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SUMMARY

Background

Anti-thymocyte globulin (ATG) was introduced into the conditioning regimen in haemo-
poietic cell transplantation (HCT) to prevent graft-versus-host-disease (GvHD) and graft
failure. However, ATG can also cause delayed immune reconstitution of donor T cells. We

studied the relation between exposure to active ATG and clinical outcomes in children.

Methods

In this retrospective analysis, all patients (age 0-2-23 years) receiving their first HCT be-
tween April 1, 2004, and April 1, 2012, who received ATG (thymoglobulin) in two Dutch
paediatric HCT programmes were included. The cumulative dose of ATG was chosen
according to local protocols and was given intravenously over 4 days consecutively. ATG
exposure measures (maximum concentration, concentration at time of HCT, clearance,
days to reach a concentration below the lympholytic concentration of one arbitrary unit
[AU] per mL, total area under the curve [AUC], AUC before HCT, and AUC after HCT)
were calculated using a validated population pharmacokinetic model. The main outcome
of interest was immune reconstitution (defined as CD4+ T cells >0-05 x 10° cells per L in
two consecutive measurements within 100 days). Other outcomes of interest were survival,
acute and chronic GvHD, and graft failure. We used Cox proportional hazard models,

logistic regression models, and Fine-Gray competing risk regressions for analyses.

Findings

251 patients were included. The chance of successful immune reconstitution decreased as the
ATG AUC after HCT increased (odds ratio 0-991, 95% CI 0-987-0-996; p<0-0001). Within
the cord blood group, we noted decreased immune reconstitution above the lowest AUC
quartile (220 AU x day/mL; p=0-0024), whereas in the bone marrow or peripheral blood
stem cell group, decreased immune reconstitution was noted only in the highest quartile
(2100 AU x day/mL; p=0-0024). Successful immune reconstitution by day 100 was associ-
ated with increased overall survival (hazard ratio [HR] 0-49, 95% CI 0-29-0-81; p=0-0047)
caused by reduced non-relapse mortality (0-40, 0-21-0-77; p=0-0062), and relapse-related
mortality in myeloid leukaemia (0-25, 0-08-0-76; p=0-015). An AUC before transplantation
of at least 40 AU x day/mL resulted in a lower incidence of acute GvHD (grade 2-4 HR
0-979, 95% CI 0-963-0-994; p=0-0081; and grade 3-4 0-975, 0-952-0-998; p=0-033), chronic
GvHD (0-983, 0-968-0-998; p=0-029), and graft failure (0-981, 0-965-0-997; p=0-020) com-
pared with an AUC of less than 40 AU x day/mL.
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Interpretation

These results stress the importance of improving the efficacy and safety of ATG in HCT by
amending dosage and timing. Individualised dosing and timing of ATG to aim for optimum

exposure before and after HCT could result in improved outcomes after paediatric HCT.

Funding

Dutch Organization for Scientific Research.

INTRODUCTION

Haemopoietic cell transplantation (HCT) is a curative treatment for various underlying
malignancies and benign disorders in children. To reduce the risk of graft failure and
graft-versus-host disease (GvHD), in-vivo lymphodepletion through serotherapy, such as
by anti- thymocyte globulin (ATG), was introduced into conditioning regimens." Although
serotherapy has led to a decreased incidence of GvHD and graft failure, side- effects such
as viral reactivation and a loss of graft- versus-leukaemia effect have emerged, caused by

delayed or absent early T-cell reconstitution after HCT.*®

Although ATG is a commonly used serotherapy drug, its optimum therapeutic window and
the timing of treatment have not been defined. Nevertheless, the dosage of ATG has been
suggested to affect outcome in terms of GvHD, graft failure, and immune reconstitution.”””
Since ATG has a half-life of 5-14 days, which means patients are exposed to ATG both
before and after HCT,*"' the timing of ATG relative to the HCT (i.e., starting day -9 or
day -5) also has an effect on outcome.” The variable and unpredictable exposure to ATG
after comparable doses of ATG further complicates this treatment.”'>"> Moreover, T-cell

7 and the risk of GYHD**"* differs between cord blood, bone marrow, or

reconstitution
peripheral blood stem cell sources, suggesting that optimum exposure might vary between

graft types.

