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Simple Summary: Immunotherapy may be an attractive treatment option to increase survival, and
to reduce treatment-related side effects, for children with acute myeloid leukemia (AML). While
immunotherapies have shown successes in many cancer types, the development and subsequent
clinical implementation have proven difficult in pediatric AML. To expedite the development of
immunotherapy, it will be crucial to understand which pediatric AML patients are likely to respond
to immunotherapies. Emerging research in solid malignancies has shown that the number and
phenotype of immune cells in the tumor microenvironment is predictive of response to several types
of immunotherapies. Such a predictive model may also be applicable for AML and, thus, knowledge
on the immune cells infiltrating the bone marrow environment is needed. Here, we discuss the
current state of knowledge on these infiltrating immune cells in pediatric AML, as well as ongoing
immunotherapy trials, and provide suggestions concerning the way forward.

Abstract: Immunotherapeutic agents may be an attractive option to further improve outcomes
and to reduce treatment-related toxicity for pediatric AML. While improvements in outcome have
been observed with immunotherapy in many cancer types, immunotherapy development and
implementation into patient care for both adult and pediatric AML has been hampered by an
incomplete understanding of the bone marrow environment and a paucity of tumor-specific antigens.
Since only a minority of patients respond in most immunotherapy trials across different cancer types,
it will be crucial to understand which children with AML are likely to respond to or may benefit from
immunotherapies. Immune cell profiling efforts hold promise to answer this question, as illustrated
by the development of predictive scores in solid cancers. Such information on the number and
phenotype of immune cells during current treatment regimens will be pivotal to generate hypotheses
on how and when to intervene with immunotherapy in pediatric AML. In this review, we discuss
the current understanding of the number and phenotype of immune cells in the bone marrow in
pediatric AML, ongoing immunotherapy trials and how comprehensive immune profiling efforts
may pave the way for successful clinical trials (and, ultimately, implementation into patient care).

Keywords: acute myeloid leukemia; immune landscape; tumor immune microenvironment; immune
profiling; immune monitoring; immunotherapy; children
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1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous blood cancer characterized by
both aberrant proliferation and arrested differentiation of immature myeloid cells in the
bone marrow [1]. Due to intensified chemotherapy, risk-adapted treatment, improvement
in allogeneic stem cell transplantation (allo-SCT) and optimized supportive care, survival
of pediatric AML has greatly improved over the last decades [2]. Nevertheless, 20–30% of
children with AML do not survive as a result of significant treatment-related toxicity and
death due to relapse [3]. Furthermore, survivors often experience serious side effects and
late effects due to the treatment [3]. Therefore, alternative treatment options that further
improve outcome and reduce treatment-related side effects are required.

To date, therapeutic options that make use of T-cell-mediated effects to eliminate resid-
ual leukemic cells, such as allo-SCT, have shown to evoke anti-AML immunity and support
the use of immunotherapy in pediatric AML [4–7]. However, allo-SCT is associated with
major side effects such as chemotherapy- or irradiation-related toxicities and graft-versus-
host-disease [8]. Hence, less toxic immunotherapy options that enhance anti-leukemic
immune surveillance without these long-term sequelae are highly needed for this disease.
Encouraged by the initial successes of immunotherapy in acute lymphoblastic leukemia
(ALL) and various solid cancers, relatively new immunotherapeutic options are now avail-
able or under development for AML: immune checkpoint inhibitors (ICIs), unconjugated
and bispecific antibodies, adoptive cell therapy, cytokines and other immune-modulating
soluble factors, vaccines, and oncolytic viruses (Table 1) [6,7,9]. Antibody-drug conjugates
such as gemtuzumab-ozogamicin are not considered as immunotherapy in this overview,
as their main action is targeted delivery of cytotoxic agents to tumor cells.

Table 1. Classes of immunotherapy drugs that are studied in AML, mechanisms of action and examples.

Class of Immunotherapy Main Mechanism of Action Example for AML
Corresponding Phase(s)

of Clinical Trials for
Adult AML *

Immune checkpoint inhibitors
Bind to immune checkpoints or their

ligands and block their
immunosuppressive signal [9]

Nivolumab (anti-PD1)
Durvalumab
(anti-PDL1)

I–II
I–II

Unconjugated antibodies
Bind to tumor specific- or associated
antigens and consequently facilitate

recruitment of immune effector cells [10]

Daratumumab
(anti-CD38) I–II

Bispecific antibodies Redirect T- or NK-cells to tumor-specific
or -associated antigens [11]

Flotetuzumab
(CD3 × CD123)

AMG330 (CD3 × CD33)

I–II
I

Adoptive cell therapy
Ex vivo transduced or expanded

tumor-specific or -associated T- or
NK-cells for direct lysis of tumor cells [9]

CAR T-cells directed at
CD33 or CD123

I–II
I–III

Cytokines and other soluble
immune-modulating factors

Growth and activation of
T- and NK-cells [9] IL-2 IV

Vaccines Increase presentation of tumor specific-
or associated antigens [9]

DCP-001 (dendritic cell
vaccine) I–II

Oncolytic viruses
Viral oncolysis of cancer cells and

consequent induction of anti-tumor
immunity [12]

Vesicular stomatitis
virus I †

AML: acute myeloid leukemia; CAR: chimeric antigen receptor; IL: interleukin; NK: natural killer; PD: programmed death; PDL1: PD
ligand 1. * Ongoing trials for pediatric AML are presented in Table 2. † This trial is currently suspended (clinical hold). More information
can be found on www.clinicaltrials.gov (accessed on 15 August 2021).

