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Acute graft-versus-host disease (aGvHD) continues to be a leading cause of morbidity

and mortality following allogeneic haematopoietic stem cell transplantation (HSCT).

However, higher event-free survival (EFS) was observed in patients with acute

lymphoblastic leukaemia (ALL) and grade II aGvHD vs. patients with no or grade I GvHD

in the randomised, controlled, open-label, international, multicentre Phase III For Omitting

Radiation Under Majority age (FORUM) trial. This finding suggests that moderate-

severity aGvHD is associated with a graft-versus-leukaemia effect which protects against

leukaemia recurrence. In order to optimise the benefits of HSCT for leukaemia patients,

reduction of non-relapse mortality—which is predominantly caused by severe GvHD—

is of utmost importance. Herein, we review contemporary prophylaxis and treatment

options for aGvHD in children with ALL and the key challenges of aGvHD management,

focusing on maintaining the graft-versus-leukaemia effect without increasing the severity

of GvHD.

Keywords: acute graft-versus-host disease (aGVHD), management, hematopoietic (stem) cell transplantation,

children, acute lymphoblastic leukaemia

INTRODUCTION

Relapse is the primary cause of failure of haematopoietic stem cell transplantation (HSCT) for
paediatric acute lymphoblastic leukaemia (ALL). Results obtained in the randomised, controlled,
open-label, international, multicentre Phase III For Omitting Radiation Under Majority age
(FORUM) trial showed a higher probability of leukaemia-free survival in patients aged 4–21 years
at HSCT with ALL experiencing grade II acute graft versus host disease (aGvHD) vs. patients with
no or grade I GvHD, thus suggesting that moderate-grade aGvHD is associated with a graft-versus-
leukaemia (GvL) effect protecting against leukaemia recurrence (1). However, unchecked aGvHD
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continues to be the leading cause of morbidity and mortality
following HSCT (2). For patients with ALL and a high risk of
relapse, HSCT is a key element to establish long-term control
based on GvL activity (3). However, severe aGvHD (grade III–
IV) needs to be avoided because it has the potential for life-
threatening consequences (4), being even more deleterious in
children than in adults as the sequelae occur within a delicate
interplay of many developing organ systems in the growing child
(5). Furthermore, it has to be kept in mind that aGvHD is the
main risk factor for developing chronic graft versus host disease
(cGvHD) (6, 7).

Herein, we review aspects of aGvHD pathology and
management especially relevant to paediatric patients and the
treatment of high-risk leukaemia. We explore approaches to
GvHD prophylaxis, diagnosis and grading, and the incorporation
of GvHD biomarkers into risk stratification models and response
assessment. In addition, we discuss the key challenges and
evidence surrounding aGvHD and the GvL effect.

CLINICAL EVIDENCE FOR A
GRAFT-VERSUS-LEUKAEMIA EFFECT AS
THE DECISIVE FACTOR FOR
ALLO-TRANSPLANTATION IN ALL

The FORUM study was just the latest to indicate that higher
survival may be linked to the presence of a moderate degree
of aGvHD, and a number of studies provide clinical evidence
for the presence of a GvL effect in ALL (8–16). These studies
suggested an effect of both acute and chronic GvHD in decreasing
leukaemia relapse.

An early Italian study in children with ALL showed how
GvHD prophylaxis impacted the relapse rate in children with
ALL in second remission given HSCT from unrelated donors
(11). The rate was 0% for patients who received cyclosporine
+ methotrexate vs. 72% for those who received cyclosporine +
methotrexate + Campath (p = 0.0002). Patients with grade II
aGvHD presented higher EFS rate 64% (95% CI 40–88) than
those with grade 0-I 36% (95% CI 14–58) and grade III-IV 29%
(95% CI 8–51) (p = 0.04). Another Italian study determined
a probability of relapse for children with ALL and cGVHD of
14% (95% CI, 6–21%) compared to 47% (95% CI, 39–54%)
for children with ALL but without cGVHD (p = 0.0001) (12).
Gustafsson Jernberg et al. showed in a single centre study that
cGvHD had a significant impact on relapse (30% in patients
with cGvHD vs. 53% in patients with no cGvHD) and survival
(76% in patients with cGvHD vs. 45% for those with no cGvHD)
(13). Later, the AIEOP-HSCT group demonstrated that grade III
aGvHD vs. no aGvHD protected against leukaemia relapse (RR
0.32, p= 0.019) and improved EFS (RR 0.46, p= 0.047). Limited
cGvHD vs. no cGvHD also impacted relapse rate (RR 0.42, p =

0.026) (14).
In the phase 3 Children’s Oncology Group/Paediatric Blood

and Marrow Transplant Consortium trial (ASCT0431) Pulsipher
et al. showed that a grade I-III aGvHD had an independent
effect decreasing leukaemia relapse. Grades I-III aGvHD led to
a HR of 0.44 for relapse compared with no aGvHD (P = 0.04)
and two fold improvement in EFS (p = 0.01). De novo cGvHD

did not impact outcomes, but cGvHD ocurring after aGvHD
protected against leukaemia relapse (HR 0.14) compared with
no GvHD (p = 0.05). Moreover, it was shown that patients who
were MRD+ pre-transplant and developed aGvHD in the first 2
months after HSCT did not relapse (15). Consequently, patients
who do not develop aGvHD in the first 2 months are candidates
for rapid withdrawal of immunosupression and potential
candidates for other interventions such as post-transplant
immune modulation and other immunotherapeutic approaches
(17–20). Bader et al. had previously shown that rapid withdrawal
of immunosupression can be safely performed in high-risk
population with important improvement in survival (21).

More recently in a landmark analysis that combined MRD
measurements after HSCT and aGvHD both were clearly
associated with EFS and relapse (p < 0.001) (16). Patients who
did not present aGvHD had a higher relapse incidence and lower
EFS than those who developed aGvHD in both MRD positive
or negative groups. For patients with detectable post-transplant
MRD at day+30, but also at day+ 90 and+180 the development
of aGvHD led to a significant decrease in relapse rate and an
improvement in EFS, providing evidence that GvHD/GvL can be
beneficial to these patients. In addition, relapse was a rare event
in patients who were MRD negative and developed aGvHD. On
the other hand, this study highlighted that grade IV GvHD is
not beneficial, and in consequence physicians should be cautious
about interventions that stimulate excessive GvHD.

RISK FACTORS FOR THE DEVELOPMENT
OF aGvHD IN CHILDREN AND
ADOLESCENTS

The management of GvHD in patients with haematologic
malignancies undergoing HSCT carries the additional challenge
of maintaining the GvL effect while keeping GvHD at bay.
Identifying patients at low and high risk of GvHD helps to
establish GvHD prophylaxis: attenuating the intensity of GvHD
prophylaxis for patients at lower risk of GvHD could mitigate the
risk of relapse. On the contrary, patients at high risk of GvHD
need more intense prophylaxis.

Well-known risk factors for the development of aGvHD—
such as the use of mismatched and unrelated donors (22–27), a
female-to-male donor-to-recipient constellation (28), the use of
total body irradiation (TBI)-containing conditioning regimens
rather than chemotherapy-based regimens (29), and the higher
donor-age (30, 31)-have a major impact on the development of
aGvHD. Regarding the stem cell source there are no randomised
studies that compared peripheral blood stem cell (PBSC) vs.
bonemarrow transplants. Ametanalysis showed that aGvHDwas
slightly increased (RR 1.16, p = 0.006) and chronic GvHD was
increased (RR 1.53, p ≤ 0.001) when comparing PBSC and bone
marrow transplants (32), however there are few reports of acute
GvHD following PBSC transplants in paediatrics. In children and
young adults, age-related factors are likely to affect outcomes
even more than in adults (33): for example, the pharmacokinetics
of many drugs (including chemotherapy for conditioning or
immunosuppression) vary among very young children even
when properly adjusted for body surface or weight (25, 34).
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Thymic function is another prime example: it gradually decreases
in adolescents leading to delayed immune reconstitution
(35) (see paper by Eyrich et al. in another review in this
research topic section). Unfortunately, data on such underlying
risk factors are consistently under-reported or have been
unavailable for analysis, making comparisons between clinical
studies difficult.

DIFFERENCES IN THE
PATHOPHYSIOLOGY OF aGvHD BETWEEN
ADULTS AND CHILDREN

Acute GvHD is the sum of the allo-reactive immunologic activity
of the graft directed against the healthy tissue of the host. The
pathophysiology of GvHD is as complex as the regulation of
the immune system itself, but the principles for the initiation
of aGvHD, manifesting classically in the skin, gut and liver,
often are summarised as a cycle of self-perpetuating events (2):
T cells derived from the graft interact with residual patient
antigen-presenting cells and epithelial allo-antigens resulting in
a self-perpetuating cycle of activation, release of inflammatory
mediators and further activation (9). Tissue damage is generally
considered to be higher when total body irradiation is part of
the conditioning regimen (as is standard for children with ALL
≥4 years) than with chemoconditioning alone (36, 37). Loss
of the mucosal barrier, translocation of gastrointestinal bacteria
and lack of regulatory mechanisms due to conditioning lead to
the activation of transplanted donor T cells, which subsequently
proliferate rapidly and traffic into the periphery, ultimately
causing target organ damage. While these principal mechanisms
may be the key sequence for most cases of GvHD, independent
of age, it is conceivable that pathophysiology in children greatly
differs from adults.

In a large retrospective study including over 5,000 adult
patients, Jagasia et al. found that, among 2,370 adult patients
transplanted from an unrelated donor, one third developed
aGvHD of grade C and D (approximately corresponding to
grade III and IV) (38). A third of the patients had transplant-
related mortality (TRM) within 1 year, suggesting that higher
grade GvHD in adults has a dismal prognosis. In contrast, in
the tightly controlled cohort of paediatric ALL patients included
in the FORUM study, 43 (10.8%) out of 396 evaluable patients
developed severe aGvHD (1). Two-year TRM of all evaluable
patients was 5.8%. A retrospective study of 476 paediatric patients
with leukaemia also demonstrated an age-dependent risk of
severe GvHD: compared with age 13–18 years, age 2–12 years
was associated with a lower risk of grade II–IV aGvHD [hazard
ratio (HR), 0.42; 95% confidence interval (CI), 0.26 to 0.70; p =

0.0008], grade III–IV aGvHD (HR, 0.24; 95% CI, 0.10–0.56; p =
0.001), and cGvHD (HR, 0.32; 95%CI, 0.19–0.54; p< 0.001) (33).
These findings suggest that children undergoing HSCT might be
at lower risk of severe GvHD—and subsequently of TRM—than
are adults, although the reasons for this are not fully understood.

Two key differences in children vs. adults are undisputed:
overall co-morbidity in children is lower resulting in better organ
function and tolerance of potentially toxic drugs and secondly
thymic function is generally better (35), as it linked to age

and the hormonal status (39). In consequence, T-cell recovery
of T-cells “educated” in the thymus is faster. Wound healing
and organ recovery is improved. Furthermore, differences in
the pharmacokinetics of immunosuppressive drugs (40) and
differences in gut microbiome (41) have been described. Data on
differences in the paediatric vs. the adult population are emerging
from studies investigating how a paediatric-like treatment
protocol works in younger adult patients with leukaemia and
lymphoma: multiple factors related to biology but also therapy
intensity affects the balance between tolerability and efficacy (42–
44). These differences in pathophysiology by patient age have to
be kept in mind when children are transplanted in clinical units,
where both, adults and children are being treated, or when results
of clinical trials performed predominantly in adult populations
are used as the basis for clinical decisions in children.

In addition to the three typical organs involved in aGvHD
(the skin, liver, gastrointestinal tract), other tissues such as the
thymus, bone marrow and secondary lymphoid organs may
be involved. This is of importance in the context of impaired
haematopoiesis, immune reconstitution, and subsequent
cGvHD (45).

PROPHYLAXIS OF GvHD IN DIFFERENT
SETTINGS OF HSCT

Currently, GvHD prophylaxis is often based on a calcineurin
inhibitor such as cyclosporine A or tacrolimus with or without
a short course of methotrexate (46). Both tacrolimus and
cyclosporine A reduce T-cell function via inhibition of calcium-
dependent signal transduction downstream of the T-cell receptor
(TCR). Two large multicentre studies conducted mainly in adults
have shown the superiority of tacrolimus over cyclosporine A in
reducing aGvHD, with no difference in overall survival (OS) and
relapse-free survival (47, 48).

Calcineurin inhibitors are associated with various toxicities
such as renal dysfunction, neurological side effects and
transplant-associated thrombotic microangiopathy. The dosing
is typically adjusted to maintain a therapeutic level while
avoiding toxicities but the target concentration is still a matter
of debate. The updated European Society of Bone and Marrow
Transplantation (EBMT) consensus guidelines recommend a
cyclosporine A target concentration of 200–300 ng/mL in the
first 4 weeks, followed by 100–200 ng/mL for adult patients
undergoing standard-risk human leukocyte antigen (HLA)
matched HSCT (46). A retrospective study in paediatric patients
reported a strong relationship between cyclosporine A blood
levels during the first 2 weeks post transplantation and the
severity of aGvHD. A cyclosporine A level of >120 ng/mL
was more protective than levels below this threshold (31, 49).
The EBMT Paediatric Diseases Working Party (PDWP) survey
found that after myeloablative conditioning for a matched sibling
donor (MSD) HSCT, single-agent cyclosporine A was used in
half of participating centres, and 85% of centres aimed for a
blood concentration of 100–200 ng/mL within the first 8 weeks
post transplantation. The median duration of cyclosporine A
prophylaxis was 110 days [interquartile range (IQR) 90 days],
with the majority of centres adjusting both duration and blood
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level based on each patients’ estimated risk of relapse. The use
of bone marrow vs. peripheral blood mononuclear cells as the
stem cell source did not influence the approach to calcineurin-
inhibitor–based prophylaxis in 73% of responding centres (50).

Co-administration of methotrexate with a calcineurin
inhibitor reduces the risk for cGvHD and aGvHD; however,
when bone marrow is used as the stem cell source, monotherapy
with cyclosporine A may be considered for MSD HSCTs (51).
Methotrexate is a folic acid antagonist and antimetabolite that
mitigates T-cell activation at low doses (52). A recent EBMT
PDWP survey found that many participating centres reported
using monotherapy with cyclosporine A for bone marrow as the
graft source; those centres using methotrexate typically applied
three doses of 10 mg/m2 on days +1, +3, and +6 followed by
folic acid rescue (50).

Because of the favourable toxicity profile of mycophenolate
mofetil (a selective inhibitor of inosine monophosphate
dehydrogenase), the EBMT recommends its use instead of
methotrexate in patients with contraindications to methotrexate
or in patients receiving reduced-intensity conditioning prior
to HSCT and in cord blood transplants. However, comparative
evidence in children for mycophenolate mofetil vs. methotrexate
is lacking.

In contrast to calcineurin inhibitors, sirolimus—an oral
mammalian target of rapamycin (mTOR) inhibitor—suppresses
the expansion of conventional T cells more potently than the
expansion of regulatory T cells (53). Sirolimus has demonstrated
activity for the prevention of aGvHD in adults with and
without the combination of tacrolimus and methotrexate (14).
A randomised study conducted in 209 patients including 24
patients < 18 years old with malignant and non-malignant
diseases undergoing HSCT compared GvHD prophylaxis with
cyclosporine A plus methotrexate vs. sirolimus plus tacrolimus,
and concluded that the combination sirolimus plus tacrolimus
was valid and safe, however the number of paediatric patients was
small (54).

Anti-thymocyte globulin (ATG) is the purified polyclonal
immunoglobulin G (IgG) fraction from the sera of horses or
rabbits immunised with human thymocytes or T-cell lines.
It is applied for in vivo pan-T-cell depletion. ATG has been
demonstrated to reduce the incidence of aGvHD and cGvHD
when added to standard prophylaxis prior to HSCT (55, 56).
The EBMT recommends the use of ATG in matched unrelated
donor (MUD) HSCT and in MSD HSCT where the risk for
the development of GvHD is high (46). There is evidence that
the pharmacokinetics and subsequent ATG serum levels post-
HSCT affect the degree of immunosuppression possibly affecting
non-relapse mortality (NRM) and relapse. Individualised ATG
dosing based on absolute lymphocyte count, as a corrective of
the weight-adjusted dosing, could be a way to control the risk
of GvHD without impairing NRM and relapse (57). A detailed
review regarding the use of serotherapy is provided by Koegh and
colleagues in another review in this topic research section.

Alemtuzumab is a humanised monoclonal antibody against
CD52 which is predominantly present on T and B lymphocytes
wich has been used as part of conditioning regimens for
prophylaxis against rejection and GvHD. In a group of patients

with sickle cell disease undergoing matched sibling donor bone
marrow transplantation, late alemtuzumab administration in the
conditioning regimen (days −10 to −8) was associated with
lower aGvHD but higher graft rejection compared to early
alemtuzumab administration (days −19 to −17) (58). Several
studies, mainly in reduced intensity conditioning HSCT for
non-mailgnant diseases showed that alemtuzumab levels impact
aGvHD, chimerism and lymphocyte recovery (59, 60), but also
in malignant diseases (61). Although alemtuzumab abrogated
severe GvHD this was not necessarily associated with improved
OS (62). In a study of 148 patients comparing alemtuzumab and
ATG, alemtuzumab delayed T and natural killer cell recovery
compared with ATG and overall and event-free survival were
lower in patients who received alemtuzumab. In addition, risk
of recurrence of malignant disease was higher in patients who
received alemtuzumab (63).