Furthermore, different products of ATG are not biosimilar; in this study, we focus on thy-
moglobulin (Genzyme, Cambridge, MA, USA) because it is the most frequently used type
of ATG in HCT. When treating children, developmental pharmacokinetics also needs to
be taken into account. The commonly used dosing regimen of thymoglobulin in HCT is
a dose of 2-5 mg/kg for 4 days consecutively starting on day -5. This results in markedly
different exposure to ATG between age groups, with older children having a disproportion-
ately higher exposure because clearance per kg is lower in older than in younger children.'®
Also, a low lymphocyte count at the time of ATG infusion, which is the target for ATG and

therefore its elimination pathway, leads to high ATG exposure.'®
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We aimed to assess the relation between ATG exposure, calculated using a recently devel-
oped pharmacokinetic model,'® and clinical outcome. To achieve this, we did a retrospective
analysis to relate different exposure measures of the pharmacologically active fraction of
ATG (hereafter referred to as ATG) to various outcome parameters of HCT, such as immune

reconstitution, GvHD, graft failure, and survival.

METHODS

Study design and patients

In this analysis, we included all patients (age 0-2-23 years) who received allogeneic HCT
with ATG (thymoglobulin only) as part of the conditioning regimen who were enrolled
at two paediatric HCT centres in the Netherlands (University Medical Center Utrecht
[UMCU], Utrecht, and Leiden University Medical Center [LUMC], Leiden) from April
1, 2004, to April 1, 2012. Only patients undergoing their first HCT were included; there
was no restriction on the indication, cell source used, or dose of ATG used. Consecutive
patients were included. We excluded patients who were in receipt of serotherapy other than
thymoglobulin within 3 months before HCT and those who developed neutralising IgG
anti-ATG antibodies within 1 month after HCT. Clinical data were collected prospectively
and registered to the clinical database. Additionally, blood samples were prospectively col-

lected for measurement of ATG concentrations.

Minimum follow-up for surviving patients was 6 months. Patients were included and data
collected after written informed consent was obtained in accordance with the Declaration
of Helsinki. Institutional ethical committee approval for sample and data collection was
obtained through trial numbers 05/143 and 11/063-k (UMCU) and P01.028 (LUMC).

Procedures

According to national and international protocols, patients typically received a cumulative
dose of 10 mg/kg ATG (thymoglobulin); the infusion of the first dose was started a median
of 5 days (range 1-19) before transplantation. The daily dose was administered as a continu-
ous 4 h infusion at constant rate (UMCU) or as an infusion with an increasing rate over 4-5
h (LUMC). According to the local protocol, patients weighing over 40 kg who were treated
from 2010 onwards in UMCU received a lower dose of 7-5 mg/kg ATG. Patients treated
from 2010 onwards with a cord blood transplant in UMCU received ATG at day -9 instead
of day -5. According to local protocol, patients with haemophagocytic lymphohistiocytosis
received higher doses of ATG.
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Conditioning regimens were given according to national and international protocols. For
busulfan-containing regimens, which were given intravenously, therapeutic drug monitoring
was used to aim for an area under the curve (AUC) of 75-95 mg x h/day in a myeloablative
setting.””"® Reduced-intensity conditioning with ATG was reserved for patients with severe
aplastic anaemia and Fanconi’s anaemia. Patients who were receiving a reduced intensity
conditioning for other indications received alemtuzumab as serotherapy and were therefore
not included in this study. Patients received gut decontamination, infection prophylaxis,
and GvHD prophylaxis according to local protocols, as described previously."*"® GYHD pro-
phylaxis mostly consisted of cyclosporin A, with a target trough concentration of 150-250
ug/L controlled by therapeutic drug monitoring, combined with either prednisolone 1 mg/
kg per day for patients receiving a cord blood transplant; or mycophenolate mofetil 15 mg/
kg per day or methotrexate 10 mg/m? (on days 1, 3, and 6 after transplantation) for patients
receiving an unrelated donor transplant. GvHD prophylaxis was given intravenously and
cyclosporin A, mycophenolate mofetil, and prednisolone were switched to oral at discharge.
Patients were treated in high-efficiency, particle-free, air-filtered, positive-pressure isolation
rooms. Patients received clemastine and prednisolone (2 mg/kg) intravenously before and

during ATG infusion.