Unfortunately, clinical translation from basic immunobiology to effective immunother-
apy appears to be relatively slow for both adult and pediatric AML in comparison to other
cancer types [4]. For instance, blinatumomab, a bispecific antibody binding CD19 and CD3,
and CD19-directed chimeric antigen receptor (CAR) T-cells, have been approved for clinical
use in both adults and children with B-cell precursor ALL [13–15]. Furthermore, ICIs have
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revolutionized the treatment of advanced melanoma and Hodgkin’s disease as well as other
cancer types [16,17]. In contrast, none of these relatively new immunotherapies have been
approved for clinical use for AML due to disappointing results in clinical trials [18–21].

The results in these trials and, consequently, the relatively slow implementation of
immunotherapy in patient care can be explained in part by an incomplete understanding of
the microenvironment in which the leukemic cells reside. For AML, the alleged tumor mi-
croenvironment (TME) is the bone marrow and includes, next to tumor cells, immune and
other normal hematopoietic, stromal, and endothelial cells [22]. During the leukemic tran-
sition, tumor cells grow at the expanse of normal hematopoietic cells, successfully evade
or suppress immune surveillance, and consequently create a bone marrow microenviron-
ment that is immunologically dysfunctional [6]. Emerging research in solid malignancies
has shown that the number and phenotype of immune cells in the TME is predictive of
response to several types of immunotherapies [23–28]. For adult AML, a similar trend is
observed in early phase clinical trials [29–31]. However, the abundance and phenotype of
pro- and anti-tumorigenic immune cells in the TME in adult and pediatric AML is hardly
explored. In addition, the development of antigen-directed immunotherapies such as
CAR T-cells has been hampered by a lack of tumor-specific antigens in AML [4]. Most
tumor-associated antigens, such as CD33 and CD123, overlap with antigens expressed on
normal hematopoietic progenitor cells [4–6]. Targeting those antigens with CAR T-cells may
result in profound myelosuppression due to lack of specificity and, hence, may mainly be a
bridge to transplant [4–6]. In addition, immunotherapies have been associated with severe
off-target systemic toxicities, including cytokine-release syndrome, immune cell-associated
neurotoxicity syndrome, and graft-versus-host-disease [32].

Extensive characterization of immune cells in the TME is crucial to tackle these chal-
lenges and to design successful immunotherapy trials [3–37]. Such characterization efforts
may capture the evolution of the bone marrow microenvironment during therapy and
disease progression, and consequently reveal which treatment time points are suitable for
immunotherapeutic intervention. Moreover, tumor-associated antigen detection on AML
blasts must be part of these efforts to support the use of antigen-directed immunotherapies.
Importantly, characterization efforts that focus on the pediatric population are necessary
as insights gained from adult AML patients might not be directly applicable to children
with AML. This may be due to differences in underlying leukemia biology, treatment, and
potentially in host-factors such as the immune cell composition in the bone marrow [29,38].
In this review, we describe the current knowledge on both immune cells and target antigen
expression in the TME in pediatric AML, discuss ongoing immunotherapy trials, and delin-
eate how immune profiling efforts may pave the way for immunotherapy implementation
into patient care.