Abatacept is a recombinant fusion protein of CTLA4, a T-
cell surface marker, and a fragment of immunoglobulin G. It
intereferes with T cell priming and activation (55). Recently,
a study in children and adults with haematologic malignancies
undergoing HSCT from an unrelated donor matched at either
8/8 or 7/8 HLA-loci found that co-stimulation blockade with
abatacept was safe and improved aGvHD rates: significantly
fewer patients receiving a graft from a fully matched donor
(8/8) and treated with abatacept as add-on to calcineurin
inhibitor/methotrexate prophylaxis developed aGvHD (grade 2–
4) when compared with the randomly assigned placebo group
(43.1 vs. 62.1%, p = 0.006), with a trend toward decreased
severe (grade 3–4) aGvHD. Patients receiving a partially matched
graft (7/8) also demonstrated a sizable aGvHD benefit when
compared with a matched control group receiving calcineurin
inhibitor/methotrexaten only drawn from the Centre for
International Blood andMarrowTransplant Research (CIBMTR)
registry (2.3 vs. 30.2%, p< 0.001, for grade 3–4 aGvHD) (56). The
additional immunosuppression by abatacept was not associated
with an increased rate of relapse or infectious complications.

Post-transplant cyclophosphamide (PTCy) eliminates
proliferating T cells and intra-thymic clonal alloreactive T-
cell precursors while sparing regulatory T cells. PTCy-based
GvHD prophylaxis has been a major advance allowing the
widespread use of haploidentical HSCT; it is also gaining
importance in HLA-matched and mismatched HSCT (57). Data
in adults indicate that rates of severe aGvHD and cGvHD in the
haploidentical HSCT setting are low with PTCy use (58). The
situation in children seems distinct: haploidentical HSCT with
use of PTCy has been associated with low rates of GvHD and
NRM but delayed immune reconstitution, which might lead to
a higher risk of infectious complications. Furthermore, whether
the GvL effect (which is reflected by relapse rates), is maintained
remains an important area of investigation (59). A detailed
review regarding the use of PTCy vs. in vitro T-cell depletion
(TCD) is provided by Kleinschmidt and colleagues in another
review in this research topic section.

Graft engineering by various ex vivo TCD methods aims at
maintaining anti-viral and anti-leukaemia activity while reducing
the risk for GvHD. Such metods are: (1) the positive selection
of CD34+ cells with or without a T-cell add-back at a later
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time point, or (2) the negative selection against CD3+ and
CD19+ cells or (3) selective TCR αß+ and CD19+ depletion
with preservation of γδ T cells and natural killer (NK) cells as
well as (4) depletion of naïve CD45RA+ T-cells (60, 61). Di
Ianni et al. evaluated a protocol with regulatory T-cell infusion
4 days prior to haploidentical transplantation in adult patients (n
= 28) with haematological malignancies using CD34+ purified
stem cells and add back of conventional T cells (up to 106/kg).
Immune recovery seemed enhanced compared to the standard
haploidentical setting and the incidence of GvHD was low when
the dose of conventional haploidentical T cells was limited
to 106/kg. Nonetheless, in this small, highly selected patient
group, the rate of NRM was very high (50%). These deaths,
mostly early post-transplant, were due to either regiment-related
toxicity or infectious complications, indicating that despite
accelerated immune recovery, this type of immune engineering
still requires proof of clinical benefit (30, 62). Another cell type
with immunomodulatory activity are invariant natural killer T
cells (iNKT), which secrete interleukin (IL)-4 and IL-10(63).
While still in its early phase, RGI-2001, a liposomal formulation
of an alpha-galactosylceramide, has been shown to be taken up
by dendritic cells, leading to iNKT activation and subsequent
Treg expansion. A phase 1 (Clinicaltrials.gov NCT01379209)
and a phase 2A study documented tolerability of the immune
modulator and relevant expansion of regulatory T-cells in some
patients (64).

CLINICAL STAGING AND GRADING OF
aGvHD

Early diagnosis and grading of aGvHD is essential to start therapy
early in order to avoid the occurrence of a self-perpetuating
inflammatory cycle. The first classification of aGvHD—based on
clinical symptoms involving the skin, liver and gastrointestinal
tract—was developed in 1974 by Glucksberg et al. (65). Later,
the Keystone aGvHD Consensus Panel reviewed the outcome
of the Glucksberg classification and confirmed the predictive
value of maximum aGvHD grade for day +100 mortality
(66). The International Blood and Marrow Transplant Registry
(IBMTR) Severity Index tried to reclassify patterns of organ
involvement into groups to make the index more sensitive
and specific for studying aGvHD (67). The refined aGvHD
Risk Score developed by the University of Minnesota helped to
classify patients into standard and high-risk groups based on
the clinical staging of the different affected organs (68). Harris
et al. as part of the Mount Sinai Acute GvHD International
Consortium (MAGIC), suggested some modifications to the
Glucksberg scale, e.g., a standardised way to estimate and report
stool output in children, including incorporating the number
of episodes per day when quantification is not feasible (69)
and this approach has been adopted in recent clinical trials.
An EBMT–National Institutes for Health (NIH)–CIBMTR Task
Force position statement details the different staging criteria,
advocating for a standardised assessment of GvHD (70).Tables 1,
2 show individual organ severity staging and overall severity
grading, respectively, according to the different classifications.

THE ROLE OF GvHD BIOMARKERS IN
EARLY DIAGNOSIS, RISK STRATIFICATION
AND RESPONSE ASSESSMENT

Several markers of systemic inflammation such as IL-2Rα and
tumour necrosis factor receptor 1 (TNFR-1) are correlated with
GvHD outcomes (71). Markers of specific tissue damage have
also been identified (72): elafin is specific for skin GvHD (73, 74),
while hepatocyte growth factor is correlated with gastrointestinal
and liver GvHD (75). Gastrointestinal GvHD is the major driver
of aGvHD-related mortality (76). Suppressor of tumorigenesis 2
(ST2), which is shed from gastrointestinal tissue during GvHD,
is a marker of GvHD treatment resistance and mortality (72).
Regenerating islet-derived 3 alpha (REG3α) is released from
Paneth cells into the circulation as a result of intestinal crypt
damage (77).

Out of the different marker combinations, Reg3α and ST2
serum levels at the onset of GvHD, combined in an algorithm
validated by the Mount Sinai Acute GvHD International
Consortium (MAGIC), have been shown to be predictive of 6-
month NRM independently of clinical severity at onset (78).
Stratification is solely based on biomarker levels at the onset
of GvHD, regardless of clinical severity; three risk categories
(Ann Arbour 1–3) correlate with NRM. For instance, sometimes
patients may present with relatively mild symptoms only to
subsequently escalate to severe GvHD—this can be predicted
by assessing the biomarkers in the serum. Vice versa, low
biomarker levels at onset, even when clinical symptoms are
severe, indicate a better chance for safe resolution of GvHD.
Thus, a treatment approach guided by the MAGIC algorithm
probability (MAP) might better identify patients in need of
early escalation vs. those patients who will tolerate a rapid taper
of immunosuppression.

While the MAP has been most extensively validated at the
time of GvHD onset, identifying three risk categories, biomarkers
have also been evaluated to assess response to treatment by
day 28 from treatment initiation, indicating long-term outcome.
Non-responders, assessed based on clinical symptoms only, are
considered to have a 50% risk of NRM (68). Biomarkers allow
a more refined analysis. At day 28 of treatment when using a
single threshold validated for NRM, MAP can separate patients
into high- or low-risk cohorts that are more predictive than
the clinical response itself: in a prospective, multi-centre study,
clinical responders with high biomarkers at day 28 had an NRM
rate of 40% but those with low biomarkers had an NRM rate of
12%. Moreover, clinical non-responders with a low MAP had an
NRM rate of 25% as opposed to 65% in non-responders with high
MAP (79). The biomarker algorithm was recently validated in a
paediatric cohort, with similar performance at onset and at day
28 (80).

Day 7 post treatment initiation is also a pivotal time point
in the decision making for GvHD management, when GvHD
is designated as treatment sensitive or refractory, decisions
regarding escalation of therapy are made, and MAP helps
to separate patients into high- and low-risk cohorts (78).
For haematologic malignancies, especially high-risk leukaemias,
identifying patients with a low risk of GvHD can be key to
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TABLE 1 | Assessment of Acute GvHD: staging of severity for individual organs according to the different classifications.

Organ Severity

stage

Modified Glucksberg (Keystone aGvHD consensus)

criteria and IBMTR criteria (66, 67)

MAGIC criteria (68)

Skin 0 No rash

1 Rash <25% BSA

2 Rash 25–50% BSA

3 Rash >50% BSA

4 Generalised erythroderma with bullous formation Generalised erythroderma (>50% BSA) plus bullous

formation and desquamation >5% BSA

Liver 0 Total serum bilirubin <2 mg/dL

1 Total serum bilirubin 2–3 mg/dL

2 Total serum bilirubin 3.1–6 mg/dL

3 Total serum bilirubin 6.1–15 mg/dL

4 Total serum bilirubin >15 mg/dL

Upper GI tract 0 No persistent nausea and no histologic evidence of

GvHD in the stomach or duodenum

No or intermittent anorexia or nausea or vomiting*

1 Persistent nausea with histologic evidence of GvHD in

the stomach or duodenum

Persistent anorexia or nausea or vomiting*

Lower GI tract 0 Diarrhoea ≤500 mL/day Diarrhoea <10 mL/kg/day or <4 episodes/day†

1 Diarrhoea >500 mL/day Diarrhoea 10–19.9 mL/kg or 4–6 episodes/day†

2 Diarrhoea >1,000 mL/day Diarrhoea 20–30 mL/kg/day or 7–10 episodes/day†

3 Diarrhoea >1,500 mL/day Diarrhoea >30 mL/kg/day or >10 episodes/day†

4 Severe abdominal pain with or without ileus Severe abdominal pain with or without ileus or grossly

bloody stools (regardless of stool volume)

Adapted with permission from Schoemans et al. (70).

*Anorexia accompanied by weight loss, nausea lasting ≥3 days or accompanied by ≥2 vomiting episodes per day for ≥2 days.
†
One episode of diarrhoea in children weighing <50 kg

is considered equivalent to 3 mL/kg. aGvHD, acute graft versus host disease; BSA, body surface area; GI, gastrointestinal; IBMTR, International blood and marrow transplant registry;

MAGIC, Mount sinai acute GvHD international consortium.

TABLE 2 | Assessment of aGvHD assessment: overall severity grading according to the different classifications.

Overall grade (modified

glucksberg/MAGIC/

Minnesota)

Modified glucksberg

criteria (keystone

aGvHD consensus) (66)

MAGIC criteria (69) Minnesota criteria (68) IBMTR criteria (67) Overall

grade

(IBMTR)

0 No organ involvement 0

I Skin stage 1 or 2, without liver/GI involvement A

II Skin stage 3, and/or liver stage 1, and/or GI stage 1 Skin stage 2, and/or liver

stage 1 or 2, and/or GI

stage 1 or 2

B

III Liver stage 2 or 3, and/or

GI stage 2–4

Liver stage 2 or 3, and/or

GI stage 2 or 3

Liver stage 2–4, and/or GI

stage 2 or 3

Skin stage 3, and/or liver

stage 3, and/or GI stage 3

C

IV Skin stage 4, and/or liver

stage 4

Skin stage 4, and/or liver

stage 4, and/or GI stage 4

Skin stage 4, and/or GI

stage 4

Skin stage 4, and/or liver

stage 4, and/or GI stage 4

D

Adapted with permission from Schoemans et al. (70).

aGvHD, acute graft versus host disease; GI, gastrointestinal; IBMTR, International blood and marrow transplant registry; MAGIC, Mount sinai acute GvHD international consortium.

accelerating the tapering of immunosuppression and, thereby,
possibly preventing early relapse.

DIFFERENTIAL DIAGNOSIS TO aGvHD

When aGvHD is suspected, it is important to rule out aetiologies
other than GvHD that might exacerbate GvHD symptoms or
require different treatment.

Skin Rash
A rash a few days after conditioning is likely to be caused by
TBI (especially at myeloablative doses of TBI used in ALL)
(81) or chemo-conditioning. Thiotepa, melphalan, and etoposide
can all cause skin toxicity. Moreover, exanthema due to ATG-
based conditioning occurs frequently. The timing of occurrence
usually helps to rule out aGvHD, as hyper-acute GvHD within
the first 10 days after transplantation is considered a very
rare event (69). Skin rash and pruritus can be seen during
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engraftment syndrome, a poorly defined immunological reaction
occurring around the time of engraftment (82, 83). Vasculitis,
hypersensitivity, drug reactions, and rashes caused by viral re-
activation or dermatomycosis should also be ruled out.

Colitis
Children with acute lymphoblastic leukaemia treated intensively
before transplantation may carry multidrug-resistent bacteria
in the gut that could affect the development of post-transplant
intestinal GvHD (84). Since gut GvHD is the main reason
for TRM following HSCT, and diarrhoea is the major clinical
symptom used to stage gut GvHD, transplant physicians need to
be very focused on this clinical parameter. However, alternative
causes of gastrointestinal symptoms are viruses (adenovirus,
cytomegalovirus, and norovirus) or pseudomembranous
colitis due to Clostridium difficile toxin. MMF may cause
gastrointestinal side effects including nausea (29%), vomiting
(23%), constipation (38%), diarrhoea (50–92%), and colitis
(9%) (85). In 98% of cases, resolution of diarrhoea occurs
within 20 days upon discontinuation of the MMF (86).
However, mycophenolate-mofetil–induced colitis is particularly
challenging, as it requires a change in the immunosuppressive
regimen rather than an increase in immunosuppression and is
difficult to distinguish from GvHD even by histopathology (87),
although important to assess for the differential diagnosis (88). In
the majority of cases, patient’s symptoms improve after lowering
the dose or discontinuing the medication. Confirmation by
biopsy of lower gastrointestinal GvHD is common practise and
can help to rule out other aetiologies.

Elevated Liver Enzymes
Liver GvHD is defined and staged by an increase of bilirubin
(69). Elevation of liver transaminases may be associated with
GvHD but is not a diagnostic criterion alone, although atypical
hepatic forms of GvHD exist and may only be diagnosed by
biopsy. Viral reactivation (adenovirus, cytomegalovirus, Epstein-
Barr virus) and drug-related toxicity cause liver enzyme elevation
much more frequently than GvHD, as the incidence of liver
GvHD after HSCT is low. Furthermore, liver toxicity related to
previous ALL treatment is frequent and therefore patients may
present to HSCT already with elevated liver enzymes (89, 90).
Isolated liver GvHD is even more rare, whereas liver GvHD
in combination with severe gut GvHD is a more common
clinical picture. Veno-occlusive disease, which also can cause
elevated bilirubin levels, is an important differential diagnosis
as its management differs greatly from GvHD and it may be
life-threatening when unchecked.

Inflammation
Sub-febrile temperatures and slightly elevated levels of C
reactive protein are seen frequently post HSCT. While transplant
physicians are trained to rule out ongoing infection (by
bacteria, viruses, Aspergillus, and Candida), there are no defined
markers that would allow clinicians to discern milder infections
from a merely inflammatory reaction of the newly established
immune cells that does not meet the criteria for aGvHD.
When inflammation occurs at the time of engraftment, such an

TABLE 3 | Suggested first-line treatment of aGvHD in children.

Grade Treatment

Grade I aGvHD Topical treatment with either steroids or

calcineurin inhibitor (tacrolimus or

pimecrolimus)*. In younger children, side effects

may occur more frequently due to the larger

ratio of skin surface to body weight. Potent

steroids should not be applied to the face

Grade II aGvHD with

isolated skin or upper

gastrointestinal tract†

Low-dose steroids: 1 mg/kg/day prednisone or

methylprednisolone plus topical treatment

(Combine with topical treatment)

Grade III aGvHD beyond

isolated skin or upper

gastrointestinal tract

Steroids: 2 mg/kg/day prednisone or

methylprednisolone. For patients with

gastrointestinal involvement or oral intake

impairment, the intravenous route would be of

choice (Combine with topical treatment)

Grade III and IV aGvHD Steroids: 2 mg/kg/day prednisone or

methylprednisolone. For patients with

gastrointestinal involvement or oral intake

impairment, the intravenous route would be of

choice (Combine with topical treatment)

*Topical treatment to relieve itching and prevent skin breakdown: (1) hydrocortisone 0.5–

1% when the skin involvement is very superficial and also for delicate areas, such as

the face and genital area, (2) betamethasone and triamcinolone in the case of more

intense affectation but avoiding use in delicate areas; or (3) a topical calcineurin inhibitor

(tacrolimus and pimecrolimus).
†
Gastrointestinal aGvHD may benefit from topical steroids

in a non-absorbable form, i.e., beclomethasone or budesonide. aGvHD, acute graft versus

host disease.

inflammatory reaction may be termed “engraftment syndrome,”
although a potential overlap with GvHD may exist (82, 83).
Finally, in malignant diseases, relapse of the underlying disease
should be ruled out if inflammatory signs or symptoms persist.

ACUTE GvHD TREATMENT

In general, treatment for aGvHD should aim for resolution of
manifestations yet limited treatment-related toxicities. This goal
should be achieved at the lowest cost of cure to maintain the GvL
effect and to minimise the impact on immune reconstitution and
infectious complications.

First-Line Treatment
The first-line treatment approach is summarised in Table 3.
Corticosteroids are the mainstay of GvHD therapy (91, 92). Their
effects are complex and not completely understood. However, it
has been shown that a main mechanism of steroids in aGvHD
is the inhibition of nuclear factor κB pathways in antigen-
presenting cells and T cells as well as inhibition of Toll-like
receptor (TLR) signalling (93–95). In T cells, steroids suppress
activation and proliferation (96, 97) and reduce the production
of chemokines and expression of adhesion molecules in a
manner that decreases the migration of donor T cells into target
tissues (98).