After reaching a leucocyte count of at least 0-3 x 10° cells per L, lymphocyte subsets, includ-
ing CD3+, CD4+, and CD8+ T cells, B cells, and natural killer cells, were measured by flow
cytometry at least every other week up to 12 weeks after HCT and monthly thereafter up to
6 months after HCT.

Serum ATG concentrations were measured in blood samples collected before and after each
infusion in LUMC only and every other week thereafter in both centres.'® These data were
used to develop and validate a population pharmacokinetic model for ATG.16 Using these
findings and this model, concentration-time profiles including all ATG exposure measure-
ments of interest could be accurately calculated in all patients. ATG exposure measures of
interest were maximum concentration, concentration at time of HCT, clearance, days to
reach a concentration below the lympholytic concentration of one arbitrary unit (AU) per
mL," total AUC, AUC before HCT, and AUC after HCT. All ATG exposure measures were
calculated using NONMEM 7.2.0.

Outcomes

The main outcome of interest was immune reconstitution, defined as repopulation of CD4+
T lymphocytes. This definition was based on their central role in adaptive immunity and in
activating phagocytic cells, as well as their relation with survival.” A CD4+ T-lymphocyte
count of at least 0-05 x 10° cells per L in two consecutive measurements within 100 days

after HCT was deemed successful immune reconstitution. This count was chosen because
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counts under this limit are associated with a higher probability of viral reactivations.”"’

Patients who died before 100 days of follow-up were assessed until the date of death.

We were also interested in the association between ATG exposure and overall survival,
event-free survival, non-relapse and relapse mortality, acute and chronic GvHD, graft fail-
ure, and effect of graft type. We were also interested in the effect of immune reconstitution
on the outcomes of interest. Overall survival was defined as the time from transplantation to
last follow-up or death. Event-free survival was defined as survival from HCT to last contact
whereby graft failure, relapse of disease, or death were regarded as events. All surviving
patients were censored at date of last contact. Non-relapse mortality was defined as death
due to causes other than relapse of a malignancy; relapse-related mortality was defined as
death due to relapse of a malignancy. Acute GVHD (grade 2-4 and grade 3-4) was classified
according to the Glucksberg® criteria and chronic GvHD (extensive vs no or limited) was
classified according to the Shulman®' criteria. Graft failure was defined as non- engraftment
(i.e., autologous reconstitution) or graft rejection (i.e., secondary loss of donor chimerism).
In case of non-engraftment, the time of non-engraftment was set at 60 days after HCT.
Additionally, we analysed the association between CD3+, CD8+, and natural killer recon-

stitution and clinical endpoints.

Statistical analysis

Duration of follow-up was the time to the last assessment for patients who were alive at
the end of the study, or death. We assessed the association between outcome and patient-
related variables (age at transplant, sex, and cytomegalovirus status); disease (malignancy,
primary immune deficiency, bone marrow failure, or benign non-primary immune defi-
ciency); donor factors (HLA disparity and cytomegalovirus status); conditioning regimen
(myeloablative or reduced intensity conditioning); and ATG exposure measures (maximum
concentration, concentration at time of HCT, days to reach a concentration below the
lympholytic concentration of 1 AU/mL, total AUC, AUC before HCT, and AUC after HCT).
Clinical outcomes were analysed in subgroups in terms of the different ATG exposure or

patient characteristics, including stem cell sources.

Variables associated with a p value less than 0-05 by univariate analysis were selected for
testing in a multivariate analysis. Probabilities of event-free survival and overall survival
were calculated using the Kaplan- Meier estimate; we used the two-sided log-rank test for
univariate comparisons. Time-dependent outcomes were analysed using Cox proportional
hazard models. For the endpoints non-relapse mortality, relapse-related mortality, acute
GvHD, chronic GvHD, and graft failure we used Fine-Gray competing risk regressions.”
For dichotomous variables, univariate and multivariate logistic regression analyses were

done. Statistical analyses were done using R version 3.0.1.
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Role of the funding source

The funder of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. RA and JJB had full access to all the data in the study

and had final responsibility for the decision to submit for publication.

RESULTS

251 patients were included: 142 at LUMC and 109 at UMCU (table 1). Bone marrow (118
[47%] of 251) and cord blood (91 [36%]) were the main stem cell sources, and 116 (46%) pa-
tients had a malignant disease as the indication for HCT. Six (2%) patients (three from each
institute) were excluded from the analysis because of neutralising IgG anti-ATG antibodies.
Median follow-up was 111 weeks (IQR 32-209). A median of 11 (range 1-32) ATG serum

samples were available per patient.