2. Immune Cells in the TME

Immune cells and immune-related factors such as soluble molecules play a major role in
cancer development and progression [4]. For example, T- and natural killer (NK)-cells are
considered essential for effective anti-tumor immunity, while M2-macrophages and myeloid-
derived suppressor cells exert tumor-supporting activities in the TME [22–24]. The importance
of the immune system can be exemplified by the prognostic and predictive value of both the
number and phenotype of immune cells in the TME for both immunotherapy interventions
and conventional anticancer therapies in many cancers [22–28]. As a result of enormous
immune profiling efforts in solid malignancies, a general overview of critical players in
the TME has been generated (Figure 1). Accordingly, cytotoxic T-cells, memory T-cells,
T-helper 1 cells, follicular helper T-cells, NK-cells, B-cells, and M1-macrophages have
been associated with prolonged survival, while high densities of regulatory T-cells (Tregs),
M2-macrophages, myeloid-derived suppressor cells, and neutrophils have been correlated
with poor prognosis [23,39–41]. Although the prognostic significance of most immune cell
types in AML remains to be elucidated, a similar trend has been seen in recent studies on
adult AML [42–44]. For instance, for adult AML patients treated with chemotherapy, a
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relatively high proportion of T- and NK-cells in the bone marrow at diagnosis has been
associated with improved survival, while the proportion of Tregs has been associated with
poor prognosis [42–44]. For pediatric AML, such data are not available in literature yet.
Since the prognostic importance of immune cells in the TME is increasingly recognized,
further improvement of our understanding of immune cells in both adult and pediatric
AML will be necessary to move towards immunological-driven biological approaches.
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As only a minority of patients respond in most immunotherapy trials, many studies
have focused on elucidating factors that impact the response to immunotherapy. For
instance, studies in both solid and hematological cancers have shown that patients with
an immune-infiltrated or ‘hot’ TME have a relatively high probability of response to
ICIs [23–27]. Such an environment has been characterized by high abundance of both
CD4+ and CD8+ T-cells, opposed to low T-cell abundance in an immune-depleted or ‘cold’
TME. Interestingly, this observation has not only been seen for ICIs, but also for other
immunotherapeutic options such as bispecific antibodies, adoptive cell therapy and vac-
cines [26,27,29,30]. Moreover, beneficial proportions of CD4+ and CD8+ T-cell phenotypes,
such as an increased ratio of memory-like CD8+ T-cells compared to exhausted CD8+
T-cells, have appeared to be another factor that impacts immunotherapy response [28].

Immunotherapy studies in adult AML have shown similar observations [26–28]. For
example, a phase II study that evaluated nivolumab (anti-PD1 ICI) in combination with the
hypomethylating agent azacytidine in 70 adults with relapsed or refractory AML showed
that patients with a pre-treatment bone marrow T-cell proportion ≥ 13.2%, using flow
cytometry, had a 74% likelihood of response [31]. In addition, another phase II study
assessed the antileukemic activity of the bispecific antibody flotetuzumab in 30 adults
with refractory or relapsed AML [29,30]. This study did not use quantitative measure-
ments of T- and other immune cells, but instead estimated the abundance of immune
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cells in the bone marrow based on RNA-sequencing data. The results showed that out
of the 17 patients with an immune-infiltrated subtype, 11 patients showed anti-leukemic
activity. In contrast, among the 13 patients with an immune-depleted subtype, only one
patient responded [29,30]. Unfortunately, most immunotherapy trials in adult AML did not
measure T-cell and other immune-cell levels before treatment to date. To improve our un-
derstanding of which patients with AML are likely to respond to certain immunotherapies,
immune-based biomarkers need to be identified and tested in prospective clinical trials. For
pediatric AML, no studies on the predictive value of immune cells have been completed.

2.1. Immune Cells in the TME of AML at Diagnosis

Since the prognostic and predictive potential of immune cells in the bone marrow of
AML is increasingly recognized, we summarized the available information on immune cell
abundance and phenotype in the TME for children with AML at diagnosis. To date, few
studies have examined these parameters on a protein level. However, recent microarray-
and RNA-sequencing based studies have provided valuable information [29,45]. These
studies employed gene scores that either reflected the abundance of multiple immune
cell types or focused specifically on T- and NK-cell abundance. An extensive study by
Dufva and colleagues that used a 5-gene “cytolytic” score specific for T- and NK-cell
abundance showed that children with AML (n = 273) had a median combined proportion
of T- and NK-cells of nearly 25% out of all living cells in the bone marrow at diagnosis [45].
Of interest, the T- and NK-cell abundance in children did not differ from adults with
AML (n = 1585) in the same study [45]. Similar results were observed in a study with
34 children and 334 adults with AML that used RNA-sequencing to estimate the abundance
of multiple immune cells including antigen-presenting cells, T, B-, and NK-cells [29]. Only
adults with AML ≥ 60 years (n = 102) showed a slightly higher immune cell abundance in
comparison to children with AML [29]. This may be related to the increased prevalence of
myelodysplastic syndrome-related AML in older adults as this subtype is associated with
relatively high levels of immune infiltration in the bone marrow [45,46].

In contrast, a small study that used flow cytometry in children with AML (n = 28)
revealed a significantly lower fraction of T-cells out of all mononuclear cells in the bone
marrow (4%) [44]. Phenotypically, both CD4+ and CD8+ T-cells expressed higher levels of
the inhibitory checkpoints LAG3 and PD-1, in comparison to healthy donors [47]. These
checkpoints have been associated with exhaustion and reduced functional capacity of T-
cells [48]. However, T-cells with expression of LAG3 and PD-1 still retained modest capacity
for cytokine production, indicating that they were not fully exhausted [47]. Comparably,
despite significant declines in granzyme, CD16, CD57, and NKG2D, NK-cells in children
with AML still showed functional activity [47].