There is high inter-centre variability in the starting dose of
steroids, with the majority of physicians favouring lower doses of
prednisone andmethylprednisolone inmild-to-moderate GvHD.
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The initiation of systemic steroids should be based on organ
involvement and GvHD stage/grade (69): patients should receive
the lowest effective dose of prednisone or methylprednisolone
in order to reduce the risk of side effects (99–101). Topical
application of steroids for skin GvHD and use of poorly
absorbable corticosteroids with high first pass for gut GvHD
should be taken in consideration early on to reduce the use of
systemic steroids where appropriate (102, 103). Co-medication
with calcineurin inhibitors should be maintained while on
therapy, with trough levels for cyclosporine A adjusted to higher
levels (200–300 ng/mL) if tolerated (104).

Tapering corticosteroids is generally highly individualised
based on each patient’s risk factors as well as depending on each
centre’s standard procedures. Steroids are essential in most ALL
treatment protocols and this is why these patients, even before
transplantation, already may have complications due to steroid
use (105). As a general rule, one should aim for the lowest
effective dose of corticosteroids for the shortest period possible.
In the absence of clinical signs, most paediatric centres normally
taper prednisone doses by 20–25% every 3–7 days, depending
on response (50). However, the withdrawal of steroids must be
carried out carefully, since during the steroid taper there may be a
reappearance of GvHD. TheMAGIC biomarker algorithm at day
7 and 28 post initiation of steroids may serve to assess response
and help to guide steroid taper (78, 79).

Steroid-Refractory GvHD
Only 30–50% of children respond to corticosteroids as initial
therapy for GvHD. Similar to the heterogenous activity of GvHD,
there are many possible scenarios where steroids might not
work, as reviewed extensively by Toubai and Maganeu (98).
There may even be paradoxical effects due to disturbance of
the balance of lymphocyte subsets, leading to a dominance
of the pathological IL-2- and IL-17-producing T-helper cell
response or the perpetuation of TLR/NLRP3 expression with
maintained inflammation. Furthermore, steroids impede rather
than support reparative processes such as the re-building of the
gut mucosa (96).

The definition of steroid-refractory GvHD has been
difficult to establish. While the EBMT European LeukemiaNet
recommendation is the diagnosis of steroid-refractory GvHD
after 5 days of non-response to steroids (46, 106), most
paediatrics groups consider patients to be steroid refractory
after a shorter period of time, diagnosing first-line treatment
failure after 3 days if any organ progression occurs (50).
The early diagnosis of steroid-refractory GvHD in paediatric
patients allows the early introduction of second-line therapies.
Table 4 describes the EBMT-NIH-CIBMTR criteria for defining
steroid-refractory, -dependent and -intolerant aGvHD.

Second-Line Treatment
Conventional Pharmacological Intervention
Second-line treatment for GvHD is recommended if
refractoriness, dependence or intolerance to steroids is
established. Given the generally severe clinical picture of
GvHD, second-line therapy is usually added on top of the
existing therapy regimen or begun in an overlapping schedule.

TABLE 4 | EBMT-NIH-CIBMTR criteria to define steroid-refractory, -dependent,

and -intolerant aGvHD.

Terminology Definition(s)

Steroid-Refractory aGvHD – Progression of aGvHD within 3–5 days

of therapy onset with ≥2 mg/kg/day of

prednisone

– Failure to improve within 5–7 days of

treatment initiation with ≥2 mg/kg/day of

prednisone

– Incomplete response after > 28 days of

treatment with ≥2 mg/kg/day of prednisone

Steroid-Dependent

aGvHD

– Inability to taper prednisone <2 mg/kg/day

after an initially successful treatment of ≥7

days

– Recurrence of aGvHD activity during

steroid taper

Steroid-Intolerant aGvHD – Occurrence of unacceptable toxicity due to

the use of corticosteroids

Adapted with permission from Schoemans et al. (70).

aGvHD, acute graft versus host disease; EBMT, European society for bone and marrow

transplantation; CIBMTR, Centre for international blood and marrow transplant research;

NIH, National institutes for health (US).

However, in a survey on current practise in 75 paediatric centres,
the majority (92%) indicated that they would stop giving steroids
once an alternative therapy was established (50).

Table 5 summarises the published studies of second-line
treatments for GvHD in children, including response rates, and
toxicities (107–125).

Despite a multitude of Phase I/II studies conducted over
recent decades assessing a range of different compounds, there
were no drugs approved for the treatment of steroid-refractory
aGvHD for adults or children until recently. In 2019, new data
including from a Phase III clinical trial led to the approval of
ruxolitinib for the treatment of steroid-refractory aGvHD in
children ≥12 years by the US Food and Drug Administration
(107, 126, 127). Ruxolitinib is a selective inhibitor of Janus kinase
1/2, thus it targets a central pathway in the pathogenesis of
GvHD. The Janus kinase pathway is crucial for the release of
inflammatory cytokines and subsequent activation of antigen-
presenting cells, which affects the priming, and activation of
alloreactive T cells as well as their migration and cytotoxic
activation. In addition to interfering with this cycle of activation,
ruxolitinib boosts the proportion of regulatory T cells in relation
to conventional CD4+ T cells. Importantly, experiments from
mouse models of aGvHD indicate that the GvL effect of HSCT is
preserved with ruxolitinib use (128), which is an important issue
especially in patients with malignant disease.

The prospective, multicentre, Phase II REACH 1 trial showed
that, at day 28 post initiation of treatment, patients≥12 years old
with grade II–IV steroid-refractory or steroid-dependent aGvHD
who received ruxolitinib in combination with steroids had an
overall response rate of 55% and complete response rate of 27%.
Of patients who had a complete response, the median duration
of complete response was 1 year and overall survival was 51% at
6 months (127). These results led to the Phase III REACH 2 trial
in which patients aged 12 years and older were randomised in a
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TABLE 5 | Studies of conventional pharmacological second-line treatments for steroid-refractory aGvHD that included children.

Investigational

agent

Study design Patients,

N/years

Overall

response rate

Complete

response rate

Overall survival

rate

Main toxicities References

Ruxolitinib Phase III 154/12–73 62% 40% (durable

response on day

56)

53% at 1 year Thrombocytopenia: 33%

Anaemia: 30%

CMV infection/reactivation: 39%

Zeiser et al. (107)

Mofetil

mycophenolate

Phase II 26 (13with

aGvHD)/17-53

31% 15% 33% at 2 years For the whole population:

Gastrointestinal: 27%

Infection: 31%

CMV: 11%

Kim et al. (108)

Phase II 19/4–54 47% 31% 16% at 1 year Neutropenia:10.5%

Abdominal pain: 5%

Pulmonary infiltrates: 5%

Neutropenia+gastrointestinal

toxicity: 15,8%

Infection as cause of death: 32%

Furlong et al.

(109)

Retrospective 14/0–17 79% 50% 85%, median

follow-up 35

months

CMV reactivation: 29%

CMV retinitis: 7%

ADV infection: 7%

Haemorrhagic cystitis: 14%

Aspergillosis: 7%

Neutropenia: 7%

Thrombocytopenia: 7%

Inagaki et al.

(110)

Anti-TNF

antibody

infliximab

Retrospective 24 (22

assessable for

response)/0–18

82% 54% 46% at 1 year;

21% at 2 years

Bacterial infection: 77%

Viral infection: 32%

Fungal infection: 13.6%

Sleight et al.

(111)

Retrospective 32/2–66 59% 19% 41% Infections in 72%

Septicaemia and septic shock: 22%

Pneumonia: 28%

Enteritis: 12.5%

Encephalitis: 3%

CMV reactivation: 41%

Invasive fungal infection: 6%

Patriarca et al.

(112)

ATG Retrospective 79/NA 54% 20% 32% at 1 year Bacterial infection: 37%

Fungal infection: 18%

CMV: 10%

MacMillan et al.

(113)

Phase II/III ABX-CBL:

48/2–65; Horse

ATG: 47/2–65

ABX-CBL:56%;

ATG:57%

ABX-CBL:29%;

ATG:32%

ABX-CBL:35%

at 18 months;

ATG: 45% at 18

months

Infections: 98% (ABX-CBL), 100%

(ATG)

Fever: ABX-CBL 20%, ATG 30%

Hypertension: ABX-CBL 30%, ATG

28%

Hyperglycaemia: ABX-CBL 24%,

ATG 26%

Abdominal pain: ABX-CBL 15%,

ATG 33%

MacMillan et al.

(114)

Alemtuzumab Retrospective 18/1–59 83% 33% 55% at 11

months

Infection: 78%

CMV reactivation: 67%

Grade 3 neutropenia: 33%

Grade 3 thrombocytopenia: 22%

Chills, fever and headache: 28%

Tuberculosis: 1 patient

Gomez-

Almaguer et al.

(115)

Phase II 18/13–68 99% 28% 33% at 36.5

weeks

Sepsis: 28%

Pneumonia: 39%

Viral infection: 44%

Fungal infection: 22%

CMV: 56%

EBV: 11%

Schub et al.

(116)

Phase I/II 15/1.4–27 67% 40% 80% at 6

months

Fever: 26%

Thrombocytopenia: 53%

Viremia: 100%

CMV disease: 2 patients

EBV PTLD: 1 patient

Khandewall et al.

(117)

(Continued)
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TABLE 5 | Continued

Investigational

agent

Study design Patients,

N/years

Overall

response rate

Complete

response rate

Overall survival

rate

Main toxicities References

Anti IL-2

receptor

antibody

daclizumab

Retrospective 13/paediatric 92% 46% 46% at 14

months

CMV reactivation: 54%

VVZ reactivation: 15%

Sepsis: 8%

EBV reactivation15%

Miano et al. (118)

Phase II 62/1–53 90% 68,8% 54.6% at 4 years CMV reactivation: 39%

Infections as cause of death: 11%

Bordigoni et al.

(119)

Retrospective 57/0–57 54% 76% for patients

≤18 years old

Median survival:

3.6 months

Opportunistic infection: 95%

Bacterial infection: 88%

Fungal infection: 51%

Viral infection: 53%

CMV: 35%

EBV: 7%

Perales et al.

(120)

Anti IL-2

receptor

antibody

basiliximab

Retrospective 34/2–38 82% 32% 20% at 5 years NA Funke et al. (121)

Retrospective 230 (74 < 18

years)

78.7 60.9 61.7% at 4 years Bacterial infection: 52.6%

Fungal infection: 16.1%

Viral infection: 3.8%

Liu et al. (122)

Retrospective

(haploidentical

HSCT)

100/1–17 85% 74% 76,2% at 3 years Bacterial infection: 11%

Fungal infection: 7%

CMV viremia: 53%

EBV viremia: 11%

HHV-6 viremia: 7%

Tang et al. (123)

Basiliximab +

etanercept

Prospective 65/9–55 90.8% 75.4% 54.7% at 2 years Cytopenia: 49.2%

Haemorrhagic cystitis: 28%

Fungal infection: 36%

CMV reactivation: 57%

EBV reactivation: 6.2%

Tan et al. (124)

Pentostatin Phase I 23(22

assessable for

response)/0–63

77% 64% 26%, median

survival 85 days Lymphopenia: 100%

Thrombocytopenia: 4%

Infection: 9%

Bolaños-Meade

et al. (125)

aGvHD, acute graft versus host disease; ATG, anti-thymocyte globulin; CMV, cytomegalovirus; EBV, Epstein-Barr virus; HSCT, haematopoietic stem cell transplantation; HHV-6, human

herpesvirus 6; IL, interleukin; PTLD, post-transplant lymphoproliferative disorder; TNF, tumour necrosis factor.

1:1 ratio and received either ruxolitinib (10mg twice daily) or the
investigator’s choice of therapy from a list of nine commonly used
options. Three hundred and nine patients were treated. Median
OS was 11 months for the ruxolitinib group and 6.5 months in
the control group. The rate of overall response at day 28 was
higher in the ruxolitinib group than in the control group [62
vs. 39%, respectively; odds ratio 2.64, 95% confidence interval
(CI) 1.65–4.22; p < 0.001]. Durable overall response at day 56
was higher in the ruxolitinib group than in the control group
(40 vs. 22%, respectively; odds ratio 2.38, 95% CI 1.43–3.99; p <

0.001). Thrombocytopenia was significantly more frequent in the
ruxolitinib group than in the control group (107).

Retrospective studies have also analysed ruxolitinib use in
children at the dose of 5mg every 12 h for those ≥25 kg body
weight and 2.5mg every 12 h for those <25 kg. In a study of
13 patients (age 1–16 years) with steroid-refractory aGvHD of
whom 11 were evaluable for response, five patients had an overall
response, one had a complete response and two had no response.
Four patients had treatment failure because of toxicity (129). In
four more-recent studies, better overall response rates of 77–84%

and complete response rates of 31–69% were reported (130–
133). Adverse events included grade 3 thrombocytopenia and
neutropenia, infectious complications, and Epstein-Barr virus
post-transplant lymphoproliferative disease (130). Final results of
the REACH 4 trial—a prospective, multicentre, Phase II clinical
trial of ruxolitinib for either steroid-refractory aGvHD or as add
on to steroids at aGvHD onset in children aged 0 to <18 years of
age are awaited.

It is clear that, even with more data on ruxolitinib
becoming available, some patients will not respond or cannot
tolerate ruxolitinib. Thus, the need for an effective treatment
strategy for steroid refractory aGvHD with limited toxicity
remains high.

Extracorporeal Photopheresis
Extracorporeal photopheresis (ECP) is a physicochemical
procedure that induces apoptosis in collected mononuclear cells
by extracorporeally sensitising them with 8-methoxypsoralen (8-
MOP) and subsequently exposing them to ultra-violet A light.
Although many aspects of ECP are not yet fully understood, the
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general principle appears to be the modulation of the antigen-
presenting compartment to induce tolerance (134): after the re-
infusion of these cells, apoptotic bodies are picked up by antigen-
presenting cells, which, in consequence, down-regulate their
inflammatory signature (reduced IL-2, tumour necrosis factor
α, and interferon γ) and upregulate a more anti-inflammatory
profile (tumour growth factor β, IL-10). This leads to reduced
T-cell stimulation, an increase in regulatory T cells and, at best,
tolerance induction (135–137).

Technically, there are three options for performing ECP.
In the “off-line” system (known also as the open system),
the leukapheresis product is collected first. In a separate step,
the cells are then treated with 8-MOP and exposed to ultra-
violet A light, followed by re-infusion into the patient. In
the “in-line” system (known also as the closed system) those
two processes are integrated in one machine, while using a
discontinuous flow cell separator (138). The US Food and Drug
Agency and European Medicines Agency approved this later
technique for the treatment of steroid-refractory aGvHD and
cGvHD. Both processes require good venous access to allow
continuous blood flow during leukapheresis. This may prove
difficult in many patients, especially as repetitive treatments
are needed. In these situations, a third option—so-called mini-
ECP—may be used. Mini-ECP uses the white blood cells from
the buffy coat prepared from whole blood (5–8 mL/kg), that is
collected, treated and reinfused in a closed system. While fewer
cells can be collected at a given time, the number of collected
cells required to induce tolerance can be reached for small
children (139, 140).

Even though ECP is well-tolerated in children, leukapheresis
procedures are technically challenging. ECP in children differs
from ECP in adults because of the distinct physiological features
of children and, thus, requires clinicians to have specialised
knowledge and experience to perform it safely, especially
in low-weight children (141). Major concerns are: (1) the
significant fluid shifts that occur during leukapheresis potentially
resulting in haemodynamic instability; (2) achieving vascular
access with sufficient flow rate; (3) haematologic and metabolic
disturbances; and (4) the duration of leukapheresis procedures,
often necessitating the sedation of infants and toddlers.

The ECP treatment schedule varies depending on aGvHD
activity but 2–3 sessions per week are considered necessary in
the initial induction period (142, 143). Although ECP is seen
as a second-line strategy for steroid-refractory aGvHD in the
paediatric setting, data from randomised clinical trials in adults
and/or children are scarce. Evidence is mostly based on case
reports, case series or observational studies, where response
rates range from 50 to 100% depending on organ involvement
(144, 145). In two adult patient cohorts with a total of 59 patients
with steroid-refractory or steroid-dependent aGvHD, Greinix
et al. report high response rates to ECP. Most notably, an early
start of treatment and treatment intensification led to a 43–60%
response rate in grade III/IV steroid-refractory GvHD (146).
A prospective, international trial (Clinicaltrials.gov identifier
NCT02524847) including 29 children has recently closed but
the results were not published at the time of writing (CDH,
personal communication).

Given that ECP is time intensive, identifying early on with
biomarkers those patients who are likely to respond or not
respond to this therapy would be extremely beneficial. Pilot
studies on small numbers of patients focusing on changes in the
T-cell (147) and NK-cell (148) compartment suggest favourable
shifts toward a more tolerant immune cell signature. Whether
such signatures or established biomarkers will help to discern
between likely refractory vs. responding patients and better
define the patient population that benefits from ECP requires
further evaluation.

Mesenchymal Stromal Cells
Mesenchymal stromal cells (MSCs) are multipotent non-
haematopoietic stem cells originally isolated from bone marrow;
they have multiple immunomodulating functions. Besides the
bone marrow, MSCs they can be found in and grown from a
variety of tissues including adipose tissue and umbilical cord
(149, 150). In addition to their immunomodulatory potential,
MSCs are thought to contribute to repair and regeneration of
diseased or damaged tissue, especially in the state of severe
endothelitis and small-vessel disease (151). As a “living pro-
drug” the inflammatory signals within the host stimulate MSCs
to counteract inflammation by secreting anti-inflammatory
mediators before they quickly disintegrate.

