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Acute myeloid leukemia is a life-threatening malignant disorder arising in a complex and dysregulated microenvironment

that, in part, promotes the leukemogenesis. Treatment of relapsed and refractory AML, despite the current overall success

rates in management of pediatric AML, remains a challenge with limited options considering the heavy but unsuccessful

pretreatments in these patients.
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1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematologic malignancy that originates from transformed myeloid

precursor cells arising from a hijacked bone marrow microenvironment (BMM). Leukemogenesis is characterized by

uncontrolled clonal proliferation of malignant leukemic cells (blasts) that have lost the ability of proper differentiation at

various stages of maturation. Our knowledge today suggests that leukemic blasts transduce the surrounding BMM into a

leukemia-supportive niche and vice-versa, pointing at a bidirectional crosstalk between leukemic blasts and BMM

reciprocally supporting further disease progression  In adults, AML represents the most common form of acute leukemia

whilst in pediatrics, it accounts for 20% of all childhood leukemias with an overall survival of about 70% that ranges from

60% to 90% depending on the risk profile . However, the prognosis is still poor in cases of refractory disease and

relapse, which occur in about 30% of the patients .

Considering its heterogeneous characteristics, treatment of pediatric AML is adapted to different risk groups, stratified

based on different genetic, cytogenetic, and clinical properties. Primarily though, treatment in all groups consists of

intensive chemotherapeutic regimens with severe systemic side effects, emphasizing the urgent need for more tolerable,

less toxic, and highly efficient treatments. Stepping towards this goal, numerous research works have uncovered

substantial mechanisms underlying leukemogenesis and provided pivotal knowledge regarding the biology of AML, paving

the way for identification of promising novel therapeutic approaches . However, some of the targeted therapeutic

attempts failed to approve desired efficiency and safety in early phase trials and only a few have entered the clinic

(examples regarding antibody-based immunotherapies  and regarding immune-checkpoint-inhibitor therapies 

). Encouraged by the graft-versus-leukemia (GvL) effect following allogenic hematopoietic stem cell transplantation

(HSCT) in liquid cancers and the reported success of immunotherapy in solid tumors, immunological treatment

opportunities have gradually gained attention . Allo-HSCT is one of the oldest and best-known immunotherapies for

AML. It has been proven capable of eradicating the residual disease and preventing relapse after the failure of first-line

treatment in high-risk patients. The efficacy of HSCT is, however, limited by the severe chemotherapy-related toxicities

during conditioning, in acute or chronic graft-versus-host disease (GvHD), or in the event of relapse. Although AML is

historically known as an immuno-responsive disease, leukemic blasts reside in a highly supportive, immunosuppressive

environment where they adopt various strategies to evade immune surveillance. To date, major efforts have been made to

develop new ways to uncover hidden leukemic blasts and to restore intrinsic anti-leukemic immuno-surveillance.

Concerning the impact of BMM, which has been shown to be immunosuppressive in AML, successful immunotherapy

should target both the immunologically dysregulated microenvironment and the malignant blasts that can escape the

immune surveillance.

2. Acute Myeloid Leukemia Harnesses the Immunological
Microenvironment

In addition to oncogenic alterations in hematopoietic cells and BMM, immunological dysregulations contribute to

leukemogenesis as well. During the leukemic transition, leukemic stem cells undergo immunoediting, a process that

comprises the acquisition of multiple strategies to successfully evade immune surveillance. Consequently, the selected

leukemic population is characterized by different immune-evasive mechanisms (Figure 1).
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Figure 1. The immunological microenvironment in acute myeloid leukemia (AML). AML blasts reduce antigen-presentation

through downregulation of classical human-leukocyte-antigen (HLA)-presentation. Non-classical HLA-G is supposed to

suppress immunogenicity. Checkpoint molecules promote immune evasion (Gal-9/Tim-3, PD-L1/PD-1, CD86/CTLA-4, and

LAG-3). Secretion of TGF-β and indoleamine 2,3-dioxygenase (IDO), as well as inducible T-cell-co-stimulator ligand

(ICOS)/ICOS-ligand interplay, induces T-cell conversion into immunosuppressive T-regulatory cells (Treg) cells. Myeloid-

derived suppressor cells (MDSC) suppress natural killer (NK)-cell-mediated cytotoxicity, i.e., via IDO, prostaglandin-E2,

and TGF-β. Figure 1 was created with biorender.com (accessed on 20 February 2021).