In addition, clonotype diversity of T- and BCRs can inform whether patients can
generate an effective antigen-specific anti-tumor immune response, for instance after
immunotherapy [48]. High levels of T- and B-cell clonal expansion indicate activation of
these cells and have been associated with improved responses to immunotherapy [49].
However, a growing body of evidence suggests that many T-cells in the TME are simply
‘observers’ that are incapable of recognizing and eliminating tumor cells and accordingly
present low levels of clonal expansion [50]. In a study focused on T-cell receptor (TCR)
and B-cell receptor (BCR) analysis of diagnostic bone marrow transcriptomes in both adult
(n = 151) and pediatric AML (including infant AML, up to 1 year of age; n = 145 in total),
T-cells in infant AML presented relatively low levels of clonal expansion in comparison
to pediatric and adult AML [51]. It was suggested that this might be due to limited
bacterial and viral antigen exposure prior to therapy. Notably, there were no differences in
clonal expansion between pediatric and adult AML. However, adult AML samples in this
study had significantly more secondary immunoglobulin class switch events than pediatric
AML samples. These results indicate higher levels of B-cell activation in adult AML in
comparison to pediatric AML.
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Taken together, microarray- and RNA-sequencing based studies have provided valu-
able insights into the immune cell abundance in the bone marrow of children with AML.
Apart from adults with AML ≥ 60 years, children with AML appeared to have similar
levels of T- and NK-cell abundance in the bone marrow at diagnosis in comparison to
adults with AML. Moreover, the high proportions of T- and NK-cells in the bone marrow
of children with AML in these studies look promising and anticipate that children with
AML may benefit from immunotherapy in the future. Studies that evaluated the immune
cell abundance and phenotype on the protein level at diagnosis are scarce in children with
AML. Although the microarray- and RNA-sequencing based methods in the discussed
studies have been validated and were found to robustly estimate immune cell levels as
measured by protein-based assays such as flow cytometry, functional studies are needed
to deepen our understanding of the phenotype of immune cells in the bone marrow in
children with AML.

2.2. Immune Cells in the TME in Relapsed and Refractory Disease

Unfortunately, the abundance and phenotype of immune cells in the TME of relapsed
and refractory pediatric AML has not been elucidated yet. In addition, no trials on im-
munotherapy drugs for relapsed and refractory pediatric AML have been published to
date. For adults, most data on the immune cell abundance in relapsed and refractory AML
stem from the studies that measured these parameters before treatment in immunother-
apy trials [29–31]. For instance, the study that evaluated nivolumab in combination with
azacytidine in relapsed and refractory adult AML showed that responders had a higher
frequency of pretherapy T-cells out of all living cells in the bone marrow as measured by
flow cytometry in comparison to non-responders (32.5% vs. 17.5%) [31]. Furthermore,
data on the phenotype of immune cells in the TME in the relapse setting suggested that
cytotoxic T-cells fail to restrain leukemia growth [29]. For instance, one study that em-
ployed RNA-sequencing reported that in comparison to the diagnostic setting, cytotoxic
T-cells showed increased markers of terminal differentiation, senescence, and exhaustion at
relapse [29]. Data from another study confirmed that cytotoxic T-cells showed upregulation
of exhaustion markers at relapse in comparison to healthy donors, but this was also seen at
diagnosis [52]. Moreover, cytotoxic T-cells in adult AML showed wide signs of impairment
and exhaustion at relapse after allo-SCT [53]. Since most immunotherapy trials for AML
test immunotherapeutic strategies in relapsed and refractory patients, it is key to unravel
these parameters to improve the use of immunotherapies in future clinical trials.

2.3. Immune Cells in the TME during and after Therapy

Over the years, the use of immunotherapy during and after conventional therapy
has gained interest in the field of AML due to the relatively low leukemic burden in these
settings [54]. Accordingly, relatively low numbers of blasts in the bone marrow might lead
to a reduction in immunosuppressive signals and more space and nutrition for immune
cells [55]. Indeed, one study revealed that the RNA-sequencing based estimates of im-
mune cell abundance in the adult AML TME were inversely associated with the leukemic
burden at diagnosis [29]. Furthermore, the RNA-sequencing based estimated immune
cell abundance was significantly higher in adult AML patients in complete remission
versus diagnosis [29]. Therefore, special attention has been dedicated to the potential use
of immunotherapy for the eradication of minimal residual disease (MRD) in AML and
other hematological cancers. For instance, in adults with B-cell precursor ALL, out of
21 MRD-positive patients, MRD conversion from positive to negative was achieved in 80%
of patients after one cycle of treatment with the bispecific antibody blinatumomab [56].
Consequently, blinatumomab has been approved for the treatment of MRD in B-cell precur-
sor ALL [56,57]. For AML, this study in combination with several other preclinical studies
have added interest in the eradication of MRD with immunotherapy [58,59]. For instance,
in a mouse model of AML with MRD-positivity, blocking of the immune checkpoint axis
with ICIs resulted in prolonged survival in comparison to no treatment [58]. Further-
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more, preliminary results from an ongoing phase II study that evaluates the anti-PD1 ICI
nivolumab in adult AML patients in complete remission, showed encouraging results [59].
In particular, 71% of patients were in continuing complete remission at 12 months after
treatment (ClinicalTrials.gov Identifier: NCT02532231) despite their high risk of relapse as
indicated by persistent MRD or adverse prognostic factors [59].