A meta-analysis by Morata-Tarifa et al. analysed data from
51 mostly small studies (152). Across the combined population
of adults and children, patients with steroid-refractory aGvHD
receiving MSC were shown to have a survival advantage (878
patients, 50% alive at last follow-up) over a control group
(pooled data from 5 studies: 182 patients, 25% alive at last
follow-up). The most recent update from a study of the
bone-marrow-derived MSC product “MSC-Frankfurt am Main”
(MSC-FFM) in 92 patients (two-thirds of whom were children
and adolescents) with severe steroid-refractory aGvHD reported
an overall response rate of more than 80% and OS at 6
months of 64% with a median of three doses (range 1–9) of
0.6–4.5 × 106 MSCs/kg administered at approximately 1-week
intervals (153). A randomised Phase III trial in steroid-refractory
aGvHD which is open to children was recruiting at the time
of writing (Treatment Of Steroid-Refractory Acute Graft versus
host Disease With Mesenchymal Stromal Cells Vs. Best Available
Therapy (IDUNN) Clinicaltrials.gov identifier: NCT04629833).

An initial Phase III trial with remestemcel-L (ex vivo culture-
expanded allogeneic adult human MSCs distinct from the
IDUNN product) for steroid-refractory aGvHD included 163
patients aged 6 months to 70 years with steroid-refractory
aGvHD who received MSC and 81 control patients (154). This
trial showed that there was no significant difference in survival by
day 180 between the two treatment arms but indicated a benefit of
remestemcel-L for certain subgroups, such as paediatric patients.
In a multicentre expanded-access protocol using remestemcel-
L, 241 paediatric patients with steroid-refractory aGvHD, the
majority of whom were resistant to multiple immunosuppressive
therapy at the time of study enrolment, were treated with
remestemcel-L as salvage therapy. The overall response rate
at day 28 was 65% and responder survival at day 100 was
significantly greater than non-responder survival (82 vs. 39%,
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TABLE 6 | Summary of novel and potential future strategies for the management

of steroid-refractory aGvHD.

Strategy Pharmacological and

non-pharmacological options

Promote intestinal repair in

patients with denuded

mucosa

Lithium (160), glucagon-like peptide 2 (161),

Visilizumab (IgG2 Fc) (162)

Reduce dysbiosis of the

gut microbiome

Faecal microbiota transfer (163)

Modification of alloreactive

T cells

Anti-Integrin α4β7 (vedolizumab) (164);

Natalizumab (165)

JAK-1 inhibitor, cytokine

blockade, combination

therapy

Itacitinib + tocilizumab (anti IL-6 receptor

antibody) (166)

Induce apoptosis of

activated T lymphocytes

Neihulizumab (binds CD162) (Clinicaltrials.gov

Identifier: NCT03327857)

aGvHD, acute graft versus host disease; IL, interleukin; JAK-1, Janus kinase 1.

respectively; log rank p < 0.001) (155). More recently a Phase III,
single-arm, prospective study of remestemcel-L showed a day-28
overall response rate of 69.1%; 74.5 and 68.5% of patients were
alive at days 100 and 180, respectively (156). Biomarker analysis
for these patients showed that seven of 11 patients characterised
as high-risk by MAP responded to MSCs and were alive at 6
months, comparing favourably to a control group, matching the
clinical criteria but not having received MSCs, and having a
similar MAP profile (157).

There are no known contraindications to MSCs and cross-
reactivity of MSCs with most other relevant medicines has
not been seen so far. Avoidance of prostaglandin synthesis
inhibitors is recommended due to the partial dependence of anti-
inflammatory effects on prostaglandin E2. All reports agree on
the excellent safety of MSCs in aGvHD (155, 158, 159). However,
given the variable nature of a cellular product, wheremany details
of the production process might vary from study to study and
even from batch to batch, and because of differences between the
respective studies (e.g., GvHD stage and organ involvement), a
definitive evaluation of who—if anyone—might benefit from this
type of therapy is still pending.

Future Therapeutic Strategies
Table 6 summarises promising novel strategies in steroid-
refractory aGvHD. Recently, vedolizumab—an antibody
blocking α4β7 integrins—has demonstrated promising activity
in aGvHD. As gut GvHD is the leading cause of TRM, the
promotion of the migration of alloreactive T cells to the gut by
the inhibition α4β7 integrins may be a useful strategy. The few
published Phase I studies of vedolizumab in this setting showed
some responders to vedolizumab but larger, Phase III studies
are missing (164, 167–170). Intriguingly, Mehta et al. reported
recently that six of 12 adult GvHD patients not responding to
ruxolitinib benefitted from vedolizumab as third-line GvHD
treatment (164). However, in view of the proposed mechanism
of action of vedolizumab and given that upregulation of α4β7
integrins has been observed 1 week before onset of GvHD (167),

the use of vedolizumab as early treatment rather than third-line
therapy may be a central question for future clinical trials.
Natalizumab, which acts against the α4 subunit that mediates
homing of lymphocytes to the GI tract, was also evaluated in
a Phase II study including 21 adults, demonstrating safety and
durable responses in 6 of 8 CRs (165). Natalizumab is currently
being evaluated by the MAGIC group with a biomarker-guided
risk stratification (Clinicaltrials.gov Identifier: NCT02133924).

Other strategies to selectively targeting alloreactive T cells
have been approached. These T cells express CD30 and so
might be targeted by brentuximab vedotin. Early results of a
Phase 1 study of brentuximab vedotin in 34 adults with steroid-
refractory GvHD showed responses in 38% of patients but
TRM due to infectious complications was dose limiting (171).
A retrospective study of the use of anti-IL-6 receptor antibody
tocilizumab in 16 adults with biopsy-proven steroid-refractory
gut aGvHD reported responses in 10 of the patients (62.5%)
(166). Regeneration of host tissues may be of special interest
in patients with steroid-refractory GvHD and profound tissue
damage. Alpha 1 antitrypsin prevents organ damage by inhibiting
neutrophil elastase and possesses immunomodulatory functions,
suppressing proinflammatory cytokines and inducing regulatory
T cells. In a phase 2 trial of alpha 1 antitrypsin including 40
adults with steroid-refractory aGvHD, a response rate of 65%
and a relatively low rate of infectious mortality (4 patients)
has been reported (172). In other studies, lithium was found
to promote intestinal repair in patients with denuded mucosa
(160) and IL-22 restored regenerating islet-derived protein 3 γ

production lost after Paneth cell destruction and facilitated the
regeneration of gut epithelium in HSCT models (173). Reducing
dysbiosis of the gut microbiome may also help in the treatment
of steroid-refractory GvHD (163, 174, 175).

The conduct of clinical trials in aGvHD is riddled with
many challenges. In children, a significant obstacle is the low
number of patients, making paediatric only GvHD trials difficult
to complete. Despite the lower risk of developing GvHD in
children, the poor outcomes of refractory GvHD, and validation
of prognostic biomarkers support the inclusion of children in risk
based trials.

SUPPORTIVE TREATMENT

Supportive care during paediatric HSCT has been recently
outlined in other reviews (176, 177); therefore, only the most
relevant issues to GvHD are summarised here.

Prophylaxes to prevent viral and fungal disease as
well as Pneumocystis jirovecii infection are indicated for
immunosuppressed patients following HSCT. Data on the
potential benefits and disadvantages of gut decontamination
to reduce gramme-negative entry into the bloodstream during
the vulnerable phase following conditioning are not available.
In light of a potentially protective role of a diverse microbiome
against GvHD (178, 179), restricting antibiotics directed against
anaerobic bacteria especially 1 week prior and 1 week after HSCT
whenever possible may reduce the rate of acute gut/liver GvHD,
but requires careful monitoring for infections (180). In adults
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undergoing HSCT, use of rifaximin for gut decontamination
has been shown to better maintain the diversity of the gut
microbiome than use of ciprofloxacin/metronidazole (181).

During the first weeks after HSCT, patients require various
therapeutic and prophylactic drugs, e.g., antibiotics, virostatics,
and immunosuppressive. Their side effects and potential
interactions need to be closely monitored. Of particular
concern, glucocorticoids can have detrimental long-term effects
in children, including an increased the risk of infectious
complications, hormonal, and growth disturbances and avascular
necrosis of the bones. This latter condition carries a high
burden of morbidity, as prolonged or even permanent functional
impairment and chronic pain may occur. There is consensus on
neither the risk factors for development of avascular necrosis
in children receiving glucocorticoids nor the best strategies for
prevention and treatment, which remain unmet clinical needs.
However, calcium and vitamin D levels should be monitored and
supplemented as necessary and the initiation of physiotherapy
is recommended.

Nutritional disturbances, especially in patients affected by
gastrointestinal aGvHD, can cause weight loss, malnutrition and
atrophy of intestinal microvilli. Even with nausea, vomiting,
or diarrhoea, providing nutrition via the gastrointestinal route
is preferred and may be facilitated using a nasogastric tube if
necessary. When the intestinal barrier is not intact or there
is a malabsorption, hydrolysed formulas (which are also used
successfully in auto-immune colitis) (182) or elemental formulas
can be offered to patients. Whether or not a highly hydrolysed
formula contributes to reduced inflammation in the context of
GvHD is an interesting yet untested hypothesis. Some patients
will require parenteral nutrition alone or in combination with
the enteral nutrition. Supplementation with vitamins and trace
elements may be applied in line with guidelines on parenteral
nutrition, but data on the benefit of such supplementation are
scarce (183).

DISCUSSION AND FUTURE DIRECTIONS

It is indisputable that paediatric care in many ways requires
a different approach than that used for adult medicine. ALL
is a prime example, as permanent cure can now be achieved
for >90% of our young patients (184). For those with a high-
risk profile or relapse, HSCT is a key element to establish
long-term control based on GvL activity. Results obtained
in the FORUM trial showed a higher probability of EFS in
patients experiencing grade II aGvHD than in patients with no
signs or very mild GvHD (◦I), suggested that—at a moderate
stage—aGvHD is associated with a GvL effect and protects
from leukaemia recurrence (1). A study conducted by the
Children’s Oncology Group showed decreased relapse risk in
patients developing Grade 1–3 aGvHD in a multivariate analysis
controlling for pretransplant MRD (15). Similarly, a combined
analysis of several databases from North America, Europe and
Australia, showed that in addition to post HSCT MRD, aGvHD
significantly impacted risk of relapse, controlling for post HSCT
MRD (16). Thus, while aGvHD of grade III and IV needs

to be avoided due to its difficult course and potentially life-
threatening consequences, the challenge lies in achieving and
allowing sufficient alloreactivity to target residual leukaemic cells.
Given the high potential of immunological recovery in children
(e.g., supported by residual thymic function), we need to better
understand the age-dependent control of the developing immune
system. Immunologically, the early days post-transplant may
have the most impact on how alloreactivity and subsequent
GvHD are triggered, yet clinical symptoms follow only after
a time delay. In ALL, TBI is effective for myeloablation prior
to HSCT but it stresses non-haematopoietic cells to express
co-stimulatory molecules and major histocompatibility complex
class II (37), paving the way to stimulating alloreactive donor
T cells. In this regard, one can speculate, that TBI allows for a
better GvL effect than chemo-based conditioning, although the
FORUM trial was not designed to answer this specific question.
Tailoring GVHD prophylaxis to donor type, to maintain GVL,
without increasing severe GVHD, however, is challenging.
Choosing the appropriate donor is a key question as it directly
affects EFS, GvHD andNRM. It is beyond the scope of this review
to comprehensively discuss donor selection, but ideally GvHD
prophylaxis is adapted according to the type of donor.

Appropriate timely withdrawal of immune suppression in
the absence of GVHD, and tapering immunosuppression once a
GVHD response is achieved, is critical. In the study conducted
by the Children’s Oncology Group Pulsipher et al. showed
that patients with ALL who were MRD+ pre-transplant and
developed aGvHD in the first 2 months after HSCT did not
relapse. Consequently, patients who do not develop aGvHD
in the first 2 months are candidates for rapid withdrawal of
immunosupression (20). It has also been shown that rapid
withdrawal of immunosupression can be safely performed in
high-risk population with important improvement in survival
(21). Assessing relapse in GVHDprophylaxis and treatment trials
is essential.

Also, biomarkers for early detection of GvHD can help the
clinician to be one step ahead in the management of GvHD, but
controlled clinical studies are required to ensure that biomarker-
guided, pre-emptive immunosuppressive therapy benefits the
patient without leading to high rates of overtreatment. Patients
at low-risk of GvHD can be identified more easily by measuring
serum markers, especially ST-2 and Reg3a. When using the
MAGIC algorithm, such low-risk patients could be tapered off
immunosuppression more rapidly than patients with a higher
MAP, and this will be tested in an upcoming paediatric clinical
trial within MAGIC centres. Rapid, but safe taper might help
prevent leukaemic relapse.

Guidelines to standardise the clinical staging of GvHD
are now widely accepted, but harmonisation between centres
still requires a high level of exchange and communication.
Unified classification via an electronic scoring App (similar
to the educational EBMT GvHD App developed for adults;
https://www.ebmt.org/education/apps) should be a goal in the
paediatric setting.

In adults, several recommendations for aGvHD management
from different scientific societies have been published (46, 185,
186). In these guidelines, there is a consensus on the importance
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FIGURE 1 | Study options building on the PED-FORUM experience.

of promoting the treatment of patients in clinical trials in order
to elucidate better strategies for the management of steroid-
refractory aGvHD. In children, the scarcity of data is even
greater and, therefore, the inclusion of children in clinical trials
of biomarker-guided early treatment interventions to decrease
NRM and toxicity is of the utmost importance (91). Ideally,
such trials would be designed and powered in a way that
specific insights can be gained for this vulnerable, young patient
population. As observed in daily clinical practise, one particular
treatment may not fit all patients, underlining the importance
of a personalised strategy according to individual characteristics.
For example, active infection, a history of thrombotic events
or persistently low platelet counts will influence the physician’s
decision of whether to use second-line drugs (such as ruxolitinib
or antibodies) or alternative treatment options such as ECP
or MSC.

Traditionally, treatment of steroid-refractory aGvHD has
focussed on the intensification of immunosuppression; however,
as more knowledge on the immunopathology of GvHD has been
gained, more selective treatments have become available, such as
targeting alloreactive T cells or the use of anti-cytokine antibodies
(187). Furthermore, other mechanisms might contribute to
steroid-refractory aGvHD and be approached by other non-
immunosuppressive treatments (188). For example, as impaired
epithelial regeneration is described in gastrointestinal GvHD
and for patients with denuded intestinal mucosa, new ways to
promote intestinal repair are needed rather than just adding
immunosuppression (189). Alterations in the composition of
intestinal microbiota may drive persistence of the disease in
some patients and many investigations are ongoing to address
this issue (163, 174, 190). Severe aGvHD can also cause
endothelial injury resulting in thrombotic microangiopathy. This
course of the disease then requires a different management, as
immunosuppression alone is likely to be insufficient (191).

For paediatric ALL patients with an indication for HSCT, the
FORUM trial confirmed TBI to be the current standard of care for
conditioning in patients with ALL aged 4 years or older (1). These
patients are a uniquely homogenous patient population with a
uniform diagnosis of high-risk ALL transplanted according to a
standardised conditioning regimen. Based on the experience of
the FORUM trial, the network is well-suited to tackle further
research questions regarding the prevention and management
of GvHD while maintaining the GvL effect in these children as
illustrated in Figure 1.

AUTHOR CONTRIBUTIONS

MW provided content of critical importance, drafted the
manuscript, and approved the final version. MQ, MB, TS, HB,
and AL provided content of critical importance, revised the
manuscript, and approved the final version. CD-d-H coordinated
the writing process, provided content and structure of critical
importance, revised the manuscript, and approved the final
version. All authors contributed to the article and approved the
submitted version.

FUNDING

This study received funding from the St. Anna Children’s
Cancer Research Institute, Vienna, Austria. The funders were not
involved in the study design, collection, analysis, interpretation
of data, the writing of this article, or the decision to submit it
for publication.

ACKNOWLEDGMENTS

Editorial support in the preparation of this manuscript was
provided by Hannah Bridges of HB Health Comms Limited.

Frontiers in Pediatrics | www.frontiersin.org 14 January 2022 | Volume 9 | Article 784377

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


Wölfl et al. aGvHD in HSCT for ALL

REFERENCES

1. Peters C, Dalle JH, Locatelli F, Poetschger U, Sedlacek P, Buechner J, et al.
Total body irradiation or chemotherapy conditioning in childhood ALL:
a multinational, randomized, noninferiority phase III study. J Clin Oncol.

(2021) 39:295–307. doi: 10.1200/JCO.20.02529
2. Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease. Lancet.

(2009) 373:1550–61. doi: 10.1016/S0140-6736(09)60237-3
3. Appelbaum FR. Haematopoietic cell transplantation as immunotherapy.