The AUC of ATG after transplantation was predictive of successful immune reconstitution
of CD4+ T cells. With increasing exposure after HCT (ranging from 0 to 480 AU x day/mL),
the chance of successful immune reconstitution before day 100 decreased for every one-
point increase in the AUC (odds ratio 0-991, 95% CI 0-987-0-996; p<0-0001; figure 1A). In
multivariate analyses, low AUC after HCT, a matched donor, and bone marrow or peripheral
blood source of stem cells were associated with successful immune reconstitution. Table 2
lists a summary of the results of multivariate analyses of the effect of ATG exposure on
clinical outcome parameters; the AUC after HCT affected immune reconstitution, whereas
the AUC before HCT affected acute and chronic GvHD and graft failure.

We also examined the effect of graft type on immune reconstitution and survival. Figure
2 shows the effect of AUC after transplantation using ATG on CD4+ T-cell reconstitution
and overall survival in all patients, those who received cord blood transplants, and those
who received bone marrow or peripheral blood stem cell transplants. Few patients who had
peripheral blood stem cell transplants were included in this study; therefore, bone marrow
and peripheral blood stem cells were analysed as one group since outcomes, including im-
mune reconstitution, were similar (data not shown). We divided the cohort into four groups
according to exposure after HCT; cut-off values were chosen according to the quartiles of
exposure after HCT (20, 50, and 100 AU x day/mL, respectively). Reconstitution of CD4+
T cells was markedly different between stem cell sources. Within the cord blood group, we
noted decreased immune reconstitution above the lowest AUC quartile (<20 AU x day/mL
vs 220 AU x day/mL; p=0-0024; figure 2B), whereas in the bone marrow or peripheral blood
stem cell group, decreased immune reconstitution was noted only in the highest quartile
(<100 AU x day/ mL vs 2100 AU x day/mL; p=0-0024 figure 2C). The amount of CD4+
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Leiden Utrecht Total
Number of patients (n) 142 109 251
Male sex [n (%)] 96 (68) 61 (56) 157 (63)
Age (years) 6.2 (0.4-19) 5.9 (0.2-23) 6.2 (0.2-23)
Starting day ATG (days before transplantation) 5(3-9) 5(1-19) 5(1-19)
Cumulative dose [n (%)]
<9 mg/kg 4(3) 5(5) 9 (4)
9-11 mg/kg 136 (96) 97 (89) 233 (92)
>11 mg/kg 2(1) 7 (6) 9(4)
Number of concentration samples (mean per patient) 15 6 11
Diagnosis [n (%)]
Malignancy 69 (49) 47 (43) 116 (46)
Immune deficiency 23 (16) 28 (26) 51 (20)
Bone marrow failure 6 (4) 9(8) 15 (6)
Benign disorders 44 (31) 25(23) 69 (28)
Stem cell source [n (%)]
Bone marrow 89 (63) 29 (27) 118 (47)
Peripheral blood stem cells 30 (21) 12 (11) 42 (17)
Cordblood 23 (16) 68 (62) 91 (37)
Conditioning regimen* [n (%)]
Reduced intensity 0(0) 6 (5) 6(2)
Chemotherapy-based myelo-ablative 103 (73) 88 (81) 191 (76)
TBI-based myelo-ablative 39 (27) 15 (14) 54 (22)
Positive CMV status of recipient [n (%)] 70 (49) 56 (51) 126 (50)
Positive CMV status of donor [n (%)] 57 (40) 19 (17) 76 (30)
Follow up (weeks) 126 (3-427) 84 (1-382) 111 (1-427)

Shown as median (range) unless otherwise specified

Table 1: Patient characteristics. Myelo-ablative chemo is defined as busulfan-based regimens (Targeting to a
myelo-ablative exposure: > 70mg(-100)*h/L) or TBI > 7Gy unfractioned or > 10Gy fractioned, as per the in-
ternational guidelines. RIC (Reduced Intensity Conditioning) contained Cyclophosphomide and Fludarabine.
Values are shown as median (range) unless otherwise specified. TBI: total body irradiation, CMV: cytomega-
lovirus.