To date, few clinical trials have assessed the role of immunotherapy as maintenance
therapy for children with AML [60–62]. The randomized ELAM02 phase III trial evaluated
whether the use of interleukin-2 after consolidation therapy would improve disease-free
survival for newly diagnosed children with AML. Unfortunately, no differences in disease-
free and overall survival were observed between the intervention and control arm [60].
Similarly, two phase II clinical trials reported no improvements in disease-free and overall
survival with expanded NK-cell infusions after consolidation therapy for newly diagnosed
pediatric AML [61,62]. Although these initial trials did not show a clinical benefit of
immunotherapeutic maintenance therapy in pediatric AML, this does not preclude the
potential usefulness of (combinations of) recently developed immunotherapeutic agents as
consolidation therapies. Furthermore, changes in immune cell abundance and phenotype
in the TME during or after therapy in pediatric AML have not been studied. Therefore, it is
currently unknown how current treatment protocols affect the TME in pediatric AML and
thus, which treatment time points are particularly suitable for immunotherapy intervention.

For adult AML, these data are also scarce. As mentioned above, one study revealed
that the RNA-sequencing based immune cell abundance was significantly higher in com-
plete remission in comparison to diagnosis in adults with AML (n = 22) [29]. Furthermore,
CTLA4 expression was upregulated, while CD244 coinhibitory molecule was downreg-
ulated, which suggests T-cell activation after induction therapy [29]. Another study in
a larger adult cohort (n = 72) reported equal results in terms of T-cell activation after
induction therapy in responders, while non-responders showed relatively high levels
of dysfunction in comparison to the pretreatment setting [63]. However, while some
chemotherapeutic agents may indeed activate antitumor immune responses, these agents
might concomitantly induce tolerogenic and immunosuppressive pathways [64]. For exam-
ple, early lymphocyte recovery in 20 adult patients undergoing induction chemotherapy
for newly diagnosed AML indicated that recovering T-cells in the peripheral blood were
predominantly activated Tregs with suppressive activity [65–67].

Collectively, the use of immunotherapy during and/or after conventional treatment
has the potential to support the eradication of MRD and consequently prevent relapsed
disease. However, data on the immune cell abundance and phenotype is limited for
both adult and pediatric AML. Since studies across a spectrum of cancers have observed
plasticity of immune cell numbers and their phenotypes before- and after conventional
treatment, delineating changes in bone marrow immune cell abundance and phenotype for
pediatric AML will likely be important for the selection of suitable treatment time points
for immunotherapy intervention [68–72].

2.4. Genetic Alterations That Affect the Immune Cell Abundance in the TME

Next to the fact that leukemic cells compete with immune cells for the bone marrow
niche occupancy, emerging research suggests that certain genetic alterations in the AML
cells may as well impact the immune cell abundance in the TME [45,73,74]. For instance, the
earlier mentioned microarray- and RNA-sequencing based study by Dufva and colleagues
that included both pediatric and adult AML patients reported a strong positive correlation
between the cytolytic score and TP53 mutations, and between the cytolytic score and a
myelodysplastic syndrome-like signature [45]. Conversely, common adult AML driver
mutations FLT3 and NPM1 were associated with a lower cytolytic score. These findings
present important associations between molecular alterations and immune infiltration in
the TME. Although the interplay between genetic alterations and the immune landscape is
still poorly elucidated in AML, future research on this topic may be able to improve risk
stratification and consequently broaden therapeutic approaches for specific subgroups of
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patients [73]. Furthermore, since pediatric AML differs from adult AML in being mainly a
fusion-driven disease, this may require separate pediatric studies [38,75].

3. The Relevance of Systemic Immunity for Immunotherapy Responses

Over the last decade, the field of immuno-oncology has focused heavily on under-
standing the immune cells in the TME. However, the immune system is coordinated across
tissues and communication with the peripheral blood (PB) is essential for immune function
in the TME [76]. Recently, emerging evidence suggested that intact peripheral immune
function, communication, and trafficking are required for ICI efficacy. Mechanistically,
several reports suggested that ICIs drive novel, non-exhausted T-cell clones into the TME
that were not present locally prior to therapy [77–79].

