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Serotherapy comprising agents such as anti-thymocyte globulin, anti-T-lymphocyte

globulin, and the anti-CD52 monoclonal antibody alemtuzumab is used widely to

reduce the incidence of graft-versus-host disease (GvHD) after paediatric haematopoietic

stem cell transplantation (HSCT). The outcome of transplants using matched unrelated

donors now approaches that of matched sibling donors. This is likely due to better

disease control in recipients, the use of donors more closely human-leukocyte antigen

(HLA)-matched to recipients, and more effective graft-versus-host disease (GvHD)

prophylaxis. The price paid for reduced GvHD is slower immune reconstitution of T cells

and thus more infections. This has led to studies looking to optimise the amount of

serotherapy used. The balance between prevention of GvHD on one side and prevention

of infections and relapse on the other side is quite delicate. Serotherapy is given

with chemotherapy-/radiotherapy-based conditioning prior to HSCT. Due to their long

half-lives, agents used for serotherapy may be detectable in patients well after graft

infusion. This exposes the graft-infused T cells to a lympholytic effect, impacting T-cell

recovery. As such, excessive serotherapy dosing may lead to no GvHD but a higher

incidence of infections and relapse of leukaemia, while under-dosing may result in a

higher chance of serious GvHD as immunity recovers more quickly. Individualised dosing

is being developed through studies including retrospective analyses of serotherapy

exposure, population pharmacokinetic modelling, therapeutic drug monitoring in certain

centres, and the development of dosing models reliant on factors including the patient’s

peripheral blood lymphocyte count. Early results of “optimal” dosing strategies for

serotherapy and conditioning chemotherapy show promise of improved overall survival.
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INTRODUCTION

In allogeneic haematopoietic stem cell transplantation (HSCT)
for acute lymphoblastic leukaemia (ALL) the term serotherapy
is used to describe inclusion of anti-thymocyte globulin (ATG),
anti-T-lymphocyte globulin (ATLG), or alemtuzumab in the
conditioning regimen.

Anti-thymocyte serumwas developed by HSCT pioneers early
in the history of transplantation (1, 2). After being used for
the treatment of graft-versus-host disease (GvHD) during the
1970s (3), serotherapy was introduced to some conditioning
regimens before allogeneic HSCT in order to induce T-cell
depletion in the recipient. This led to enhanced engraftment as
well as GvHD prophylaxis by depleting both recipient antigen-
presenting cells and donor T cells from the graft (4). The result
of ATG administration varies widely depending on product used,
dosage, timing (around day-10 vs. just prior to graft infusion),
leukocyte count at time of administration and patient age.

Horse ATG, while routinely used in the treatment of severe
aplastic anaemia, is currently rarely used in the modern HSCT
setting, thus we will not discuss this product here. Two different
rabbit ATG products are indicated for GvHD prophylaxis,
namely Thymoglobulin R© (Sanofi Genzyme, France; G-ATG) and
Grafalon R© (Neovii, Switzerland, formerly Fresenius ATG or F-
ATG). Grafalon R© is also referred to as ATLG.

The two rabbit ATG preparations differ in their derivation
and, therefore, their effects are different. Thymoglobulin R© is
obtained from rabbits after administration of human thymocytes,
while Grafalon R© is obtained from rabbits after administration
of a specific immortalised T-cell line: Jurkat cells (5). Both
products contain polyclonal antibodies directed against many
antigens involved in immune cell trafficking and adhesion as
well as antigens on T cells, B cells, natural killer (NK) cells,
and other immune cells (6). The variety of antibodies and
the titres differ between the two products, leading to different
pharmacokinetic (PK) and pharmacodynamic (PD) profiles.
These differences must be taken in consideration when analysing
study data and interpreting study reports. Dosage and scheduling
matter since they lead to different serum levels and exposure
duration post-HSCT asmeasured by the area under the curve and
other variables.