Nature. (2001) 411:385–9. doi: 10.1038/35077251
4. Welniak LA, Blazar BR, Murphy WJ. Immunobiology of allogeneic

hematopoietic stem cell transplantation. Annu Rev Immunol. (2007) 25:139–
70. doi: 10.1146/annurev.immunol.25.022106.141606

5. Lawitschka A, Peters C. Long-term effects of myeloablative allogeneic
hematopoietic stem cell transplantation in pediatric patients with
acute lymphoblastic leukemia. Curr Oncol Rep. (2018) 20:74.
doi: 10.1007/s11912-018-0719-5

6. Cuvelier GDE, Nemecek ER, Wahlstrom JT, Kitko CL, Lewis VA, Schechter
T, et al. Benefits and challenges with diagnosing chronic and late acute
GVHD in children using the NIH consensus criteria. Blood. (2019) 134:304–
16. doi: 10.1182/blood.2019000216

7. Lawitschka A, Gueclue ED, Januszko A, Körmöczi U, Rottal A, Fritsch G,
et al. National institutes of health-defined chronic graft-vs.-host disease in
pediatric hematopoietic stem cell transplantation patients correlates with
parameters of long-term immune reconstitution. Front Immunol. (2019)
10:1879. doi: 10.3389/fimmu.2019.01879

8. Cornelissen JJ, Carston M, Kollman C, King R, Dekker AW, Löwenberg
B, et al. Unrelated marrow transplantation for adult patients with
poor-risk acute lymphoblastic leukemia: strong graft-versus-leukemia
effect and risk factors determining outcome. Blood. (2001) 97:1572–7.
doi: 10.1182/blood.V97.6.1572

9. Zikos P, Van Lint MT, Lamparelli T, Gualandi F, Occhini D, Bregante S, et al.
Allogeneic hemopoietic stem cell transplantation for patients with high risk
acute lymphoblastic leukemia: favorable impact of chronic graft-versus-host
disease on survival and relapse. Haematologica. (1998) 83:896–903.

10. Nordlander A, Mattsson J, Ringdén O, Leblanc K, Gustafsson B, Ljungman
P, et al. Graft-versus-host disease is associated with a lower relapse
incidence after hematopoietic stem cell transplantation in patients with acute
lymphoblastic leukemia. Biol Blood Marrow Transplant. (2004) 10:195–203.
doi: 10.1016/j.bbmt.2003.11.002

11. Locatelli F, Zecca M, Messina C, Rondelli R, Lanino E, Sacchi N,
et al. Improvement over time in outcome for children with acute
lymphoblastic leukemia in second remission given hematopoietic stem
cell transplantation from unrelated donors. Leukemia. (2002) 16:2228–37.
doi: 10.1038/sj.leu.2402690

12. ZeccaM, Prete A, Rondelli R, Lanino E, Balduzzi A,Messina C, et al. Chronic
graft-versus-host disease in children: incidence, risk factors, and impact on
outcome. Blood. (2002) 100:1192–200. doi: 10.1182/blood-2001-11-0059

13. Gustafsson Jernberg A, Remberger M, Ringdén O, Winiarski J. Graft-
versus-leukaemia effect in children: chronic GVHD has a significant impact
on relapse and survival. Bone Marrow Transplant. (2003) 31:175–81.
doi: 10.1038/sj.bmt.1703808

14. Dini G, Zecca M, Balduzzi A, Messina C, Masetti R, Fagioli F, et al. No
difference in outcome between children and adolescents transplanted for
acute lymphoblastic leukemia in second remission. Blood. (2011) 118:6683–
90. doi: 10.1182/blood-2011-05-354233

15. Pulsipher MA, Langholz B,Wall DA, Schultz KR, Bunin N, Carroll WL, et al.
The addition of sirolimus to tacrolimus/methotrexate GVHD prophylaxis
in children with ALL: a phase 3 children’s oncology group/pediatric
blood and marrow transplant consortium trial. Blood. (2014) 123:2017–25.
doi: 10.1182/blood-2013-10-534297

16. Bader P, Salzmann-Manrique E, Balduzzi A, Dalle JH, Woolfrey AE, Bar
M, et al. More precisely defining risk peri-HCT in pediatric ALL: pre- vs
post-MRD measures, serial positivity, and risk modeling. Blood Adv. (2019)
3:3393–405. doi: 10.1182/bloodadvances.2019000449

17. Pulsipher MA, Wayne AS, Schultz KR. New frontiers in pediatric Allo-
SCT: novel approaches for children and adolescents with ALL. Bone Marrow

Transplant. (2014) 49:1259–65. doi: 10.1038/bmt.2014.114

18. Lankester AC, Bierings MB, van Wering ER, Wijkhuijs AJ, de Weger
RA, Wijnen JT, et al. Preemptive alloimmune intervention in high-risk
pediatric acute lymphoblastic leukemia patients guided by minimal residual
disease level before stem cell transplantation. Leukemia. (2010) 24:1462–9.
doi: 10.1038/leu.2010.133

19. Balduzzi A, Di Maio L, Silvestri D, Songia S, Bonanomi S, Rovelli A, et al.
Minimal residual disease before and after transplantation for childhood acute
lymphoblastic leukaemia: is there any room for intervention? Br J Haematol.

(2014) 164:396–408. doi: 10.1111/bjh.12639
20. Pulsipher MA, Langholz B, Wall DA, Schultz KR, Bunin N, Carroll W, et al.

Risk factors and timing of relapse after allogeneic transplantation in pediatric
ALL: for whom and when should interventions be tested? Bone Marrow

Transplant. (2015) 50:1173–9. doi: 10.1038/bmt.2015.103
21. Bader P, Kreyenberg H, Hoelle W, Dueckers G, Handgretinger R,

Lang P, et al. Increasing mixed chimerism is an important prognostic
factor for unfavorable outcome in children with acute lymphoblastic
leukemia after allogeneic stem-cell transplantation: possible role
for pre-emptive immunotherapy? J Clin Oncol. (2004) 22:1696–705.
doi: 10.1200/JCO.2004.05.198

22. Flomenberg N, Baxter-Lowe LA, Confer D, Fernandez-Vina M,
Filipovich A, Horowitz M, et al. Impact of HLA class I and class
II high-resolution matching on outcomes of unrelated donor bone
marrow transplantation: HLA-C mismatching is associated with a strong
adverse effect on transplantation outcome. Blood. (2004) 104:1923–30.
doi: 10.1182/blood-2004-03-0803

23. Woolfrey AE, Anasetti C, Storer B, Doney K, Milner LA, Sievers EL, et al.
Factors associated with outcome after unrelated marrow transplantation
for treatment of acute lymphoblastic leukemia in children. Blood. (2002)
99:2002–8. doi: 10.1182/blood.V99.6.2002

24. Rocha V, Cornish J, Sievers EL, Filipovich A, Locatelli F, Peters C, et al.
Comparison of outcomes of unrelated bone marrow and umbilical cord
blood transplants in children with acute leukemia. Blood. (2001) 97:2962–71.
doi: 10.1182/blood.V97.10.2962

25. Giebel S, Giorgiani G, Martinetti M, Zecca M, Maccario R, Salvaneschi
L, et al. Low incidence of severe acute graft-versus-host disease in
children given haematopoietic stem cell transplantation from unrelated
donors prospectively matched for HLA class I and II alleles with high-
resolution molecular typing. Bone Marrow Transplant. (2003) 31:987–93.
doi: 10.1038/sj.bmt.1704054

26. Jacobsohn DA, Hewlett B, Ranalli M, Seshadri R, Duerst R, Kletzel
M. Outcomes of unrelated cord blood transplants and allogeneic-
related hematopoietic stem cell transplants in children with high-risk
acute lymphocytic leukemia. Bone Marrow Transplant. (2004) 34:901–7.
doi: 10.1038/sj.bmt.1704681

27. Wall DA, Carter SL, Kernan NA, Kapoor N, Kamani NR, Brochstein JA,
et al. Busulfan/melphalan/antithymocyte globulin followed by unrelated
donor cord blood transplantation for treatment of infant leukemia
and leukemia in young children: the cord blood transplantation study
(COBLT) experience. Biol Blood Marrow Transplant. (2005) 11:637–46.
doi: 10.1016/j.bbmt.2005.05.003

28. Eisner MD, August CS. Impact of donor and recipient characteristics
on the development of acute and chronic graft-versus-host disease
following pediatric bone marrow transplantation. Bone Marrow Transplant.

(1995) 15:663–8.
29. Clift RA, Buckner CD, Appelbaum FR, Bearman SI, Petersen FB,

Fisher LD, et al. Allogeneic marrow transplantation in patients with
acute myeloid leukemia in first remission: a randomized trial of two
irradiation regimens. Blood. (1990) 76:1867–71. doi: 10.1182/blood.V76.9.
1867.1867

30. Di Ianni M, Falzetti F, Carotti A, Terenzi A, Castellino F, Bonifacio
E, et al. Tregs prevent GVHD and promote immune reconstitution
in HLA-haploidentical transplantation. Blood. (2011) 117:3921–8.
doi: 10.1182/blood-2010-10-311894

31. Martin P, Bleyzac N, Souillet G, Galambrun C, Bertrand Y, Maire PH,
et al. Clinical and pharmacological risk factors for acute graft-versus-
host disease after paediatric bone marrow transplantation from matched-
sibling or unrelated donors. Bone Marrow Transplant. (2003) 32:881–7.
doi: 10.1038/sj.bmt.1704239

Frontiers in Pediatrics | www.frontiersin.org 15 January 2022 | Volume 9 | Article 784377

https://doi.org/10.1200/JCO.20.02529
https://doi.org/10.1016/S0140-6736(09)60237-3
https://doi.org/10.1038/35077251
https://doi.org/10.1146/annurev.immunol.25.022106.141606
https://doi.org/10.1007/s11912-018-0719-5
https://doi.org/10.1182/blood.2019000216
https://doi.org/10.3389/fimmu.2019.01879
https://doi.org/10.1182/blood.V97.6.1572
https://doi.org/10.1016/j.bbmt.2003.11.002
https://doi.org/10.1038/sj.leu.2402690
https://doi.org/10.1182/blood-2001-11-0059
https://doi.org/10.1038/sj.bmt.1703808
https://doi.org/10.1182/blood-2011-05-354233
https://doi.org/10.1182/blood-2013-10-534297
https://doi.org/10.1182/bloodadvances.2019000449
https://doi.org/10.1038/bmt.2014.114
https://doi.org/10.1038/leu.2010.133
https://doi.org/10.1111/bjh.12639
https://doi.org/10.1038/bmt.2015.103
https://doi.org/10.1200/JCO.2004.05.198
https://doi.org/10.1182/blood-2004-03-0803
https://doi.org/10.1182/blood.V99.6.2002
https://doi.org/10.1182/blood.V97.10.2962
https://doi.org/10.1038/sj.bmt.1704054
https://doi.org/10.1038/sj.bmt.1704681
https://doi.org/10.1016/j.bbmt.2005.05.003
https://doi.org/10.1182/blood.V76.9.1867.1867
https://doi.org/10.1182/blood-2010-10-311894
https://doi.org/10.1038/sj.bmt.1704239
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Wölfl et al. aGvHD in HSCT for ALL

32. Cutler C, Giri S, Jeyapalan S, Paniagua D, Viswanathan A, Antin JH. Acute
and chronic graft-versus-host disease after allogeneic peripheral-blood stem-
cell and bone marrow transplantation: a meta-analysis. J Clin Oncol. (2001)
19:3685–91. doi: 10.1200/JCO.2001.19.16.3685

33. Qayed M, Wang T, Hemmer MT, Spellman S, Arora M, Couriel D, et al.
Influence of age on acute and chronic GVHD in children undergoing
HLA-identical sibling bone marrow transplantation for acute leukemia:
implications for prophylaxis. Biol Blood Marrow Transplant. (2018) 24:521–
8. doi: 10.1016/j.bbmt.2017.11.004

34. Paviglianiti A, Dalle JH, Ayas M, Boelens JJ, Volt F, Iori AP, et al. Low
body mass index is associated with increased risk of acute GVHD after
umbilical cord blood transplantation in children and young adults with
acute leukemia: a study on behalf of eurocord and the EBMT pediatric
disease working party. Biol Blood Marrow Transplant. (2018) 24:799–805.
doi: 10.1016/j.bbmt.2017.12.790

35. Eyrich M, Wollny G, Tzaribaschev N, Dietz K, Brugger D, Bader P, et al.
Onset of thymic recovery and plateau of thymic output are differentially
regulated after stem cell transplantation in children. Biol Blood Marrow

Transplant. (2005) 11:194-205. doi: 10.1016/j.bbmt.2004.12.001
36. Holler E, Kolb HJ, Mittermüller J, Kaul M, Ledderose G, Duell T,

et al. Modulation of acute graft-versus-host-disease after allogeneic
bone marrow transplantation by tumor necrosis factor alpha (TNF
alpha) release in the course of pretransplant conditioning: role of
conditioning regimens and prophylactic application of a monoclonal
antibody neutralizing human TNF alpha (MAK 195F). Blood. (1995) 86:890–
9. doi: 10.1182/blood.V86.3.890.bloodjournal863890

37. Koyama M, Kuns RD, Olver SD, Raffelt NC, Wilson YA, Don AL,
et al. Recipient nonhematopoietic antigen-presenting cells are sufficient to
induce lethal acute graft-versus-host disease. Nat Med. (2011) 18:135–42.
doi: 10.1038/nm.2597

38. Jagasia M, Arora M, Flowers ME, Chao NJ, McCarthy PL,
Cutler CS, et al. Risk factors for acute GVHD and survival after
hematopoietic cell transplantation. Blood. (2012) 119:296–307.
doi: 10.1182/blood-2011-06-364265

39. Chaudhry MS, Velardi E, Malard F, van den Brink MR.
Immune reconstitution after allogeneic hematopoietic stem cell
transplantation: time to T Up the thymus. J Immunol. (2017) 198:40–6.
doi: 10.4049/jimmunol.1601100

40. McCune JS, Jacobson P,Wiseman A,Militano O. Optimizing drug therapy in
pediatric SCT: focus on pharmacokinetics. Bone Marrow Transplant. (2015)
50:165–72. doi: 10.1038/bmt.2014.235

41. Qayed M, Horan JT. The role of intestinal microbiota in graft
versus host disease. Mini Rev Med Chem. (2015) 16:193–9.
doi: 10.2174/1389557515666150722110547

42. Lepretre S, Touzart A, Vermeulin T, Picquenot JM, Tanguy-Schmidt A, Salles
G, et al. Pediatric-Like acute lymphoblastic leukemia therapy in adults with
lymphoblastic lymphoma: the GRAALL-LYSA LL03 study. J Clin Oncol.

(2016) 34:572–80. doi: 10.1200/JCO.2015.61.5385
43. Huguet F, Chevret S, Leguay T, Thomas X, Boissel N, Escoffre-Barbe M, et al.

Intensified therapy of acute lymphoblastic leukemia in adults: report of the
randomized GRAALL-2005 clinical trial. J Clin Oncol. (2018) 36:2514–23.
doi: 10.1200/JCO.2017.76.8192

44. Neaga A, Jimbu L, Mesaros O, Bota M, Lazar D, Cainap S, et al. Why do
children with acute lymphoblastic leukemia fare better than adults? Cancers.
(2021) 13:3886. doi: 10.3390/cancers13153886

45. Vandenhove B, Canti L, Schoemans H, Beguin Y, Baron F, Graux C, et al.
How to make an immune system and a foreign host quickly cohabit
in peace? The challenge of acute graft-versus-host disease prevention
after allogeneic hematopoietic cell transplantation. Front Immunol. (2020)
11:583564. doi: 10.3389/fimmu.2020.583564

46. Penack O, Marchetti M, Ruutu T, Aljurf M, Bacigalupo A, Bonifazi F,
et al. Prophylaxis and management of graft versus host disease after
stem-cell transplantation for haematological malignancies: updated
consensus recommendations of the European society for blood
and marrow transplantation. Lancet Haematol. (2020) 7:e157–67.
doi: 10.1016/S2352-3026(19)30256-X

47. Nash RA, Antin JH, Karanes C, Fay JW, Avalos BR, Yeager AM, et al. Phase
3 study comparing methotrexate and tacrolimus with methotrexate and

cyclosporine for prophylaxis of acute graft-versus-host disease after marrow
transplantation from unrelated donors. Blood. (2000) 96:2062–8.

48. Ratanatharathorn V, Nash RA, Przepiorka D, Devine SM, Klein JL, Weisdorf
D, et al. Phase III study comparing methotrexate and tacrolimus (prograf,
FK506) with methotrexate and cyclosporine for graft-versus-host disease
prophylaxis after HLA-identical sibling bone marrow transplantation. Blood.
(1998) 92:2303–14.

49. Bleyzac N, Cuzzubbo D, Rénard C, Garnier N, Dubois V, Domenech C,
et al. Improved outcome of children transplanted for high-risk leukemia
by using a new strategy of cyclosporine-based GVHD prophylaxis. Bone
Marrow Transplant. (2016) 51:698–704. doi: 10.1038/bmt.2015.350

50. Lawitschka A, Lucchini G, Strahm B, Dalle JH, Balduzzi A, Gibson B,
et al. Pediatric acute graft-versus-host disease prophylaxis and treatment:
surveyed real-life approach reveals dissimilarities compared to published
recommendations. Transpl Int. (2020) 33:762–72. doi: 10.1111/tri.13601

51. Peters C, Schrappe M, von Stackelberg A, Schrauder A, Bader P, Ebell
W, et al. Stem-cell transplantation in children with acute lymphoblastic
leukemia: a prospective international multicenter trial comparing sibling
donors with matched unrelated donors-the ALL-SCT-BFM-2003 trial. J Clin
Oncol. (2015) 33:1265–74. doi: 10.1200/JCO.2014.58.9747

52. Hamilton BK. Current approaches to prevent and treat GVHD after
allogeneic stem cell transplantation. Hematology Am Soc Hematol Educ

Program. (2018) 2018:228–35. doi: 10.1182/asheducation-2018.1.228
53. Zeiser R, Blazar BR. Acute graft-versus-host disease - biologic

process, prevention, and therapy. N Engl J Med. (2017) 377:2167–79.
doi: 10.1056/NEJMra1609337

54. Törlén J, Ringdén O, Garming-Legert K, Ljungman P, Winiarski J, Remes K,
et al. A prospective randomized trial comparing cyclosporine/methotrexate
and tacrolimus/sirolimus as graft-versus-host disease prophylaxis after
allogeneic hematopoietic stem cell transplantation. Haematologica. (2016)
101:1417–25. doi: 10.3324/haematol.2016.149294

55. Egen JG, Kuhns MS, Allison JP. CTLA-4: new insights into its biological
function and use in tumor immunotherapy. Nat Immunol. (2002) 3:611–8.
doi: 10.1038/ni0702-611

56. Watkins B, Qayed M, McCracken C, Bratrude B, Betz K, Suessmuth Y, et al.
Phase II trial of costimulation blockade with abatacept for prevention of
acute GVHD. J Clin Oncol. (2021) 39:1865–77. doi: 10.1200/JCO.20.01086

57. Gooptu M, Koreth J. Translational and clinical advances in acute
graft-versus-host disease. Haematologica. (2020) 105:2550–60.
doi: 10.3324/haematol.2019.240309

58. Wang Y, Wu DP, Liu QF, Xu LP, Liu KY, Zhang XH, et al. Low-dose post-
transplant cyclophosphamide and anti-thymocyte globulin as an effective
strategy for GVHD prevention in haploidentical patients. J Hematol Oncol.