In pediatric AML, only one study that used flow cytometry examined the presence
of immune cells in the PB [80]. This study examined the abundance of Tregs in the PB of
25 children with AML in serial assessments—diagnosis, post-induction, post-consolidation,
three and six-months follow-up and relapse. The authors reported that Treg levels were
increased at diagnosis in comparison to healthy donors. Tregs significantly decreased
after induction chemotherapy and continued to decrease over the course of treatment
and during follow-up for patients that remained in complete remission. In patients who
relapsed, Treg levels remained constant from the post-induction time point up to the last
follow-up preceding relapse, and then increased at relapse presentation again. Although
this study solely focused on Tregs and did not capture the range of other immune cells in
the PB, it suggests a role for Tregs in disease progression of AML. These results are in line
with observations in adult AML, where a relatively high proportion of Tregs in the bone
marrow at diagnosis was associated with inferior survival [43].

Studies that have assessed the immune reconstitution in the PB after allo-SCT might
also be informative of whether immunotherapy is likely to be effective in this setting. For
instance, T-cell reconstitution was shown to be excellent within one to two months after
unrelated cord blood donor allo-SCT in pediatric AML in the absence of anti-thymocyte
globulin as part of the conditioning regimen [81–84]. When serotherapy was part of
the conditioning regimen without dose optimization for each individual patient, it nega-
tively impacted immune reconstitution [83,84]. While the addition of serotherapy reduced
graft rejection and graft-versus-host-disease, it increased the incidence of viral infections
and leukemia relapses [82]. Therefore, the effects of the conditioning regimen should be
considered when immunotherapy is used to augment the graft-versus-leukemia effect.
Furthermore, as illustrated in the review by Soiffer et al., the use of immunotherapy af-
ter allo-SCT might lead to uncontrollable toxicity, such as graft-versus-host-disease [85].
For example, a phase I study that used the anti-PD1 ICI nivolumab as maintenance ther-
apy after allo-SCT in adult patients with evidence of MRD (ClinicalTrials.gov Identifier:
NCT02985554) was stopped prematurely due to an unexpected number of high-grade
immune-related adverse events [86].

Taken together, the research community has only just begun to recognize the role of
immune cells in the PB for achieving responses to immunotherapy. However, results show
that the immune response at the time of diagnosis and upon treatment should encompass
immune cells in both the TME and the PB.

4. Target Antigen Expression in Pediatric AML

For antigen-directed immunotherapies such as CAR T-cells and bispecific antibodies,
the expression of the target antigen on AML blasts is crucial. An ideal target should be
strongly expressed on the surface of AML blasts but preferably not or lowly expressed
on normal cells. A recent review has summarized the current knowledge on different
classes of target antigens in AML, and we refer to that article for a broad overview of this
topic [87].
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The identification of target antigens has been challenging in both pediatric and adult
AML. In addition, target antigen selection for pediatric AML has been largely based on
studies from adult patients due to a lack of studies in the pediatric population [88]. Of
interest, a recent study by Willier et al. examined immunotherapy targets for pediatric
AML (n = 36) using RNA-sequencing and flow cytometry and identified distinct expression
patterns data in comparison to what has been reported in adult AML [89]. In particular,
while CD123 has been shown to be broadly expressed in adult AML, it was lowly expressed
in pediatric AML samples. In contrast, a large study that compared CD123 expression
between pediatric and adult AML (n = 139 and n = 316, respectively) reported no differences
in expression levels [90].

Moreover, Willier et al. identified CD33 and CLEC12A (CLL1) as a promising combi-
nation of targets for immunotherapy covering about 60% of pediatric AML patients [89].
Dual targeting in cancer immunotherapy is a relatively new treatment modality that could
be of great interest to reduce off-leukemia effects since the effector cell is only activated
in case the target cell expresses both antigens [91,92]. Interestingly, a clinical phase I
study is currently ongoing for children and adult AML patients for treatment with CD33-
CLEC12A CAR T-cells followed by allo-SCT (ClinicalTrials.gov Identifier: NCT03795779).
Preliminary results indicate that this therapy regimen was able to induce remission in a
six-year-old girl with secondary AML [93]. Altogether, these findings illustrate the need to
uncover immunotarget expression levels prior to clinical application of antigen-directed
immunotherapy.