By contrast, alemtuzumab is a monoclonal antibody that
specifically targets CD52 glycoprotein, an antigen expressed on
the surface of normal B and T lymphocytes, NK cells, monocytes,
macrophages, and some dendritic cells. It was originally
developed in the United Kingdom from rat immunoglobulin
(Campath-1G) and later was modified to be the first humanised
monoclonal antibody, Campath-1H. Originally the formulation
was marketed as Mabcampath R© and was used to treat CD52+

T- and B-cell cancers, notably chronic lymphocytic leukaemias
and other lymphocyte-mediated conditions (7). It is currently
licenced and formulated for the treatment of relapsing multiple
sclerosis as Lemtrada R© but is still available for use alongside
HSCT in some jurisdictions. As with ATG products, its effects
on both donor and recipient immune cells differs depending on
dose and timing of administration. Its use is rare outside of the
United Kingdom in the context of HSCT for paediatric ALL.

For a review of the approach to GvHD prophylaxis beyond
serotherapy as well as the management of patients developing
GvHD, including those with steroid-refractory GvHD, see the
review by Diaz de Heredia Rubio et al. in the current supplement.

PRACTISE DIFFERENCES IN THE

INCLUSION OF ATG IN CONDITIONING

REGIMENS

One challenge in assessing the role of serotherapy in treating
ALL patients has been practise differences, especially notable
in North American vs. European trials. Accepted practise in
North America, as shown by large, randomised trials, generally
omits serotherapy for matched unrelated donors (MUDs). Large
randomised trials of the Children’s Oncology Group (ASCT0431:
a randomised trial of tacrolimus and methotrexate vs. sirolimus,
tacrolimus, and methotrexate in patients with ALL in first or
second complete remission) and the Bone Marrow Transplant
Clinical Trials Network [CTN0201: bone marrow vs. peripheral
blood stem cells (PBSCs) in MUD HSCT; CTN0501: 1 vs. 2
cord blood units for ALL or acute myeloid leukaemia (AML)] all
omitted serotherapy (8–10). In contrast, large, randomised trials
in Europe conducted in a similar time period [ALL-SCT-Berlin-
Frankfurt-Münster (BFM)-2003 trial: MUD vs. sibling donors
in ALL; For Omitting Radiation Under Majority age (FORUM)
trial: total body irradiation (TBI) vs. non-TBI conditioning for
ALL] included serotherapy for all MUD recipients (11, 12).
While more recent data from serotherapy trials have led to an
increase in the use of serotherapy for mismatched unrelated
donors (MMUDs) in North America, debate remains about the
role of serotherapy in recipients of bonemarrowHSCT from fully
matched unrelated donors.

USE OF LOW-DOSE VS. HIGH-DOSE ATG

In 2017, Locatelli et al. published the results of a prospective,
multicentre, randomised, open-label Phase III trial looking at
the efficacy of two different doses of rabbit ATG to prevent
GvHD in children with haematological malignancies (aged 0–
18 years) undergoing HSCT from MUDs (13). Prior to this
study, none of the published trials had focused on a paediatric
population. The study was performed in seven Italian centres
in collaboration with the HSCT Working Group of the Italian
Association for Paediatric Haematology and Oncology (AIEOP).
The study used bone marrow and PBSC transplants from
unrelated donors matched at ≥6 out of 8 loci. Randomisation
was between a total dose of 15 mg/kg and 30 mg/kg of
rabbit ATG (Grafalon R©) given between day-4 and day-2 with
myeloablative conditioning. All patients also received GvHD
prophylaxis with cyclosporine A. The study found that, in
children with haematological malignancies, the use of 15 mg/kg
rabbit ATG resulted in better overall survival [OS; 78 vs. 62%,
respectively, hazard ratio (HR) 1.80, p = 0.045] and event-free
survival (77 vs. 61%, respectively, HR 1.87, p = 0.028) than that
observed with a 30 mg/kg dose. ATG at a dose of 15 mg/kg can
spare life-threatening viral infections caused by delayed T-cell

Frontiers in Pediatrics | www.frontiersin.org 2 January 2022 | Volume 9 | Article 805189

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Keogh et al. Serotherapy in Paediatric ALL Transplantation

reconstitution without significantly increasing the incidence of
acute and chronic GvHD and without adversely affecting other
outcomes such as engraftment or relapse.