2.1. Human Leukocyte Antigens

One known mechanism of immune tolerance in AML was initially observed in patients with relapsed AML following

mismatched HSCT, i.e., partially human-leukocyte-antigen (HLA)-incompatible HSCT, which contributes to downregulation

of the mismatched HLA class I and II in AML blasts. Upon pressure from the transplanted immune system, this strategy

confers ‘survival advantage’ to outgrowing immune-resistant mutant AML clones, characterized by genomic loss of the

mismatched histocompatibility determinants. Leukemic blasts evade alloreactive donor T-cell-recognition and killing

through this genomic loss of mismatched HLA haplotype which hampers the GvL effect following allogeneic HSCT; thus

paving the way for leukemia relapse .

The non-classical HLA class I molecule HLA-G physiologically suppresses the immune system by direct inhibition of

dendritic cells (via the inhibitory receptors immunoglobulin-like transcript (ILT)-2 and ILT-4), T-cells (via ILT-2), natural killer

(NK)-cells (via ILT-2 and the killer-immunoglobulin-like-receptor (KIR)-2DL4), and monocytes (via ILT-2) . HLA-G has

been explored in multiple cancers and its biological and clinical impact as a possible checkpoint inhibitor has been

carefully studied . It has been shown that the soluble isoforms of HLA-G are increased in distinct AML samples,

especially in monocytic lineages, following interferon (IFN)-gamma and Granulocyte-Macrophage Colony Stimulating

Factor (GM-CSF) stimulation . In addition, different isoforms of HLA-G have been reported to be secreted or

expressed by leukemic cells associated with a higher blast percentage in bone marrow, decreased T cell number, and

relapses, which may indicate HLA-G as an additional strategy for AML blasts to evade immune surveillance .

However, the clinical impact of HLA-G in leukemogenesis appears to be controversial as opposing results do not confirm

the clinical implications of HLA-G . In particular, one report did not detect HLA-G in leukemic samples .

2.2. Checkpoint Molecules

To evade immune surveillance, leukemic blasts (relapse/refractory rather than newly diagnosed patients) express

programmed-cell-death ligand-1 (PD-L1), a checkpoint marker that compromises cytotoxic T cells expressing PD-1 .

Blockade of PD-L1/PD-1 restores functionality to the exhausted cytotoxic T-cells while synergistically debilitating Treg-

mediated immunosuppression, which leads to decreased tumor-burden in an adoptively transferred AML-murine model

. Additionally, inhibition of the co-expressed checkpoint-marker T-cells immunoglobulin-mucin 3 (Tim-3) on leukemic

blasts generated an even stronger anti-leukemic effect in an AML-murine model [31]. Binding between Tim-3 on leukemic

cells and its ligand galectin-9, which is highly expressed in AML blasts, promotes self-renewal via stimulatory β-catenin

and NFkB-signaling and reduces the release of pro-inflammatory cytokines resulting in NK- and T-cell dysfunction .

In addition, the inhibitory checkpoint-marker C-type lectin-like inhibitory-receptor (CTLA)-4, that competes with CD28,

binding CD80/CD86 on leukemic blasts and lymphocyte-activating gene (LAG)-3 has been detected upregulated in

primary AML samples. These markers contribute to poor outcome, especially when concurrently expressed in patterns

with PD-L1 and/or PD-L2 on leukemic cells .
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2.3. T-cellular Immune Dysregulation

In the leukemic microenvironment, T-cells are proposed to reveal altered functional and phenotypic profiles, thereby

contributing to immune-suppressive surroundings . Consistently, the proportion of inhibitory CD4+CD25+ T-

regulatory (Treg) cells has been found markedly increased in AML-patient-derived peripheral blood samples and these

Treg cells were shown to reduce T-cell proliferation and cytokine production, i.e., IFN-gamma and interleukin (IL)-2 

. In the context of T-cell immunity, the cytokine IL-2 has been proposed to exert two-sided regulative effects. On the

one hand, IL-2 supports leukemia-directed lymphocytes, on the other, IL-2 simultaneously favors Treg cells driving the

immune-suppressive leukemic microenvironment . It has been concluded that besides cell-to-cell contacts, secretion

of the immunoinhibitory factors IL-10 and transforming growth factor-beta (TGF-β) contribute to T-reg-mediated

suppression of T-cell proliferation . Notably, leukemic cells expressing high indoleamine 2,3-dioxygenase (IDO) were

associated with elevated Treg cells , probably because of the finding that IDOs induce T-cell conversion into

suppressive Treg cells . In addition, AML cells overexpressing the inducible T-cell-co-stimulator ligand (ICOSL) also

evoke T-cell conversion, driving the expansion of Treg cells that secrete increased levels of IL-10 and, thereby, favor

proliferation and stemness in AML blasts . Hence, AML cells themselves apparently engender T-cell tolerance; thus

promoting leukemia progression. In addition, the immunomodulating mediator TGF-β also converts T-cells into Treg cells

.