T-cell reconstitution over time in the lowest exposure group in cord blood (<20 AU x day/

mL) was similar to that noted with bone marrow or peripheral blood stem cells (p=0-54).

Successful immune reconstitution at day 100 was associated with increased overall survival
(hazard ratio [HR] 0-49, 95% CI 0-29-0-81; p=0-0047; figure 1B, table 2). In multivariate
analyses, diagnosis group and mismatched donor were associated with worse survival. In

all patients, overall survival was significantly different in the four post-transplant ATG
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Variable Univariate Multivariate

P HR 95% CI p-value
Post-HCT AUC
CD4+ Immune reconstitution <0.00001 0.995 (0.991-0.998) 0.0049
Overall survival <0.00001 1.001 (0.998-1.004) 0.50
Acute GVHD grade 2-4 <0.00001 0.992 (0.984-1.001) 0.078
Acute GVvHD grade 3-4 <0.00001 0.995 (0.985-1.006) 0.40
Chronic extensive GYHD <0.00001 0.998 (0.990-1.005) 0.57
Pre-HCT AUC
Acute GVHD grade 2-4 <0.00001 0.979 (0.963-0.994) 0.0081
Acute GVHD grade 3-4 <0.00001 0.975 (0.952-0.998) 0.033
Chronic extensive GYHD <0.00001 0.983 (0.968-0.998) 0.029
Graft failure <0.00001 0.981 (0.965-0.997) 0.020

Immune reconstitution

Overall Survival 0.0002 0.489 (0.295-0.809) 0.0047
Non-relapse mortality 0.0002 0.403 (0.213-0.774) 0.0062
Relapse mortality in myeloid leukaemia 0.024 0.248 (0.082-0.761) 0.015
Relapse mortality in lymphoid leukaemia 0.74 4.833 (0.931-25.091) 0.061

Table 2. Multivariate analysis. Overview of multivariate analyses using a Cox proportional hazard model.

exposure groups; there was weak evidence of improved survival in the group with lowest
AUC after HCT in the cord blood group compared with other AUC groups (p=0-079, figure
2E). In the bone marrow and peripheral blood stem cell group, patients with the highest
exposure showed worse survival compared with the other exposure groups (p=0-00021,
figure 2F). Successful immune reconstitution by day 100 was also associated with increased
event-free survival (HR 0-45, 95% CI 0-29-0-69; p<0-0001; figure 1B). Non-relapse mor-
tality, relapse, and relapse-related mortality (all patients with relapse died) were affected
by CD4+ reconstitution within the first 100 days (figure 3). The incidence of non-relapse
mortality was lower in patients with successful than in those with unsuccessful immune
reconstitution by day 100 (HR 0-40, 95% CI 0-21-0-77; p=0-0062; figure 3A, table 2). Part of
the non-relapse mortality was caused by infectious deaths, which was also affected by im-
mune reconstitution (p=0-010). Having a mismatched donor was associated with decreased

non-relapse mortality.

Successful immune reconstitution by day 100 was associated with decreased relapse-related
mortality in patients with myeloid malignancy (HR 0-25, 95% CI 0-08-0-76; p=0-015; figure
3B, table 2), but not in lymphoid malignancy (4-83, 0-93-25-09; p=0-061, figure 3C). Since

no patients with relapse after HCT survived, data on relapse incidence were similar to those
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Figure 1. Chance of successful re-
constitution, incidence of acute
graft-versus-host disease, and overall
survival (A) Successful CD4+ T-cell
reconstitution before day 100 (red 0’s)
and grade 2-4 acute GvHD (blue I’s)
versus AUC of active ATG after HCT.
The logistic regression lines show the
chance of successful reconstitution
versus the AUC after HCT (red line)
and the chance of developing acute
GVHD of at least grade 2 versus the
AUC after HCT (blue line). Every I
or O represents a patient with their
respective AUC after HCT (x axis)
and whether they had an event (y
axis, either yes [1; top] or no [0; bot-
tom]). Therefore, the patient with an
AUC after HCT of 480 AU x day/
mL had no immune reconstitution
and no GvHD. (B) Kaplan-Meier
survival curve of overall survival ac-
cording to successful CD4+ T-cell
immune reconstitution. ATG=anti-
thymocyte globulin. AU=arbitrary
units. AUC=area under the curve.
GvHD=graft-versus-host
HCT=haemopoietic cell transplanta-

disease.

tion.

of relapse-related mortality. Similar analyses were done for CD3+ and CD8+ T-cell, B-cell,

and natural killer cell reconstitution; these subsets were less predictive for overall survival

than CD4+ reconstitution (data not shown).