(2019) 12:88. doi: 10.1186/s13045-019-0781-y
59. Gatza E, Reddy P, Choi SW. Prevention and treatment of acute graft-versus-

host disease in children, adolescents, and young adults. Biol Blood Marrow

Transplant. (2020) 26:e101–12. doi: 10.1016/j.bbmt.2020.01.004
60. Bleakley M. Naive T-cell depletion in stem cell transplantation. Blood Adv.

(2020) 4:4980. doi: 10.1182/bloodadvances.2020001888
61. Gooptu M, Antin JH. GVHD prophylaxis 2020. Front Immunol. (2021)

12:605726. doi: 10.3389/fimmu.2021.605726
62. Guo WW, Su XH, Wang MY, Han MZ, Feng XM, Jiang EL.

Regulatory T cells in GVHD therapy. Front Immunol. (2021) 12:697854.
doi: 10.3389/fimmu.2021.697854

63. Mavers M, Maas-Bauer K, Negrin RS. Invariant natural killer
T Cells as suppressors of graft-versus-host disease in allogeneic
hematopoietic stem cell transplantation. Front Immunol. (2017) 8:900.
doi: 10.3389/fimmu.2017.00900

64. Chen YB, Efebera YA, Johnston L, Ball ED, Avigan D, Lekakis LJ, et al.
Increased Foxp3(+)Helios(+) regulatory T cells and decreased acute
graft-versus-host disease after allogeneic bone marrow transplantation
in patients receiving sirolimus and RGI-2001, an activator of invariant
natural killer T cells. Biol Blood Marrow Transplant. (2017) 23:625–34.
doi: 10.1016/j.bbmt.2017.01.069

65. Glucksberg H, Storb R, Fefer A, Buckner CD, Neiman PE, Clift RA, et al.
Clinical manifestations of graft-versus-host disease in human recipients
of marrow from HL-A-matched sibling donors. Transplantation. (1974)
18:295–304. doi: 10.1097/00007890-197410000-00001

Frontiers in Pediatrics | www.frontiersin.org 16 January 2022 | Volume 9 | Article 784377

https://doi.org/10.1200/JCO.2001.19.16.3685
https://doi.org/10.1016/j.bbmt.2017.11.004
https://doi.org/10.1016/j.bbmt.2017.12.790
https://doi.org/10.1016/j.bbmt.2004.12.001
https://doi.org/10.1182/blood.V86.3.890.bloodjournal863890
https://doi.org/10.1038/nm.2597
https://doi.org/10.1182/blood-2011-06-364265
https://doi.org/10.4049/jimmunol.1601100
https://doi.org/10.1038/bmt.2014.235
https://doi.org/10.2174/1389557515666150722110547
https://doi.org/10.1200/JCO.2015.61.5385
https://doi.org/10.1200/JCO.2017.76.8192
https://doi.org/10.3390/cancers13153886
https://doi.org/10.3389/fimmu.2020.583564
https://doi.org/10.1016/S2352-3026(19)30256-X
https://doi.org/10.1038/bmt.2015.350
https://doi.org/10.1111/tri.13601
https://doi.org/10.1200/JCO.2014.58.9747
https://doi.org/10.1182/asheducation-2018.1.228
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.3324/haematol.2016.149294
https://doi.org/10.1038/ni0702-611
https://doi.org/10.1200/JCO.20.01086
https://doi.org/10.3324/haematol.2019.240309
https://doi.org/10.1186/s13045-019-0781-y
https://doi.org/10.1016/j.bbmt.2020.01.004
https://doi.org/10.1182/bloodadvances.2020001888
https://doi.org/10.3389/fimmu.2021.605726
https://doi.org/10.3389/fimmu.2021.697854
https://doi.org/10.3389/fimmu.2017.00900
https://doi.org/10.1016/j.bbmt.2017.01.069
https://doi.org/10.1097/00007890-197410000-00001
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Wölfl et al. aGvHD in HSCT for ALL

66. Przepiorka D, Weisdorf D, Martin P, Klingemann HG, Beatty P, Hows J,
et al. 1994 Consensus conference on acute GVHD grading. Bone Marrow

Transplant. (1995) 15:825–8.
67. Rowlings PA, Przepiorka D, Klein JP, Gale RP, Passweg JR, Henslee-Downey

PJ, et al. IBMTR severity index for grading acute graft-versus-host disease:
retrospective comparison with glucksberg grade. Br J Haematol. (1997)
97:855–64. doi: 10.1046/j.1365-2141.1997.1112925.x

68. MacMillan ML, Robin M, Harris AC, DeFor TE, Martin PJ, Alousi A, et al. A
refined risk score for acute graft-versus-host disease that predicts response to
initial therapy, survival, and transplant-related mortality. Biol Blood Marrow

Transplant. (2015) 21:761–7. doi: 10.1016/j.bbmt.2015.01.001
69. Harris AC, Young R, Devine S, Hogan WJ, Ayuk F, Bunworasate U,

et al. International, multicenter standardization of acute graft-versus-host
disease clinical data collection: a report from the mount sinai acute GVHD
international consortium. Biol Blood Marrow Transplant. (2016) 22:4–10.
doi: 10.1016/j.bbmt.2015.09.001

70. Schoemans HM, Lee SJ, Ferrara JL, Wolff D, Levine JE, Schultz KR,
et al. EBMT-NIH-CIBMTR Task Force position statement on standardized
terminology & guidance for graft-versus-host disease assessment. Bone

Marrow Transplant. (2018) 53:1401–15. doi: 10.1038/s41409-018-0204-7
71. Paczesny S, Krijanovski OI, Braun TM, Choi SW, Clouthier SG, Kuick R,

et al. A biomarker panel for acute graft-versus-host disease. Blood. (2009)
113:273–8. doi: 10.1182/blood-2008-07-167098

72. Vander Lugt MT, Braun TM, Hanash S, Ritz J, Ho VT, Antin JH, et al. ST2 as
a marker for risk of therapy-resistant graft-versus-host disease and death. N
Engl J Med. (2013) 369:529–39. doi: 10.1056/NEJMoa1213299

73. Paczesny S, Braun TM, Levine JE, Hogan J, Crawford J, Coffing B, et al. Elafin
is a biomarker of graft-versus-host disease of the skin. Sci Transl Med. (2010)
2:13ra2. doi: 10.1126/scitranslmed.3000406

74. Zewde MG, Morales G, Gandhi I, Özbek U, Aguayo-Hiraldo P, Ayuk
F, et al. Evaluation of elafin as a prognostic biomarker in acute
graft-versus-host disease. Transplant Cell Ther. (2021) 27:988.e1–988.e7.
doi: 10.1016/j.jtct.2021.08.021

75. Harris AC, Ferrara JL, Braun TM, Holler E, Teshima T, Levine JE, et al.
Plasma biomarkers of lower gastrointestinal and liver acute GVHD. Blood.
(2012) 119:2960–3. doi: 10.1182/blood-2011-10-387357

76. Hill GR, Ferrara JL. The primacy of the gastrointestinal tract as a target
organ of acute graft-versus-host disease: rationale for the use of cytokine
shields in allogeneic bone marrow transplantation. Blood. (2000) 95:2754–9.
doi: 10.1182/blood.V95.9.2754.009k25_2754_2759

77. Zhao D, Kim YH, Jeong S, Greenson JK, Chaudhry MS, Hoepting M,
et al. Survival signal REG3α prevents crypt apoptosis to control acute
gastrointestinal graft-versus-host disease. J Clin Invest. (2018) 128:4970–9.
doi: 10.1172/JCI99261

78. Major-Monfried H, Renteria AS, Pawarode A, Reddy P, Ayuk F,
Holler E, et al. MAGIC biomarkers predict long-term outcomes
for steroid-resistant acute GVHD. Blood. (2018) 131:2846–55.
doi: 10.1182/blood-2018-01-822957

79. Srinagesh HK, Özbek U, Kapoor U, Ayuk F, Aziz M, Ben-David K, et al.
The MAGIC algorithm probability is a validated response biomarker of
treatment of acute graft-versus-host disease. Blood advances. (2019) 3:4034–
42. doi: 10.1182/bloodadvances.2019000791

80. Qayed M, Kapoor U, Gillespie S, McCracken C, Abusin G, Aguayo-Hiraldo
P, et al. The 46(th) annual meeting of the european society for blood and
marrow transplantation: physicians oral session (O010-O173). Bone Marrow

Transplant. (2020) 55 (Suppl. 1):22–174. doi: 10.1038/s41409-020-01119-3
81. Chou RH, Wong GB, Kramer JH, Wara DW, Matthay KK, Crittenden

MR, et al. Toxicities of total-body irradiation for pediatric bone
marrow transplantation. Int J Radiat Oncol Biol Phys. (1996) 34:843–51.
doi: 10.1016/0360-3016(95)02178-7

82. Spitzer TR. Engraftment syndrome following hematopoietic stem
cell transplantation. Bone Marrow Transplant. (2001) 27:893–8.
doi: 10.1038/sj.bmt.1703015

83. Lee YH, Rah WJ. Pre-engraftment syndrome: clinical significance and
pathophysiology. Blood Res. (2016) 51:152–4. doi: 10.5045/br.2016.51.3.152

84. Bilinski J, Robak K, Peric Z, Marchel H, Karakulska-Prystupiuk E,
Halaburda K, et al. Impact of gut colonization by antibiotic-resistant bacteria
on the outcomes of allogeneic hematopoietic stem cell transplantation: a

retrospective, single-center study. Biol Blood Marrow Transplant. (2016)
22:1087–93. doi: 10.1016/j.bbmt.2016.02.009

85. Behrend M. Adverse gastrointestinal effects of mycophenolate mofetil:
aetiology, incidence and management. Drug Saf. (2001) 24:645–63.
doi: 10.2165/00002018-200124090-00002

86. Farooqi R, Kamal A, Burke C. Mycophenolate-induced colitis: a case
report with focused review of literature. Cureus. (2020) 12:e6774.
doi: 10.7759/cureus.6774

87. Parfitt JR, Jayakumar S, Driman DK. Mycophenolate mofetil-related
gastrointestinal mucosal injury: variable injury patterns, including graft-
versus-host disease-like changes. Am J Surg Pathol. (2008) 32:1367–72.
doi: 10.1097/PAS.0b013e31816bf3fe

88. Star KV, Ho VT, Wang HH, Odze RD. Histologic features in colon biopsies
can discriminate mycophenolate from GVHD-induced colitis. Am J Surg

Pathol. (2013) 37:1319–28. doi: 10.1097/PAS.0b013e31829ab1ef
89. Denton CC, Rawlins YA, Oberley MJ, Bhojwani D, Orgel E. Predictors

of hepatotoxicity and pancreatitis in children and adolescents with acute
lymphoblastic leukemia treated according to contemporary regimens.
Pediatr Blood Cancer. (2018) 65:e26891. doi: 10.1002/pbc.26891

90. Hijiya N, van der Sluis IM. Asparaginase-associated toxicity in children
with acute lymphoblastic leukemia. Leuk Lymphoma. (2016) 57:748–57.
doi: 10.3109/10428194.2015.1101098

91. Carpenter PA, Macmillan ML. Management of acute graft-versus-
host disease in children. Pediatr Clin North Am. (2010) 57:273–95.
doi: 10.1016/j.pcl.2009.11.007

92. MacMillan ML, Holtan SG, Rashidi A, DeFor TE, Blazar BR, Weisdorf DJ.
Pediatric acute GVHD: clinical phenotype and response to upfront steroids.
BoneMarrow Transplant. (2020) 55:165–71. doi: 10.1038/s41409-019-0651-9

93. MacDonald KP, Kuns RD, Rowe V, Morris ES, Banovic T, Bofinger H, et al.
Effector and regulatory T-cell function is differentially regulated by RelB
within antigen-presenting cells during GVHD. Blood. (2007) 109:5049–57.
doi: 10.1182/blood-2007-01-067249

94. Ogawa S, Lozach J, Benner C, Pascual G, Tangirala RK, Westin S, et al.
Molecular determinants of crosstalk between nuclear receptors and toll-like
receptors. Cell. (2005) 122:707–21. doi: 10.1016/j.cell.2005.06.029

95. Guiducci C, Gong M, Xu Z, Gill M, Chaussabel D, Meeker T, et al. TLR
recognition of self nucleic acids hampers glucocorticoid activity in lupus.
Nature. (2010) 465:937–41. doi: 10.1038/nature09102

96. Löwenberg M, Tuynman J, Bilderbeek J, Gaber T, Buttgereit F, van
Deventer S, et al. Rapid immunosuppressive effects of glucocorticoids
mediated through Lck and Fyn. Blood. (2005) 106:1703–10.
doi: 10.1182/blood-2004-12-4790

97. Yosef N, Shalek AK, Gaublomme JT, Jin H, Lee Y, Awasthi A, et al. Dynamic
regulatory network controlling TH17 cell differentiation. Nature. (2013)
496:461–8. doi: 10.1038/nature11981

98. Toubai T, Magenau J. Immunopathology and biology-based treatment
of steroid-refractory graft-versus-host disease. Blood. (2020) 136:429–40.
doi: 10.1182/blood.2019000953

99. Mielcarek M, Furlong T, Storer BE, Green ML, McDonald GB, Carpenter
PA, et al. Effectiveness and safety of lower dose prednisone for initial
treatment of acute graft-versus-host disease: a randomized controlled
trial. Haematologica. (2015) 100:842–8. doi: 10.3324/haematol.2014.
118471

100. Mielcarek M, Storer BE, Boeckh M, Carpenter PA, McDonald GB, Deeg
HJ, et al. Initial therapy of acute graft-versus-host disease with low-dose
prednisone does not compromise patient outcomes. Blood. (2009) 113:2888–
94. doi: 10.1182/blood-2008-07-168401

101. Bacigalupo A, Milone G, Cupri A, Severino A, Fagioli F, Berger
M, et al. Steroid treatment of acute graft-versus-host disease
grade I: a randomized trial. Haematologica. (2017) 102:2125–33.
doi: 10.3324/haematol.2017.171157

102. Frairia C, Nicolosi M, Shapiro J, Kim J, Betts BC, Fernandez HF,
et al. Sole upfront therapy with beclomethasone and budesonide for
upper gastrointestinal acute graft-versus-host disease. Biol Blood Marrow

Transplant. (2020) 26:1303–11. doi: 10.1016/j.bbmt.2020.04.023
103. Hockenbery DM, Cruickshank S, Rodell TC, Gooley T, Schuening

F, Rowley S, et al. A randomized, placebo-controlled trial of oral
beclomethasone dipropionate as a prednisone-sparing therapy for

Frontiers in Pediatrics | www.frontiersin.org 17 January 2022 | Volume 9 | Article 784377

https://doi.org/10.1046/j.1365-2141.1997.1112925.x
https://doi.org/10.1016/j.bbmt.2015.01.001
https://doi.org/10.1016/j.bbmt.2015.09.001
https://doi.org/10.1038/s41409-018-0204-7
https://doi.org/10.1182/blood-2008-07-167098
https://doi.org/10.1056/NEJMoa1213299
https://doi.org/10.1126/scitranslmed.3000406
https://doi.org/10.1016/j.jtct.2021.08.021
https://doi.org/10.1182/blood-2011-10-387357
https://doi.org/10.1182/blood.V95.9.2754.009k25_2754_2759
https://doi.org/10.1172/JCI99261
https://doi.org/10.1182/blood-2018-01-822957
https://doi.org/10.1182/bloodadvances.2019000791
https://doi.org/10.1038/s41409-020-01119-3
https://doi.org/10.1016/0360-3016(95)02178-7
https://doi.org/10.1038/sj.bmt.1703015
https://doi.org/10.5045/br.2016.51.3.152
https://doi.org/10.1016/j.bbmt.2016.02.009
https://doi.org/10.2165/00002018-200124090-00002
https://doi.org/10.7759/cureus.6774
https://doi.org/10.1097/PAS.0b013e31816bf3fe
https://doi.org/10.1097/PAS.0b013e31829ab1ef
https://doi.org/10.1002/pbc.26891
https://doi.org/10.3109/10428194.2015.1101098
https://doi.org/10.1016/j.pcl.2009.11.007
https://doi.org/10.1038/s41409-019-0651-9
https://doi.org/10.1182/blood-2007-01-067249
https://doi.org/10.1016/j.cell.2005.06.029
https://doi.org/10.1038/nature09102
https://doi.org/10.1182/blood-2004-12-4790
https://doi.org/10.1038/nature11981
https://doi.org/10.1182/blood.2019000953
https://doi.org/10.3324/haematol.2014.118471
https://doi.org/10.1182/blood-2008-07-168401
https://doi.org/10.3324/haematol.2017.171157
https://doi.org/10.1016/j.bbmt.2020.04.023
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Wölfl et al. aGvHD in HSCT for ALL

gastrointestinal graft-versus-host disease. Blood. (2007) 109:4557–63.
doi: 10.1182/blood-2006-05-021139

104. Bianchi M, Heim D, Lengerke C, Halter J, Gerull S, Kleber M,
et al. Cyclosporine levels > 195 µg/L on day 10 post-transplant
was associated with significantly reduced acute graft-versus-host disease
following allogeneic hematopoietic stem cell transplantation. Ann Hematol.