5. Immunotherapy Trials in Pediatric AML

A complete overview of currently ongoing and recruiting clinical immunotherapy
trials for adult AML is presented elsewhere, whereas we focus on immunotherapy trials
for pediatric AML in this review [18,19,87] (Figure 2; Table 2). Importantly, we did not
focus on trials that aimed to improve the outcomes of allo-SCT by incorporating T- or
NK-lymphocytes before or soon after the transplant since this is outside the scope of this
review. Except for three studies that focus on the setting of complete remission after
allo-SCT, clinical immunotherapy trials for pediatric AML examine relapsed or refractory
patients. The overview in Table 2 illustrates the lack of studies that employ the use of
ICIs for pediatric AML, which is understandable given the limited success of ICIs as
monotherapy in adult AML [18,19]. In pediatric AML, 13 out of 18 immunotherapy
trials evaluate the effect of antigen-directed immunotherapies (including unconjugated-,
bispecific antibodies, and transduced T-cells). Importantly, only 5 of those 13 trials assess
the expression of the target antigen before enrollment. Consequently, this may lead to a
lack of response in patients with low or no expression of, for instance, CD123 on AML
blasts. Moreover, only 4 out of 18 studies have included immune characterization as part
of the trial. As characterization of the immune response in the TME and PB has shown
to be informative of why patients respond to immunotherapy, the ability to answer this
question will likely be limited. Therefore, we advocate the use of immune profiling efforts
in future immunotherapy trials.
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Table 2. Overview of currently ongoing or planned immunotherapy trials for pediatric AML.

Disease
Stage Phase Drug & Target Concomitant

Therapy Indication Ages Patients
Measures Target

Antigen Expression
before Enrollment

Performs
Immune

Characterization

NCT/EUDRACT
& Acronym If

Applicable

Expected
Completion

Relapse/
Refractory II Isatuximab

Anti-CD38 Chemotherapy R/R <18 y 96 No No NCT03860844
(ISAKIDS) 2022

Relapse/
Refractory II Memory-like NK-cells Chemotherapy R/R 1–21 y 48 NA No NCT04354025 2026

Relapse/
Refractory I/II Nivolumab

Anti-PD1 Azacytidine R/R 1–30 y 26 No No NCT03825367 2024

Relapse/
Refractory I/II Memory-like NK-cells

and DLI Chemotherapy Relapse after
allo-SCT >0 y 90 (also adults) NA No NCT03068819 2026

Relapse/
Refractory I Memory-like NK-cells

and IL-2 Chemotherapy R/R 2–17 y Unclear for
pediatric cohort NA No NCT01898793 2028

Relapse/
Refractory I NK-cells Chemotherapy R/R 1–30 y 10 (also adults) NA Yes NCT04327037 2021

Relapse/
Refractory I CD123 CAR T-cells Chemotherapy R/R >11 y 42 (also adults) Yes No NCT02159495 2021

Relapse/
Refractory I CD123 CAR T-cells Chemotherapy R/R 1–29 y 12 No No NCT04678336 2036

Relapse/
Refractory I CD123 CAR T-cells Chemotherapy R/R <22 y 32 No Yes NCT04318678

(CATCHAML) 2025

Relapse/
Refractory I FLT3 CAR T-cells - R/R >11 y 40 (also adults) Yes No NCT03904069 2029

Relapse/
Refractory I/II CD33 CAR T-cells - R/R 1–35 y 34 (also adults) Yes No NCT03971799 2039

Relapse/
Refractory I CD33-CLL1 CAR

T-cells - HR disease All 20 (also adults) No No NCT03795779 2022

Relapse/
Refractory I/II CD44v6CAR T-cells Chemotherapy R/R 1–17 y for

pediatric cohort 58 (also adults) Yes No NCT04097301 2023

Relapse/
Refractory I Flotetuzumab

CD123 × CD3 BiTE Chemotherapy R/R <21 y 47 No Yes NCT04158739
(ADVL1812) 2021

Relapse/
Refractory I

Daratumomab
Anti-CD38 & FT538
(NK-cell product)

Chemotherapy R/R after 2 lines
of therapy >11 y 50 (also adults) Yes No NCT04714372 2025
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Table 2. Cont.

Disease
Stage Phase Drug & Target Concomitant

Therapy Indication Ages Patients
Measures Target

Antigen Expression
before Enrollment

Performs
Immune

Characterization

NCT/EUDRACT
& Acronym If

Applicable

Expected
Completion

Relapse and
post-SCT I/II

WT1-sensitized
allogeneic T-cells and

IL-2

Relapse-arm:
chemotherapy

Post-SCT arm: -

Relapsed after
SCT or high risk

of relapse
post-SCT

Unclear, but
weight should

be at least 15 kg
45 (also adults) No No NCT01640301 2029

Post-SCT I/II Sabatolimab
Anti-TIM3

With/without
Azacytidine

Post-SCT with
CR but MRD+ 12–99 y 59 (also adults) No No NCT04623216 2026

Post-SCT I/II WT1-loaded cord blood
dendritic cell vaccine - Post-SCT with

CR 0–18 y 54 Yes Yes 2015-000827-94
(U-DANCE) Unknown

Allo-SCT: allogeneic stem cell transplantation; BiTE: bispecific T-cell engager, CAR: chimeric antigen receptor; CR: complete remission; DLI: donor lymphocyte infusion; EUDRACT: European drug regulatory
authority’s clinical trial; HR: high risk; IL: interleukin; MRD: minimal residual disease; NA: not applicable; NCT: national clinical trial; NK: natural killer; R/R: relapse/refractory disease.
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6. The Way Forward in Pediatric AML: The Need for Immune Profiling