To identify the optimum therapeutic window for targeted and individualised dosing, we

did subgroup analyses within the two stem cell source groups. We noted a direct asso-

ciation between the ATG AUC after transplant and overall survival in a subgroup analysis

of 53 patients who received a cord blood transplantation for a benign disorder and 105

who received HLA-matched bone marrow and peripheral blood stem cells. In patients

who received a cord blood transplant and had benign underlying disease, the AUC after
HCT above or below the median (20 AU x day/mL) affected overall survival (HR 5-1, 95%
CI 1-2-23-1, p=0-035; figure 4A). We noted no other associations with overall survival
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Figure 2. CD4+ T-cell reconstitution and overall survival according to area under the curve after haemopoietic
stem cell transplantation by stem cell source The effect of AUC of ATG after HCT on immune reconstitution
in all patients (A), those who received cord blood transplants (B), and those who received bone marrow and
peripheral blood stem cell transplants (C). The effect of AUC of ATG after HCT on overall survival in all
patients (D), those who received cord blood transplants (E), and those who received bone marrow and periph-
eral blood stem cell transplants (F). P-values are for the comparison between all four groups (log-rank test).
ATG=anti-thymocyte globulin. AU=arbitrary units. AUC=area under the curve. GvHD=graft-versus-host dis-
ease. HCT=haemopoietic cell transplantation.

in subgroup analyses (data not shown). In patients who received cord blood transplants
for a malignant indication, exposure after HCT did not affect overall survival. However,
the number of patients with an AUC less than 20 AU x day/mL after HCT in this group
was low (n=9), probably because of the low lymphocyte count before conditioning, which
leads to low clearance and thus high exposure.'® In patients who received a matched bone
marrow transplant or peripheral blood stem cells, a cut-off of 50 AU x day/mL (median
AUC 45 AU x day/mL) gave the best predictive value of overall survival (HR 4-19, 95% CI
1-24-14-18; p=0-021; figure 4B). We identified no multivariate predictors for this analysis.

In non-matched bone marrow and peripheral blood stem cells, survival at 5 years was 52%
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(95% CI 37-72) when compared with the matched bone marrow and peripheral blood stem
cells, irrespective of AUC after HCT.

The estimated probability of acute GvHD grade 2-4 was not affected by AUC after HCT
in a logistic regression analysis (odds ratio 0-999, 95% CI 0-996-1-003; p=0-78, figure 1A).
ATG exposure after transplantation, divided in quartiles of exposure (<20, 220 to <50,
>50 to <100, and 2100 AU x day/mL; appendix p8) did not affect acute GvHD grade 2-4
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Figure 4. Survival curves according to area under the curve after transplantation in subgroups (A) Overall
survival in patients with a benign underlying disease who had cord blood transplants and had an AUC after
HCT of 20 AU x day/mL or higher (red line) or below 20 AU x day/mL (blue line). (B) Overall survival in
patients who received bone marrow and peripheral blood stem cell transplants from a fully matched donor
and who had an AUC after HCT of 50 AU x day/mL or higher (red line) or below 50 AU x day/mL (blue line).
ATG=anti-thymocyte globulin. AU=arbitrary units. AUC=area under the curve. GvHD=graft-versus-host dis-
ease. HCT=haemopoietic cell transplantation.
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Figure 5. Cumulative incidence curves for acute and extensive chronic graft-versus-host disease and graft fail-
ure according to area under the curve before transplantation Cumulative incidence curves of acute GVHD grade
2-4 (A), acute GvHD grade 3-4 (B), extensive chronic GvHD (C), and graft failure (D) according to active
ATG AUC before HCT below 40 AU x day/mL (red line) or 40 AU x day/mL or higher (blue line). ATG=anti-
thymocyte globulin. AU=arbitrary units. AUC=area under the curve. GvHD=graft-versus-host disease.

(p=0-85), acute GvHD grade 3-4 (p=0-84), or chronic GvHD (p=0-23) in bone marrow
and peripheral blood stem cell recipients, whereas in cord blood recipients, exposure after
transplantation affected acute GvHD grade 2-4 (p=0-0050), but not acute GvHD grade 3-4
(p=0-15) or chronic GVHD (p=0-60).