In 2020, Kang et al. published results of a retrospective study
also looking at the optimal dosing of ATG for transplantation of
children with leukaemia receiving a PBSC graft from a MUD or
haploidentical family donor (HFD) (14). The primary aim was
to look at OS and relapse rates with secondary aims including
evaluation of the severity of acute GvHD, chronic GvHD,
and infectious complications that arose because of delayed
immune reconstitution. The retrospective cohort of patients
was identified from a prospectively enrolled HSCT registry in
Seoul, South Korea, between April 2009 and September 2018.
Patients underwent first HSCT for leukaemia fromMUD or HFD
with unmanipulated PBSCs after receiving Thymoglobulin R© in
the conditioning regimen from day-4 to day-1. From 2009 to
2014, recipients of a MUD graft received 7.5 mg/kg ATG and
recipients of an HFD graft received 10 mg/kg ATG. From 2014
to 2018, recipients of an MUD graft received 3.75 mg/kg ATG
and recipients of an HFD graft received 5 mg/kg ATG.

Patients with ALL made up 50% of the 78 patients in the
low-dose group (3.75–5 mg/kg) and 44.1% of the 118 patients
in the high-dose group (7.5–10 mg/kg). Multivariate analysis
showed that both the European Society of Bone and Marrow
Transplantation (EBMT) disease stage at transplant and ATG
dose group (low or high dose) had a significant influence on
OS and relapse incidence. The high-dose ATG group had an
increased risk of death [HR 2.02, 95% confidence interval (CI)
1.05–3.88, p = 0.036] and relapse (HR 1.81, 95% CI 1.03–3.17,
p = 0.038) compared with the low-dose ATG group. There was
no significant difference in the cumulative incidence of acute
GvHD or chronic GvHD between the high- and low-dose ATG
groups. The high-dose ATG group also had a higher incidence of
cytomegalovirus viraemia (70.3 vs. 51.3%, respectively, p= 0.007)
and Epstein-Barr virus reactivation (81.4 vs. 39.7%, respectively,
p= 0.001) than the low-dose ATG group.

CONSENSUS RECOMMENDATIONS ON

SEROTHERAPY IN HSCT

An international expert panel published consensus
recommendations on the use of rabbit ATG (i.e.,
Thymoglobulin R© or Grafalon R©) in HSCT in 2020 (15).
They developed the recommendations using the Delphi method
with focused review of the role of rabbit ATG based upon
published randomised trials, multiple meta-analyses, and expert
consensus. The review included both paediatric and adult studies
and concluded: (1) Rabbit ATG is indicated for MUD or MMUD
bone marrow or PBSC grafts to prevent severe acute and chronic
GvHD; (2) rabbit ATG could possibly be of use for related
donors, although the data were from a single trial using PBSC;
(3) Use of rabbit ATG in reduced-intensity conditioning (RIC)
may be appropriate but comes at a cost of an increased risk of
relapse; and (4) use of rabbit ATG in haploidentical bone marrow
transplantation is regimen specific and the role with cord blood
grafts is inconclusive. Specifics about dosing, side effects and
post-HSCT management were also reviewed.

A major challenge with developing consensus
recommendations relevant to paediatric patients with ALL
is that available data are largely drawn from adult studies which
used PBSC grafts and, furthermore, studies using cord blood
grafts included the use of double cords, which is common in
adults and associated with higher rates of GvHD compared with
grafts from single cords. Of note, the dosing and PK of rabbit
ATG in children can vary significantly from adults (16). These
variations lead to different practise in paediatrics vs. adults for
myeloablative first HSCT for ALL, where rabbit ATG is generally
not used because MSD HSCT is performed using bone marrow
(9, 11). For umbilical cord grafts, randomised trials have shown
significant increases in acute and chronic GvHD when multiple
cord blood units are used (10, 17); however, for single-unit grafts
(which are most often used in paediatrics), acceptable rates of
acute GvHD and very low rates of chronic GvHD occurred (18).
This has led to some experts concluding that serotherapy may
not be needed for HSCT when a single cord unit is used. This
theory is supported by a meta-analysis (19). However, other
experts have argued that, with appropriate timing and dosing of
rabbit ATG, this serotherapy could possibly lead to a benefit in
umbilical cord HSCT for ALL in children (20).

