016 x VOLUME 128, NUMBER 23 ATG EXPOSURE AFTER CORD BLOOD TRANSPLANTATION 2741

For personal use only.on December 28, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


online October 4, 2016
 originally publisheddoi:10.1182/blood-2016-06-721936

2016 128: 2734-2741
 
 

Stefan Nierkens and Jaap Jan Boelens
Rick Admiraal, Caroline A. Lindemans, Charlotte van Kesteren, Marc B. Bierings, A. Birgitta Versluijs,
 
exposure after pediatric cord blood transplantation
Excellent T-cell reconstitution and survival depend on low ATG
 

http://www.bloodjournal.org/content/128/23/2734.full.html
Updated information and services can be found at:

 (2180 articles)Transplantation    
 (492 articles)Pediatric Hematology    

 (4219 articles)Free Research Articles    
 (4440 articles)Clinical Trials and Observations    

Articles on similar topics can be found in the following Blood collections

http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about reproducing this article in parts or in its entirety may be found online at:

http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about ordering reprints may be found online at:

http://www.bloodjournal.org/site/subscriptions/index.xhtml
Information about subscriptions and ASH membership may be found online at:

  
Copyright 2011 by The American Society of Hematology; all rights reserved.
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society

For personal use only.on December 28, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/content/128/23/2734.full.html
http://www.bloodjournal.org/cgi/collection/clinical_trials_and_observations
http://www.bloodjournal.org/cgi/collection/free_research_articles
http://www.bloodjournal.org/cgi/collection/pediatric_hematology
http://www.bloodjournal.org/cgi/collection/transplantation
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
http://www.bloodjournal.org/site/subscriptions/index.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