(2019) 98:971–7. doi: 10.1007/s00277-018-3577-1
105. Mulrooney DA, Hyun G, Ness KK, Bhakta N, Pui CH, Ehrhardt MJ,

et al. The changing burden of long-term health outcomes in survivors
of childhood acute lymphoblastic leukaemia: a retrospective analysis of
the St jude lifetime cohort study. Lancet Haematol. (2019) 6:e306–16.
doi: 10.1016/S2352-3026(19)30050-X

106. Ruutu T, Gratwohl A, de Witte T, Afanasyev B, Apperley J, Bacigalupo
A, et al. Prophylaxis and treatment of GVHD: EBMT-ELN working group
recommendations for a standardized practice. Bone Marrow Transplant.

(2014) 49:168–73. doi: 10.1038/bmt.2013.107
107. Zeiser R, von Bubnoff N, Butler J, Mohty M, Niederwieser D, Or R, et al.

Ruxolitinib for glucocorticoid-refractory acute graft-versus-host disease. N
Engl J Med. (2020) 382:1800–10. doi: 10.1056/NEJMoa1917635

108. Kim JG, Sohn SK, Kim DH, Lee NY, Suh JS, Lee KS, et al. Different
efficacy of mycophenolate mofetil as salvage treatment for acute and chronic
GVHD after allogeneic stem cell transplant. Eur J Haematol. (2004) 73:56–61.
doi: 10.1111/j.1600-0609.2004.00247.x

109. Furlong T, Martin P, Flowers ME, Carnevale-Schianca F, Yatscoff R,
Chauncey T, et al. Therapy with mycophenolate mofetil for refractory
acute and chronic GVHD. Bone Marrow Transplant. (2009) 44:739–48.
doi: 10.1038/bmt.2009.76

110. Inagaki J, Kodama Y, Fukano R, Noguchi M, Okamura J. Mycophenolate
mofetil for treatment of steroid-refractory acute graft-versus-host disease
after pediatric hematopoietic stem cell transplantation. Pediatr Transplant.
(2015) 19:652–8. doi: 10.1111/petr.12545

111. Sleight BS, Chan KW, Braun TM, Serrano A, Gilman AL. Infliximab for
GVHD therapy in children. Bone Marrow Transplant. (2007) 40:473–80.
doi: 10.1038/sj.bmt.1705761

112. Patriarca F, Sperotto A, Damiani D, Morreale G, Bonifazi F, Olivieri A, et al.
Infliximab treatment for steroid-refractory acute graft-versus-host disease.
Haematologica. (2004) 89:1352–9.

113. MacMillan ML, Weisdorf DJ, Davies SM, DeFor TE, Burns LJ, Ramsay NK,
et al. Early antithymocyte globulin therapy improves survival in patients
with steroid-resistant acute graft-versus-host disease. Biol Blood Marrow

Transplant. (2002) 8:40–6. doi: 10.1053/bbmt.2002.v8.pm11858189
114. Macmillan ML, Couriel D, Weisdorf DJ, Schwab G, Havrilla N, Fleming

TR, et al. A phase 2/3 multicenter randomized clinical trial of ABX-CBL
versus ATG as secondary therapy for steroid-resistant acute graft-versus-host
disease. Blood. (2007) 109:2657–62. doi: 10.1182/blood-2006-08-013995

115. Gómez-Almaguer D, Ruiz-Argüelles GJ, del Carmen Tarín-Arzaga L,
González-Llano O, Gutiérrez-Aguirre H, Cantú-Rodríguez O, et al.
Alemtuzumab for the treatment of steroid-refractory acute graft-
versus-host disease. Biol Blood Marrow Transplant. (2008) 14:10–5.
doi: 10.1016/j.bbmt.2007.08.052

116. Schub N, Günther A, Schrauder A, Claviez A, Ehlert C, Gramatzki M,
et al. Therapy of steroid-refractory acute GVHD with CD52 antibody
alemtuzumab is effective. Bone Marrow Transplant. (2011) 46:143–7.
doi: 10.1038/bmt.2010.68

117. Khandelwal P, Emoto C, Fukuda T, Vinks AA, Neumeier L, Dandoy CE,
et al. A prospective study of alemtuzumab as a second-line agent for
steroid-refractory acute graft-versus-host disease in pediatric and young
adult allogeneic hematopoietic stem cell transplantation. Biol Blood Marrow

Transplant. (2016) 22:2220–5. doi: 10.1016/j.bbmt.2016.09.016
118. Miano M, Cuzzubbo D, Terranova P, Giardino S, Lanino E, Morreale

G, et al. Daclizumab as useful treatment in refractory acute GVHD:
a paediatric experience. Bone Marrow Transplant. (2009) 43:423–7.
doi: 10.1038/bmt.2008.331

119. Bordigoni P, Dimicoli S, Clement L, Baumann C, Salmon A, Witz
F, et al. Daclizumab, an efficient treatment for steroid-refractory
acute graft-versus-host disease. Br J Haematol. (2006) 135:382–5.
doi: 10.1111/j.1365-2141.2006.06321.x

120. Perales MA, Ishill N, Lomazow WA, Weinstock DM, Papadopoulos EB,
Dastigir H, et al. Long-term follow-up of patients treated with daclizumab
for steroid-refractory acute graft-vs-host disease. Bone Marrow Transplant.

(2007) 40:481–6. doi: 10.1038/sj.bmt.1705762
121. Funke VA, de Medeiros CR, Setúbal DC, Ruiz J, Bitencourt MA, Bonfim

CM, et al. Therapy for severe refractory acute graft-versus-host disease
with basiliximab, a selective interleukin-2 receptor antagonist. Bone Marrow

Transplant. (2006) 37:961–5. doi: 10.1038/sj.bmt.1705306
122. Liu SN, Zhang XH, Xu LP, Wang Y, Yan CH, Chen H, et al. Prognostic

factors and long-term follow-up of basiliximab for steroid-refractory acute
graft-versus-host disease: updated experience from a large-scale study. Am J

Hematol. (2020) 95:927–36. doi: 10.1002/ajh.25839
123. Tang FF, Cheng YF, Xu LP, Zhang XH, Yan CH, Han W, et al. Basiliximab as

treatment for steroid-refractory acute graft-versus-host disease in pediatric
patients after haploidentical hematopoietic stem cell transplantation. Biol
Blood Marrow Transplant. (2020) 26:351–7. doi: 10.1016/j.bbmt.2019.10.031

124. Tan Y, Xiao H, Wu D, Luo Y, Lan J, Liu Q, et al. Combining
therapeutic antibodies using basiliximab and etanercept for severe steroid-
refractory acute graft-versus-host disease: a multi-center prospective study.
Oncoimmunology. (2017) 6:e1277307. doi: 10.1080/2162402X.2016.1277307

125. Bolaños-Meade J, Jacobsohn DA, Margolis J, Ogden A, Wientjes MG, Byrd
JC, et al. Pentostatin in steroid-refractory acute graft-versus-host disease. J
Clin Oncol. (2005) 23:2661–8. doi: 10.1200/JCO.2005.06.130

126. Zeiser R, Burchert A, Lengerke C, Verbeek M, Maas-Bauer K, Metzelder SK,
et al. Ruxolitinib in corticosteroid-refractory graft-versus-host disease after
allogeneic stem cell transplantation: a multicenter survey. Leukemia. (2015)
29:2062–8. doi: 10.1038/leu.2015.212

127. Jagasia M, Perales MA, Schroeder MA, Ali H, Shah NN, Chen YB,
et al. Ruxolitinib for the treatment of steroid-refractory acute GVHD
(REACH1): a multicenter, open-label phase 2 trial. Blood. (2020) 135:1739–
49. doi: 10.1182/blood.2020004823

128. Schroeder MA, Choi J, Staser K, DiPersio JF. The role of janus kinase
signaling in graft-versus-host disease and graft versus leukemia. Biol Blood
Marrow Transplant. (2018) 24:1125–34. doi: 10.1016/j.bbmt.2017.12.797

129. Khandelwal P, Teusink-Cross A, Davies SM, Nelson AS, Dandoy CE,
El-Bietar J, et al. Ruxolitinib as salvage therapy in steroid-refractory
acute graft-versus-host disease in pediatric hematopoietic stem cell
transplant patients. Biol Blood Marrow Transplant. (2017) 23:1122–7.
doi: 10.1016/j.bbmt.2017.03.029

130. González Vicent M, Molina B, González de Pablo J, Castillo A, Díaz M.
Ruxolitinib treatment for steroid refractory acute and chronic graft vs host
disease in children: clinical and immunological results.Am J Hematol. (2019)
94:319–26. doi: 10.1002/ajh.25376

131. Uygun V, Karasu G, Daloglu H, Öztürkmen S, Kiliç S, Yalçin K, et al.
Ruxolitinib salvage therapy is effective for steroid-refractory graft-versus-
host disease in children: a single-center experience. Pediatr Blood Cancer.

(2020) 67:e28190. doi: 10.1002/pbc.28190
132. Laisne L, Neven B, Dalle JH, Galambrun C, Esvan M, Renard C, et al.

Ruxolitinib in children with steroid-refractory acute graft-versus-host
disease: a retrospective multicenter study of the pediatric group of SFGM-
TC. Pediatr Blood Cancer. (2020) 67:e28233. doi: 10.1002/pbc.28233

133. Mozo Y, Bueno D, Sisinni L, Fernández-Arroyo A, Rosich B, Martínez AP,
et al. Ruxolitinib for steroid-refractory graft versus host disease in pediatric
HSCT: high response rate and manageable toxicity. Pediatr Hematol Oncol.

(2021) 38:331–45. doi: 10.1080/08880018.2020.1868637
134. Couriel DR, Hosing C, Saliba R, Shpall EJ, Anderlini P, Rhodes

B, et al. Extracorporeal photochemotherapy for the treatment
of steroid-resistant chronic GVHD. Blood. (2006) 107:3074–80.
doi: 10.1182/blood-2005-09-3907

135. Peritt D. Potential mechanisms of photopheresis in hematopoietic stem cell
transplantation. Biol Blood Marrow Transplant. (2006) 12 (1 Suppl. 2):7–12.
doi: 10.1016/j.bbmt.2005.11.005

136. Di Biaso I, Di Maio L, Bugarin C, Gaipa G, Dander E, Balduzzi A,
et al. Regulatory T cells and extracorporeal photochemotherapy: correlation
with clinical response and decreased frequency of proinflammatory T
cells. Transplantation. (2009) 87:1422–5. doi: 10.1097/TP.0b013e3181a
27a5d

Frontiers in Pediatrics | www.frontiersin.org 18 January 2022 | Volume 9 | Article 784377

https://doi.org/10.1182/blood-2006-05-021139
https://doi.org/10.1007/s00277-018-3577-1
https://doi.org/10.1016/S2352-3026(19)30050-X
https://doi.org/10.1038/bmt.2013.107
https://doi.org/10.1056/NEJMoa1917635
https://doi.org/10.1111/j.1600-0609.2004.00247.x
https://doi.org/10.1038/bmt.2009.76
https://doi.org/10.1111/petr.12545
https://doi.org/10.1038/sj.bmt.1705761
https://doi.org/10.1053/bbmt.2002.v8.pm11858189
https://doi.org/10.1182/blood-2006-08-013995
https://doi.org/10.1016/j.bbmt.2007.08.052
https://doi.org/10.1038/bmt.2010.68
https://doi.org/10.1016/j.bbmt.2016.09.016
https://doi.org/10.1038/bmt.2008.331
https://doi.org/10.1111/j.1365-2141.2006.06321.x
https://doi.org/10.1038/sj.bmt.1705762
https://doi.org/10.1038/sj.bmt.1705306
https://doi.org/10.1002/ajh.25839
https://doi.org/10.1016/j.bbmt.2019.10.031
https://doi.org/10.1080/2162402X.2016.1277307
https://doi.org/10.1200/JCO.2005.06.130
https://doi.org/10.1038/leu.2015.212
https://doi.org/10.1182/blood.2020004823
https://doi.org/10.1016/j.bbmt.2017.12.797
https://doi.org/10.1016/j.bbmt.2017.03.029
https://doi.org/10.1002/ajh.25376
https://doi.org/10.1002/pbc.28190
https://doi.org/10.1002/pbc.28233
https://doi.org/10.1080/08880018.2020.1868637
https://doi.org/10.1182/blood-2005-09-3907
https://doi.org/10.1016/j.bbmt.2005.11.005
https://doi.org/10.1097/TP.0b013e3181a27a5d
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Wölfl et al. aGvHD in HSCT for ALL

137. Spisek R, Gasova Z, Bartunkova J. Maturation state of dendritic cells
during the extracorporeal photopheresis and its relevance for the
treatment of chronic graft-versus-host disease. Transfusion. (2006) 46:55–65.
doi: 10.1111/j.1537-2995.2005.00670.x

138. Sniecinski I, Seghatchian J. Factual reflections and recommendations on
extracorporeal photopheresis in pediatrics. Transfus Apher Sci. (2017)
56:118–22. doi: 10.1016/j.transci.2017.03.013

139. Hackstein H, Misterek J, Nockher A, Reiter A, Bein G, Woessmann
W. Mini buffy coat photopheresis for children and critically ill patients
with extracorporeal photopheresis contraindications. Transfusion. (2009)
49:2366–73. doi: 10.1111/j.1537-2995.2009.02289.x

140. Worel N, Lehner E, Fuhrer H, Kalhs P, Rabitsch W, Mitterbauer M,
et al. Extracorporeal photopheresis as second-line therapy for patients with
acute graft-versus-host disease: does the number of cells treated matter?
Transfusion. (2018) 58:1045–53. doi: 10.1111/trf.14506

141. Chan KW. Extracorporeal photopheresis in children with graft-versus-host
disease. J Clin Apher. (2006) 21:60–4. doi: 10.1002/jca.20087

142. Padmanabhan A, Connelly-Smith L, Aqui N, Balogun RA, Klingel R, Meyer
E, et al. Guidelines on the use of therapeutic apheresis in clinical practice -
evidence-based approach from the writing committee of the american society
for apheresis: the eighth special issue. J Clin Apher. (2019) 34:171–354.
doi: 10.1002/jca.21705

143. Alfred A, Taylor PC, Dignan F, El-Ghariani K, Griffin J, Gennery AR, et al.
The role of extracorporeal photopheresis in the management of cutaneous
T-cell lymphoma, graft-versus-host disease and organ transplant rejection:
a consensus statement update from the UK photopheresis society. Br J

Haematol. (2017) 177:287–310. doi: 10.1111/bjh.14537
144. Drexler B, Buser A, Infanti L, Stehle G, Halter J, Holbro A. Extracorporeal

photopheresis in graft-versus-host disease. Transfus Med Hemother. (2020)
47:214–25. doi: 10.1159/000508169

145. Abu-Dalle I, Reljic T, Nishihori T, Antar A, Bazarbachi A, Djulbegovic
B, et al. Extracorporeal photopheresis in steroid-refractory acute or
chronic graft-versus-host disease: results of a systematic review of
prospective studies. Biol Blood Marrow Transplant. (2014) 20:1677–86.
doi: 10.1016/j.bbmt.2014.05.017

146. Greinix HT, Worel N, Knobler R. Role of extracorporeal photopheresis
(ECP) in treatment of steroid-refractory acute graft-versus-host disease.
Biol Blood Marrow Transplant. (2010) 16:1747–8; author reply 9.
doi: 10.1016/j.bbmt.2010.06.012

147. Flinn AM, Ehrlich A, Roberts C, Wang XN, Chou J, Gennery AR.
Thymopoiesis, alterations in dendritic cells and tregs, and reduced T cell
activation in successful extracorporeal photopheresis treatment of GVHD.
J Clin Immunol. (2021) 41:1016–30. doi: 10.1007/s10875-021-00991-y

148. Iniesta P, Revilla N, Chen-Liang TH, Hurtado AM, Vicente V, Heras I, et al.
An early increase of CD56(bright) natural killer subset as dominant effect
and predictor of response to extracorporeal photopheresis for graft-versus-
host disease. Transfusion. (2018) 58:2924–32. doi: 10.1111/trf.14964

149. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,
et al. Multilineage potential of adult humanmesenchymal stem cells. Science.
(1999) 284:143–7. doi: 10.1126/science.284.5411.143

150. Kern S, Eichler H, Stoeve J, Klüter H, Bieback K. Comparative analysis of
mesenchymal stem cells from bonemarrow, umbilical cord blood, or adipose
tissue. Stem Cells. (2006) 24:1294–301. doi: 10.1634/stemcells.2005-0342

151. Burnham AJ, Daley-Bauer LP, Horwitz EM. Mesenchymal stromal cells
in hematopoietic cell transplantation. Blood Adv. (2020) 4:5877–87.
doi: 10.1182/bloodadvances.2020002646

152. Morata-Tarifa C, Macías-Sánchez MDM, Gutiérrez-Pizarraya A, Sanchez-
Pernaute R. Mesenchymal stromal cells for the prophylaxis and treatment of
graft-versus-host disease-a meta-analysis. Stem Cell Res Ther. (2020) 11:64.
doi: 10.1186/s13287-020-01592-z

153. Bonig H, Kuçi Z, Kuçi S, Bakhtiar S, Basu O, Bug G, et al. Children
and adults with refractory acute graft-versus-host disease respond to
treatment with the mesenchymal stromal cell preparation “MSC-FFM” -
outcome report of 92 patients. Cells. (2019) 8:1577. doi: 10.3390/cells81
21577

154. Kebriaei P, Hayes J, Daly A, Uberti J, Marks DI, Soiffer R, et al. A
phase 3 randomized study of remestemcel-l versus placebo added
to second-line therapy in patients with steroid-refractory acute

graft-versus-host disease. Biol Blood Marrow Transplant. (2020) 26:835–44.
doi: 10.1016/j.bbmt.2019.08.029

155. Kurtzberg J, Prockop S, Teira P, Bittencourt H, Lewis V, Chan KW,
et al. Allogeneic human mesenchymal stem cell therapy (remestemcel-L,
prochymal) as a rescue agent for severe refractory acute graft-versus-host
disease in pediatric patients. Biol Blood Marrow Transplant. (2014) 20:229–
35. doi: 10.1016/j.bbmt.2013.11.001

156. Kurtzberg J, Abdel-Azim H, Carpenter P, Chaudhury S, Horn B, Mahadeo
K, et al. A phase 3, single-arm, prospective study of remestemcel-l, ex vivo
culture-expanded adult human mesenchymal stromal cells for the treatment
of pediatric patients who failed to respond to steroid treatment for acute
graft-versus-host disease. Biol Blood Marrow Transplant. (2020) 26:845–54.
doi: 10.1016/j.bbmt.2020.01.018

157. Kasikis S, Baez J, Gandhi I, Grupp S, Kitko CL, Kowalyk S, et al. Mesenchymal
stromal cell therapy induces high responses and survival in children
with steroid refractory GVHD and poor risk biomarkers. Bone Marrow

Transplant. (2021) 56:2869–70. doi: 10.1038/s41409-021-01442-3
158. Kuçi Z, Bönig H, Kreyenberg H, Bunos M, Jauch A, Janssen JW, et al.