However, the association between AUC before HCT and acute and chronic GvHD and
graft failure was the strongest association among ATG exposure measures (figure 5). Pre-
transplant exposure above 40 AU x day/mL, which was about the median AUC before
HCT (37 AU x day/mL) was associated with a significantly lower incidence of grade 2-4
(HR 0-979, 95% CI 0-963-0-994; p=0-0081; figure 5A) and grade 3-4 acute GvHD (0-975,
0-952-0-998; p=0-033; figure 5B). Besides the AUC before HCT, malignant disease and
male sex were associated with acute GvHD. A higher AUC before HCT also led to a lower
incidence of extensive chronic GVHD (HR 0-983, 95% CI 0-968-0-998; p=0-029; figure 5C)
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and graft failure (0-981, 0-965-0-997; p=0-020; figure 5D). The incidence of graft failure in
the multivariate analysis was affected by malignant disease. Similar results were found when

stratified by cell source.

DISCUSSION

To our knowledge, this is the first large pharmacokinetic and pharmacodynamic study of
ATG in children to investigate the relation between exposure and clinical outcome (panel);
this study was done with the aim of identifying the optimum therapeutic window of ATG
to optimise ATG dosing and thereby to improve outcome, including survival chances, of
paediatric HCT. With the limitations of a retrospective cohort study taken into account,
our data suggest that active ATG exposure has an effect on the occurrence of successful
immune reconstitution and thereby overall survival, and on the prevention of graft fail-
ure and GvHD. Low exposure after HCT was most important for ensuring early CD4+
T-cell reconstitution, especially in cord blood transplants, whereas immune reconstitution
improved overall survival by reducing both relapse and non- relapse mortality. However,
the AUC after HCT had less effect on the prevention of grade 2-4 or grade 3-4 acute and
extensive chronic GVHD compared with the AUC before HTC, which were more affected by
exposure to ATG before HCT. High exposure before HCT also led to significantly reduced
graft failure. The described optimum range of exposure should be used to study future
individualised dosing of ATG.

Most published studies on ATG pharmacokinetics reported the concentration at single
time-points rather than the more informative exposure of ATG before and after HCT.
Because AUC contains information on the whole concentration-time curve rather than the
concentration at discrete time-points, it usually gives a better prediction of drug effects.”
As expected, immune reconstitution was mostly affected by ATG exposure to the graft—i.e.,
the AUC after HCT. In the first 6-9 months after HCT, patients’ T-cell counts are dependent
on thymus-independent peripheral expansion of T lymphocytes infused with the graft.>*
Adequate immune reconstitution in this period led to fewer viral reactivations and relapses
and subsequently improved survival.**” We showed that low exposure after HCT was as-
sociated with better immune reconstitution, probably because in-vivo lymphodepletion was
reduced, as had been suggested on the basis of active ATG concentrations shortly after
transplantation.” Additionally, this effect was more profound in cord blood transplants
than in bone marrow and peripheral blood stem cells, possibly because of the lower number
of infused T lymphocytes in the graft combined with improved binding and lysing of the
predominant subpopulation of naive cells in cord blood.” Although reconstitution worsened

with increasing AUC after HCT in cord blood, patients with bone marrow and peripheral
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blood stem cells in the three lower exposure groups had equally good reconstitution. Im-
mune reconstitution in cord blood with a low ATG exposure after HCT was comparable to
that in bone marrow and peripheral blood stem cells, although a mean of 1 log fewer T cells
are infused in cord blood,” which is in line with the higher proliferative potential of cord
blood cells.”

The price for lower exposure to ATG after transplantation might be an increased incidence
of GvHD. However, in most studies, no association was found between post- transplanta-

d,>'%* whereas omission of

tion ATG concentrations and acute or chronic GVHD was foun
serotherapy did result in a higher incidence of both acute and chronic GvHD.*****”*! Qur
results are mainly in line with these findings. However, we showed that both acute and
chronic GVHD were affected by exposure before HCT, and suggest that this was possibly
through depletion of antigen-presenting cells, which are pivotal to the induction of acute
GvHD after HCT, and the reduction of inflammatory processes before transplantation,
which might also be a trigger for induction of acute GvHD.? This theory is in line with the
absence of association between successful immune reconstitution and acute GvHD. So far,

no studies have investigated the role of ATG concentrations before HCT on outcome.