POPULATION PHARMACOKINETICS AND

PHARMACODYNAMICS OF ATG

Dosing of ATG in children was traditionally based on
extrapolations of adult dosing. A fixed dose per kilogramme is
usually given to children 0–18 years of age. Here, the assumption
is made that both the PK and PD of ATG show a linear increase
with body weight. An understanding that this is usually not the
case led to the investigation of the PK and PD of ATG in children.
Since the brands of ATG are not biosimilar, their PK and PD will
also not be fully comparable. As such, we will present data below
according to each specific brand of ATG.

THYMOGLOBULIN® (SANOFI GENZYME)

Some studies have investigated ATG concentration–time curves
and how these are impacted by anti-ATG antibodies (21). Partly
based on their findings, a formal population PK study was
performed in children receiving Thymoglobulin R© (22). This
showed that both body weight and absolute lymphocyte count
just prior to the first dose of Thymoglobulin R© were good
predictors of PK. Absolute lymphocyte counts were included
because they are the target for Thymoglobulin R© binding and thus
affect its clearance.

The overall goal of describing population PK was to develop
an individualised dosing regimen for Thymoglobulin R© to be
used in future patients. With the PK elucidated, the next step
was to identify the optimal exposure of Thymoglobulin R©. The
exposure to Thymoglobulin R© before graft infusion was found
to drive the effects of this serotherapy, while over-exposure
after infusion of the graft led to toxicity (14, 23). Higher
exposure of Thymoglobulin R© after graft infusion was highly
correlated with poor or absent early T-cell recovery, which
in turn was a strong predictor for treatment-related mortality
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and viral reactivations. Thymoglobulin R© exposure before graft
infusion, however, decreased GvHD and graft failure. Moreover,
the PD was found to be dependent on stem cell source, as the
earlier Thymoglobulin R© is administered in conditioning the less
antibody is present at the time of HSCT infusion. For example,
some approaches have started Thymoglobulin R© administration
earlier in conditioning for cord blood transplantations.

Based on the population PK model and the determination of
the therapeutic window for Thymoglobulin R©, an individualised
dosing regimen has been designed for its use in children (24).
The optimal dose for each patient is calculated based on three
factors: (1) body weight, (2) baseline lymphocyte counts, and
(3) stem cell source. Patients with higher body weights, lower
lymphocyte counts, and receiving a cord blood graft are proposed
to receive a lower dose in mg/kg compared to patients with lower
body weights, higher lymphocyte counts and receiving a
bone marrow or PBSC graft. In addition, the first infusion of
Thymoglobulin R© is given more distally to the HSCT in order
to increase the exposure before graft infusion and decrease the
exposure after graft infusion. The first dose of Thymoglobulin R©

is given on day-9 before HSCT for MUD and cord
blood grafts.

The efficacy of this individualised dosing regimen has been
assessed in a prospective, open-label, Phase II clinical trial.
Patients receiving individualised dosing of Thymoglobulin R©

showed superior T-cell recovery compared with patients
receiving fixed dosing, with 83 vs. 54% achieving a CD4 count
of >50/mm3 at two consecutive timepoints within 100 days after
HSCT, respectively. Despite the relatively small sample size, a
trend towards improved OS was observed with individualised
dosing vs. fixed dosing, and rates of GvHD were the same
between groups (24).

GRAFALON® (NEOVII)

The current literature on Grafalon R© PK and PD remains
limited to studies investigating concentration–time curves (23).
Some inferences regarding the clearance of Grafalon R© and
Thymoglobulin R© may be imprecise as they are made based
on non-compartmental analysis, which in light of the highly
non-linear PK properties of ATG may be inaccurate. No
population PK models of Grafalon R© are available, nor are
reports of investigations into the exposure–effect relationship or
individualised dosing.

THERAPEUTIC DRUG MONITORING OF

ATG

While individualised dosing of ATG is more accurate in attaining
the desired exposures, there is still some unpredictable variability
between patients. To minimise variability, therapeutic drug
monitoring (TDM) can be used. An important requirement for
quality TDM is a reliable, reproducible, and fast assay for the
active fraction of ATG. This may well be the major limiting step
for implementing TDM for ATG in most centres. To our best

knowledge, the only centre that performs TDM for ATG are
several Centres in The Netherlands.