Mesenchymal stromal cells from pooled mononuclear cells of multiple bone
marrow donors as rescue therapy in pediatric severe steroid-refractory graft-
versus-host disease: a multicenter survey.Haematologica. (2016) 101:985–94.
doi: 10.3324/haematol.2015.140368

159. Aggarwal S, Pittenger MF. Human mesenchymal stem cells modulate
allogeneic immune cell responses. Blood. (2005) 105:1815–22.
doi: 10.1182/blood-2004-04-1559

160. Steinbach G, Hockenbery DM, Huls G, Furlong T, Myerson D, Loeb
KR, et al. Pilot study of lithium to restore intestinal barrier function
in severe graft-versus-host disease. PLoS ONE. (2017) 12:e0183284.
doi: 10.1371/journal.pone.0183284

161. Carpenter PA, Lowder J, Johnston L, Frangoul H, Khoury H, Parker P, et al.
A phase II multicenter study of visilizumab, humanized anti-CD3 antibody,
to treat steroid-refractory acute graft-versus-host disease. Biol Blood Marrow

Transplant. (2005) 11:465–71. doi: 10.1016/j.bbmt.2005.03.002
162. Schroeder MA, Khoury HJ, Jagasia M, Ali H, Schiller GJ, Staser K,

et al. A phase 1 trial of itacitinib, a selective JAK1 inhibitor, in
patients with acute graft-versus-host disease. Blood Adv. (2020) 4:1656–69.
doi: 10.1182/bloodadvances.2019001043

163. Shono Y, van den Brink MRM. Gut microbiota injury in allogeneic
haematopoietic stem cell transplantation. Nat Rev Cancer. (2018) 18:283–95.
doi: 10.1038/nrc.2018.10

164. Mehta RS, Saliba RM, Jan A, Shigle TL, Wang E, Nieto Y, et al. Vedolizumab
for steroid refractory lower gastrointestinal tract graft-versus-host
disease. Transplant Cell Ther. (2021) 27:272.e1–5. doi: 10.1016/j.jtct.2020.
12.011

165. Kekre N, Kim HT, Hofer J, Ho VT, Koreth J, Armand P, et al. Phase II trial
of natalizumab with corticosteroids as initial treatment of gastrointestinal
acute graft-versus-host disease. BoneMarrow Transplant. (2021) 56:1006–12.
doi: 10.1038/s41409-020-01049-0

166. Ganetsky A, Frey NV, Hexner EO, Loren AW, Gill SI, Luger SM, et al.
Tocilizumab for the treatment of severe steroid-refractory acute graft-versus-
host disease of the lower gastrointestinal tract. Bone Marrow Transplant.

(2019) 54:212–7. doi: 10.1038/s41409-018-0236-z
167. Ibrahimova A, Davies SM, Lane A, Jordan MB, Lake K, Litts B, et al.

α4β7 integrin expression and blockade in pediatric and young adult
gastrointestinal graft-versus-host disease. Pediatr Blood Cancer. (2021)
68:e28968. doi: 10.1002/pbc.28968

168. Fløisand Y, Lundin KEA, Lazarevic V, Kristiansen JD, Osnes LTN, Tjønnfjord
GE, et al. Targeting integrin α4β7 in steroid-refractory intestinal graft-
versus-host disease. Biol Blood Marrow Transplant. (2017) 23:172–5.
doi: 10.1016/j.bbmt.2016.10.009

169. Fløisand Y, Lazarevic VL, Maertens J, Mattsson J, Shah NN, Zachée
P, et al. Safety and effectiveness of vedolizumab in patients with
steroid-refractory gastrointestinal acute graft-versus-host disease: a
retrospective record review. Biol Blood Marrow Transplant. (2019) 25:720–7.
doi: 10.1016/j.bbmt.2018.11.013

170. Danylesko I, Bukauskas A, Paulson M, Peceliunas V, Gedde-Dahl
DYT, Shimoni A, et al. Anti-α4β7 integrin monoclonal antibody
(vedolizumab) for the treatment of steroid-resistant severe intestinal

Frontiers in Pediatrics | www.frontiersin.org 19 January 2022 | Volume 9 | Article 784377

https://doi.org/10.1111/j.1537-2995.2005.00670.x
https://doi.org/10.1016/j.transci.2017.03.013
https://doi.org/10.1111/j.1537-2995.2009.02289.x
https://doi.org/10.1111/trf.14506
https://doi.org/10.1002/jca.20087
https://doi.org/10.1002/jca.21705
https://doi.org/10.1111/bjh.14537
https://doi.org/10.1159/000508169
https://doi.org/10.1016/j.bbmt.2014.05.017
https://doi.org/10.1016/j.bbmt.2010.06.012
https://doi.org/10.1007/s10875-021-00991-y
https://doi.org/10.1111/trf.14964
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1634/stemcells.2005-0342
https://doi.org/10.1182/bloodadvances.2020002646
https://doi.org/10.1186/s13287-020-01592-z
https://doi.org/10.3390/cells8121577
https://doi.org/10.1016/j.bbmt.2019.08.029
https://doi.org/10.1016/j.bbmt.2013.11.001
https://doi.org/10.1016/j.bbmt.2020.01.018
https://doi.org/10.1038/s41409-021-01442-3
https://doi.org/10.3324/haematol.2015.140368
https://doi.org/10.1182/blood-2004-04-1559
https://doi.org/10.1371/journal.pone.0183284
https://doi.org/10.1016/j.bbmt.2005.03.002
https://doi.org/10.1182/bloodadvances.2019001043
https://doi.org/10.1038/nrc.2018.10
https://doi.org/10.1016/j.jtct.2020.12.011
https://doi.org/10.1038/s41409-020-01049-0
https://doi.org/10.1038/s41409-018-0236-z
https://doi.org/10.1002/pbc.28968
https://doi.org/10.1016/j.bbmt.2016.10.009
https://doi.org/10.1016/j.bbmt.2018.11.013
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Wölfl et al. aGvHD in HSCT for ALL

acute graft-versus-host disease. Bone Marrow Transplant. (2019) 54:987–93.
doi: 10.1038/s41409-018-0364-5

171. Chen YB, Perales MA, Li S, Kempner M, Reynolds C, Brown J,
et al. Phase 1 multicenter trial of brentuximab vedotin for steroid-
refractory acute graft-versus-host disease. Blood. (2017) 129:3256–61.
doi: 10.1182/blood-2017-03-772210

172. Magenau JM, Goldstein SC, Peltier D, Soiffer RJ, Braun T, Pawarode
A, et al. α(1)-Antitrypsin infusion for treatment of steroid-
resistant acute graft-versus-host disease. Blood. (2018) 131:1372–9.
doi: 10.1182/blood-2017-11-815746

173. Lindemans CA, Calafiore M, Mertelsmann AM, O’Connor MH, Dudakov
JA, Jenq RR, et al. Interleukin-22 promotes intestinal-stem-cell-mediated
epithelial regeneration. Nature. (2015) 528:560–4. doi: 10.1038/nature16460

174. Kakihana K, Fujioka Y, Suda W, Najima Y, Kuwata G, Sasajima S,
et al. Fecal microbiota transplantation for patients with steroid-resistant
acute graft-versus-host disease of the gut. Blood. (2016) 128:2083–8.
doi: 10.1182/blood-2016-05-717652

175. Qi X, Li X, Zhao Y, Wu X, Chen F, Ma X, et al. Treating steroid refractory
intestinal acute graft-vs.-host disease with fecal microbiota transplantation:
a pilot study. Front Immunol. (2018) 9:2195. doi: 10.3389/fimmu.2018.02195

176. Nava T, Ansari M, Dalle JH, de Heredia CD, Güngör T, Trigoso E, et al.
Supportive care during pediatric hematopoietic stem cell transplantation:
beyond infectious diseases. A report from workshops on supportive care
of the pediatric diseases working party (PDWP) of the European society
for blood and marrow transplantation (EBMT). Bone Marrow Transplant.

(2020) 55:1126–36. doi: 10.1038/s41409-020-0818-4
177. Ifversen M, Meisel R, Sedlacek P, Kalwak K, Sisinni L, Hutt D, et al.

Supportive care during pediatric hematopoietic stem cell transplantation:
prevention of infections. A report from workshops on supportive care of
the paediatric diseases working party (PDWP) of the European society for
blood and marrow transplantation (EBMT). Front Pediatr. (2021) 9:705179.
doi: 10.3389/fped.2021.705179

178. Docampo MD, Auletta JJ, Jenq RR. Emerging influence of the intestinal
microbiota during allogeneic hematopoietic cell transplantation: control
the gut and the body will follow. Biol Blood Marrow Transplant. (2015)
21:1360–6. doi: 10.1016/j.bbmt.2015.02.016

179. Köhler N, Zeiser R. Intestinal microbiota influence immune tolerance post
allogeneic hematopoietic cell transplantation and intestinal GVHD. Front
Immunol. (2018) 9:3179. doi: 10.3389/fimmu.2018.03179

180. Tanaka JS, Young RR, Heston SM, Jenkins K, Spees LP, Sung AD,
et al. Anaerobic antibiotics and the risk of graft-versus-host disease after
allogeneic hematopoietic stem cell transplantation. Biol Blood Marrow

Transplant. (2020) 26:2053–60. doi: 10.1016/j.bbmt.2020.07.011
181. Weber D, Oefner PJ, Dettmer K, Hiergeist A, Koestler J, Gessner A, et al.

Rifaximin preserves intestinal microbiota balance in patients undergoing
allogeneic stem cell transplantation. Bone Marrow Transplant. (2016)
51:1087–92. doi: 10.1038/bmt.2016.66

182. Shaikhkhalil AK, Crandall W. Enteral nutrition for pediatric Crohn’s
disease: an underutilized therapy. Nutr Clin Pract. (2018) 33:493–509.
doi: 10.1002/ncp.10011

183. Toenges R, Greinix H, Lawitschka A, Halter J, Baumgartner A,
Simon A, et al. Current practice in nutrition after allogeneic
hematopoietic stem cell transplantation - results from a survey among
hematopoietic stem cell transplant centers. Clin Nutr. (2021) 40:1571–7.
doi: 10.1016/j.clnu.2021.02.030

184. Hunger SP, Mullighan CG. Acute lymphoblastic leukemia in children.N Engl

J Med. (2015) 373:1541–52. doi: 10.1056/NEJMra1400972
185. Dignan FL, Clark A, Amrolia P, Cornish J, Jackson G, Mahendra P, et al.

Diagnosis andmanagement of acute graft-versus-host disease. Br J Haematol.

(2012) 158:30–45. doi: 10.1111/j.1365-2141.2012.09129.x
186. Martin PJ, Rizzo JD, Wingard JR, Ballen K, Curtin PT, Cutler C,

et al. First- and second-line systemic treatment of acute graft-versus-
host disease: recommendations of the American society of blood and
marrow transplantation. Biol Blood Marrow Transplant. (2012) 18:1150–63.
doi: 10.1016/j.bbmt.2012.04.005

187. Wu SR, Reddy P. Tissue tolerance: a distinct concept to control acute GVHD
severity. Blood. (2017) 129:1747–52. doi: 10.1182/blood-2016-09-740431

188. Fu YY, Egorova A, Sobieski C, Kuttiyara J, Calafiore M, Takashima S, et al.
T cell recruitment to the intestinal stem cell compartment drives immune-
mediated intestinal damage after allogeneic transplantation. Immunity.

(2019) 51:90–103.e3. doi: 10.1016/j.immuni.2019.06.003
189. Norona J, Apostolova P, Schmidt D, Ihlemann R, Reischmann N, Taylor

G, et al. Glucagon-like peptide 2 for intestinal stem cell and paneth cell
repair during graft-versus-host disease in mice and humans. Blood. (2020)
136:1442–55. doi: 10.1182/blood.2020005957

190. Koyama M, Mukhopadhyay P, Schuster IS, Henden AS, Hülsdünker
J, Varelias A, et al. MHC class II antigen presentation by the
intestinal epithelium initiates graft-versus-host disease and is
influenced by the microbiota. Immunity. (2019) 51:885–98.e7.
doi: 10.1016/j.immuni.2019.08.011

191. Luft T, Dietrich S, Falk C, Conzelmann M, Hess M, Benner A, et al. Steroid-
refractory GVHD: T-cell attack within a vulnerable endothelial system.
Blood. (2011) 118:1685–92. doi: 10.1182/blood-2011-02-334821

Conflict of Interest: CD-d-H has acted as a consultant and speaker for and has
received travel expenses from Novartis. MW has acted as a consultant for and
has received travel expenses from Novartis. MW also received travel expenses
from Mallinckrodt Pharmaceuticals. MQ received honoraria from Mesoblasts,
Medexus, Jazz Pharmaceuticals, and Novartis. HB owns IP and receives royalties
and licencing fees from Medac for an MSC product for aGvHD which he
co-invented.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Wölfl, Qayed, Benitez Carabante, Sykora, Bonig, Lawitschka

and Diaz-de-Heredia. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org 20 January 2022 | Volume 9 | Article 784377

https://doi.org/10.1038/s41409-018-0364-5
https://doi.org/10.1182/blood-2017-03-772210
https://doi.org/10.1182/blood-2017-11-815746
https://doi.org/10.1038/nature16460
https://doi.org/10.1182/blood-2016-05-717652
https://doi.org/10.3389/fimmu.2018.02195
https://doi.org/10.1038/s41409-020-0818-4
https://doi.org/10.3389/fped.2021.705179
https://doi.org/10.1016/j.bbmt.2015.02.016
https://doi.org/10.3389/fimmu.2018.03179
https://doi.org/10.1016/j.bbmt.2020.07.011
https://doi.org/10.1038/bmt.2016.66
https://doi.org/10.1002/ncp.10011
https://doi.org/10.1016/j.clnu.2021.02.030
https://doi.org/10.1056/NEJMra1400972
https://doi.org/10.1111/j.1365-2141.2012.09129.x
https://doi.org/10.1016/j.bbmt.2012.04.005
https://doi.org/10.1182/blood-2016-09-740431
https://doi.org/10.1016/j.immuni.2019.06.003
https://doi.org/10.1182/blood.2020005957
https://doi.org/10.1016/j.immuni.2019.08.011
https://doi.org/10.1182/blood-2011-02-334821
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Current Prophylaxis and Treatment Approaches for Acute Graft-Versus-Host Disease in Haematopoietic Stem Cell Transplantation for Children With Acute Lymphoblastic Leukaemia
	Introduction
	Clinical Evidence for a Graft-Versus-Leukaemia Effect as the Decisive Factor For Allo-Transplantation in All
	Risk Factors for the Development of AGvHD in Children and Adolescents
	Differences in the Pathophysiology of AGvHD Between Adults and Children
	Prophylaxis of GvHD in Different Settings of HSCT
	Clinical Staging and Grading of AGvHD
	The Role of GvHD Biomarkers in Early Diagnosis, Risk Stratification and Response Assessment
	Differential Diagnosis to AGvHD
	Skin Rash
	Colitis
	Elevated Liver Enzymes
	Inflammation

	Acute GvHD Treatment
	First-Line Treatment
	Steroid-Refractory GvHD
	Second-Line Treatment
	Conventional Pharmacological Intervention
	Extracorporeal Photopheresis
	Mesenchymal Stromal Cells
	Future Therapeutic Strategies


	Supportive Treatment
	Discussion and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