Furthermore, total body irradiation has been suggested to give protection against GvHD;”
however, we could not find an additional effect of total body irradiation with a high AUC
of ATG before HCT in our study. The data in this study suggest the optimum AUC after
transplantation in cord blood transplants should be very low—less than 20 AU x day/
mL—whereas in bone marrow and peripheral blood stem cell transplants the target AUC
after HCT should be less than 50 AU x day/mL.

Exposure before transplantation should be above 40 AU x day/mL, irrespective of the stem
cell source. To achieve these target exposures, not only does the dose of ATG need to be
revised, the timing is also of importance. Because of the long half-life of active ATG, a low
AUC after HCT in cord blood can only be achieved by giving ATG earlier before HCT and
possibly at a lower dose depending on weight and lymphocyte count before ATG dosing.
More predictable ATG concentrations and predictable immune reconstitution are also
important when considering adjuvant cellular treatments, such as donor lymphocyte infu-
sions, or engineered cell treatments, such as cell-based vaccinations and T cells with chime-
ric antigen receptors. Controlled ATG exposure by dose individualisation is probably also
of importance in reduced intensity conditioning in both adults and children. Optimisation
of exposure before and after HCT would probably help to reduce the risk of rejection and
improve the ability to have fast immune reconstitution, which is of importance for improv-
ing the graft-versus-leukaemia effect in a reduced intensity conditioning setting. Studies

investigating ATG pharmacokinetics and pharmacodynamics in adults (i.e., myelo-ablative
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and reduced intensity conditioning) are being done by our group. To ensure early and robust
immune reconstitution in patients transplanted with cord blood for haematological malig-
nancies, some centres have abandoned ATG, because the risk of rejection is low in these
patients. In view of our results, this approach seems feasible; early immune reconstitution
reduces both non-relapse and relapse mortality, but the latter only in myeloid leukaemia.
Still, event-free survival is comparable in this patient group when ATG is compared with no
ATG.” Future studies are necessary to study the effects of individualised ATG dosing versus
no ATG in reducing morbidity (e.g. GVvHD) and mortality.

In conclusion, by using an ATG dose that aims to reach the target exposure before and after
transplantation, we expect that optimum immune reconstitution and a low incidence of

GvHD and graft failure can be achieved, which would probably lead to improved survival.
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Panel: Research in Context

Systematic review

We searched Medline on Aug 15, 2014, using the search term “bone marrow trans-
plantation AND antilymphocyte serum”. We selected studies that compared anti-
thymocyte globulin (ATG) versus no ATG, diff erent doses of ATG, and diff erent
starting days of ATG before transplantation, and studies that related outcome to
concentrations of active ATG. No language restrictions were applied. We identified
three systematic reviews, seven randomised controlled trials, 12 clinical controlled
trials, and two case series. Although in most studies no effects of ATG on overall
survival were found, immune reconstitution had a dose-related effect with ATG,
whereby a lower dose led to a better immune reconstitution, which translated into
less viral reactivations. The incidence of acute and chronic graft-versus-host disease
(GvHD) was reduced when ATG was introduced to the conditioning regimen. Also,
there seemed to be a concentration- dependent effect, whereby a higher plasma
concentration of ATG leads to a lower incidence of acute GvHD, but this was not
as evident in chronic GvHD. No studies have reported on effects of ATG on relapse
and rejection. Although this review of the published work included randomised
controlled trials, clinical controlled trials, and case series, these results are in line
with the available systematic reviews, which only included randomised controlled

trials that compared ATG versus no serotherapy.

Interpretation

No previous studies have investigated the relation between several exposure mea-
sures of ATG and clinical outcome in children. In our study, low ATG exposure
after haemopoietic cell transplantation (HCT) led to improved early CD4+ T-cell
immune reconstitution, which was associated with increased survival through im-
proved transplant-related mortality and relapse mortality. The incidence of GvHD
and graft failure could be reduced by ensuring a sufficiently high ATG exposure
before HCT. These exposures before and after HCT determine the therapeutic win-
dow of ATG, providing a target for individualised dosing that needs to be confirmed

in a prospective study.
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