Given that TDM is a costly and time-consuming procedure,
at the Princess Maxima Centre, criteria have been developed
such that TDM is only performed where there is a high risk for
graft failure, GvHD or ongoing infections and in patients who
receive a cord blood transplant and need swift immune recovery.
Furthermore, patients receiving a second course of ATG could
possibly be eligible for TDM to screen for anti-ATG antibodies.
As most patients with ALL do not meet these criteria, few have
been subject to ATG TDM in clinical practise.

PHARMACOGENETICS OF ATG

Currently, the role of pharmacogenetics in ATG pharmacology is
limited. As no hepatic metabolism is involved in ATG clearance,
there is no role of pharmacogenetic variants of the cytochrome
p450 or glucuronosyltransferase families. Hypothetically, there
may be a role of variants of Fc receptors (FcR), receptors
which are part of the recycling process of immunoglobulins
including ATG (25). Whether these variants also impact rabbit
immunoglobulin G and cause differences in PK between patients
remains to be investigated.

POPULATION PHARMACOKINETICS OF

ALEMTUZUMAB AND COMPARISON WITH

ATG

Some studies have reported on the population PK of
alemtuzumab. Three of these investigated alemtuzumab in
the setting of allogeneic HSCT; one is published only as a
conference proceeding (26). In the two published studies, one
investigated alemtuzumab PK after relatively high intravenous
dosing (27), and one investigates both the PK and PD of
alemtuzumab following subcutaneous dosing (28). Both identify
only body weight as a predictor of alemtuzumab PK, not
lymphocyte counts as was previously found in ATG PK (22).
Explanations may be that most children in the intravenous
study received a relatively high dose of alemtuzumab, thereby
introducing an excess of drug in relation to target. The authors
of the paper on subcutaneous alemtuzumab (28) suggest the
limited number of patients in their studies caused the lack of
relationship between lymphocyte counts and PK.

One study has investigated peri-transplant alemtuzumab
concentrations in relation to outcome of HSCT in 105 patients
aged 0.3 to 27.2 years with non-malignant disease (29).
The investigators identified that a very low concentration of
alemtuzumab <0.15µg/mL led to a lower incidence of mixed
chimerism and better T-cell recovery but at the same time led to a
higher incidence of acute GvHD. The authors did not investigate
overall exposure of alemtuzumab as a predictor for outcome.

There are significant differences between ATG
(Thymoglobulin R©) and alemtuzumab in terms of PK and PD.
Most striking is the difference in population clearance, which is
10- and 2-times lower for alemtuzumab than Thymoglobulin R©

when measured by as linear clearance or as the maximum
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elimination rate in saturable clearance, respectively (22, 26).
Patient-to-patient variability is also considerably higher for
alemtuzumab than Thymoglobulin R© (26). Furthermore, the
clearance of Thymoglobulin R© is higher in patients with higher
lymphocyte counts, while this is not a predictor for alemtuzumab
PK. In terms of PD, the so-called lympholytic level is significantly
lower with alemtuzumab (0.1µg/mL) than ATG (1.0 AU/mL)
(30, 31). Due to lower clearance, the fraction of exposure to
alemtuzumab occurring after infusion of the graft is higher after
standard dosages and infusion timing. Therefore, alemtuzumab
may be present at lympholytic levels for longer than is ATG, and
its PK is less predictable.

SUMMARY

While there are still controversies regarding the role of
serotherapy in transplantation for paediatric ALL and variations
in practise around the world, studies continue to elucidate
optimal timings and doses per agent. In addition, research into

PK modelling and TDM continue to improve our knowledge
regarding the correct dosing of each agent for the paediatric
population, allowing clinicians to better tailor dose to specific

patient characteristics. Pharmacogenetics are likely to play less
of a role in serotherapy dosing than they do in the dosing of
chemotherapy drugs used for conditioning. TDM for serotherapy
has challenges and will likely be done only in specialised centres
focused on research aimed at predicting population data and
recommending dosing for paediatric patients.
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