Immune profiling is the overarching term used for quantification and/or characteriza-
tion of the immune response. Studies in adults with cancer showed that immune profiling
data have substantial predictive value for immunotherapy and conventional treatments,
illustrated by the development of the Immunoscore® for colorectal cancer and the tumor
inflammation score for multiple cancer types [23–25,94,95]. However, immune profiling
data are scarce in pediatric solid tumors, as reviewed elsewhere, and in pediatric AML,
as illustrated in this review [96]. Therefore, as physicians and scientists in the field of
pediatric AML, we recognize the urgent need to initiate major immune characterization
efforts. Meanwhile, the Society for Immunotherapy of Cancer’s (SITC) has published a
resource document on the use of immune profiling for different purposes [97]. In this
resource document, the authors describe the discovery of biomarkers that are predictive of
both response to immunotherapy and immune-related adverse effects. Another resource
document is also available specifically for hematological malignancies [98]. However,
these resource documents suggest a multitude of immune profiling methods and there
is no consensus on which method(s) should guide the selection of the most beneficial
immunotherapy approach for a given (pediatric) AML patient. However, we anticipate
that both quantifying and characterizing the systemic and localized immune responses in
combination with measuring target antigen expression is most likely to be informative of
immunotherapy success.

Accordingly, flow or mass cytometry approaches on bone marrow aspirates and PB
or immunohistochemistry on bone biopsies could be used to assess and characterize the
immune infiltration of specific immune cell subsets. Importantly, these analyses should
include functional and exhaustion markers, such as PD-1 and CTLA4, to identify dysfunc-
tional or exhausted immune cells that may benefit from ICIs. For this purpose, single-cell
RNA sequencing could be used to dissect the heterogeneity and dynamics of immune cell
subsets in detail [28]. Furthermore, immune cells should be assessed functionally using,
for instance, T-cell killing or proliferation assays. In addition, RNA-sequencing data can be
used to infer the immune cell abundance utilizing deconvolution algorithms that are vali-
dated for AML. Furthermore, TCR and BCR analysis is suitable for monitoring the clonality
and the presence of antigen-specific T-cells over the treatment course [48]. Besides, these
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analyses may provide AML-specific TCRs which may consequently be used to generate
genetically engineered autologous or allogeneic T-cells as a novel therapy. Lastly, antigen
expression on AML blasts should be assessed by flow cytometry. We envision that after
collection and integration of these immune profiling data, generated hypotheses can then
be tested in preclinical models with primary samples, to further personalize and optimize
the design of clinical immunotherapy trials.

7. Discussions

The available evidence about the immune response in the TME and the PB is limited
in pediatric AML. Nonetheless, current data suggest that the T- and NK-cell abundance in
pediatric AML is comparable to adult AML at diagnosis [29,45]. As a result, we expect that
at least a subset of children with AML may also benefit from immunotherapy in the future,
as seen in adult AML. However, data regarding the immune cell phenotype at diagnosis,
and both the abundance and phenotype during and after treatment, and in the relapsed
and refractory setting are still limited for both pediatric and adult AML. Consequently,
it is unknown whether biological and/or treatment-related factors such as differences in
the underlying pathophysiology and maturation of the immune system cause differences
in immune cell parameters between adults and children with AML, or to what extent
these differences affect the probability of response to immunotherapy in pediatric AML in
comparison to adult AML [38,75,99]. For now, the current data indicate that results from
immunotherapy trials in adult AML cannot simply be extrapolated to pediatric AML.

As the level of immune infiltration was shown to be inversely associated with the
leukemic burden, there is an increased interest in the use of immunotherapy for the
eradication of MRD [56–59]. Although there is hardly any data on the composition of
immune cells in the TME during and after therapy in pediatric AML, results derived from
adult AML patients reveal that the use of immunotherapy for the eradication of MRD
holds great potential and should be explored further [59]. Moreover, combinations of
immunotherapy with other agents such as HMAs and conventional chemotherapy have
shown promising results in adult AML and other cancer subtypes [68–72]. These and
other innovative approaches will support the transition from the mainly chemotherapy-
based treatment in pediatric AML towards a more individualized treatment regimen with
increased efficacy and reduced side effects.

8. Conclusions

In conclusion, to allow children with AML to benefit from immunotherapy, major
immune profiling efforts are needed. These efforts should focus on the systemic and
TME immune profile during conventional therapy, as well as in clinical immunotherapy
trials. Moreover, future immunotherapy trials should enrich for potential responders to
prevent trials with unnecessarily low response rates in a disease with a limited number
of patients. These and immunological data-guided preclinical efforts will improve our
understanding of why children with AML develop a certain immune profile and which
patients are likely to respond to immunotherapy. Importantly, in a rare disease such as
pediatric AML, international collaboration will be key to expedite the development and
implementation of immunotherapy into patient care.
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