Apart from Treg-cell-mediated T-cell suppression, leukemic cells have also been proposed to orchestrate arginase and

STAT-3 pathways to reduce T-cell proliferation, which was restored after selective inhibition, confirming the immune-

suppressive impact of these mediators . Inhibition of cytokine production and cell cycle entry of T-cells exposed to

leukemic cell-derived supernatant has been explained by secreted proteins affecting cellular pathways . Intriguingly,

previous reports analyzing the effect of AML-cell supernatant on stimulated lymphocytes revealed that cytotoxicity was not

affected even though the proliferative capacity of exposed T-cells was inhibited . Schnorfeil et al. observed neither

inhibition of T-cell proliferation nor activity in AML samples at different stages of disease and, consequently, reasoned that

T-cell-based immunotherapies may have favorable prospects in AML . More specifically, leukemia antigen-directed T-

cell responses have been suggested to be increased when the leukemia burden is minimal due to the investigation that

immunocompetent mice transplanted with MLL/AF9-leukemia showed a spontaneous antigen-specific T-cell response

when a minimum number of leukemia-initiating cells were injected, whereas T-cell immunity was exhausted in mice with

advanced leukemia .

In conclusion, as suggested by numerous research works , T-cell immunity appears to be

compromised in the leukemic microenvironment and an increased proportion of inhibitory Treg cells importantly contribute

to this. Nevertheless, data are still limited and exact functional status, as well as underlying mechanisms, have largely

remained obscure.

2.4. NK Cell-Related Strategies of Immune Evasion

Multiple studies provide evidence of deregulated anti-leukemic NK-mediated cytotoxicity in AML .

Leukemic blasts have been revealed to reduce NK activity by different mechanisms. Sera samples taken from AML

patients were enriched in microvesicles containing increased levels of TGF-β, which led to reduced anti-leukemic NK-

cytotoxicity in vitro . Conversely, in an NK cell—AML-blasts co-culture system, Stringaris et al. detected an increased

level of IL-10 but not TGF-β, suggesting that inhibition of NK cells by AML blasts depends on IL-10 instead . Myeloid-

derived suppressor cells (MDSCs) are a distinct immature cell population that facilitates immune-evasive strategies .

Recently, MDSCs were shown to suppress the anti-leukemic activity of NK cells, mediated by IDO and prostaglandin-E2

(PGE2) and exosomes . AML blasts are supposed to constitutively express IDO, nonetheless, the exact contribution to

AML progression and immune tolerance remains to be elucidated . Leukemic blasts induce MDSC proliferation and

differentiation into tumor-associated macrophages, which further inhibit immunogenicity favoring their survival; thus driving

leukemia progression resulting in deteriorated outcomes . Deficient NK cell function can be traced back to the

weak expression of different activating natural cytotoxic receptors (NCRs) on AML-derived NK cells . Since a

small number of AML-derived NK cell samples showed diminished anti-leukemic activity regardless of expressing high

NCR-levels, it is suggested that in some cases, AML cells express a low level of NCR ligands to escape NK-mediated

cytotoxicity . NK- and T-cells also recognize cancer cells through the activating receptor NK-activating surface

marker (NKG2D)-binding to its ligands MHC class I-related chain (MIC) -A and -B  and UL16-binding protein (ULBP)-1

and -2 . In acute leukemia, the expression of NKG2D is downregulated or not present at all [57,66]. Leukemic cells

contribute to this immune-evading strategy since they release increased levels of TGF-β . Moreover, secretion of

soluble NKG2D-ligands by leukemic blasts inhibits NGK2D expression on NK cells, resulting in decreased anti-leukemia

activity . Of note, stem-cell-like subsets of AML blasts that lack surface-bound NKG2D-ligands (attributed to elevated

poly-ADP-ribose-polymerase-1 (PARP1)) efficiently evade NK-driven immune control, conferring a selective advantage in
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the absence of NKG2D ligands . Impaired binding of perforin is another resistance mechanism through which distinct

AML blasts can elude perforin-mediated NK cell-lysis . Mesenchymal stem cells decrease NK-cytotoxicity and IL-2-

induced NK cell expansion by secretion of IDO and the cyclooxygenase (COX)-2 product, prostaglandin E2 (PGE2) . In

addition, PGE2 has been revealed to suppress IL-15-stimulated NK cell reactivity, in terms of cytotoxicity and IFN-gamma

egress . Furthermore, proliferation and differentiation of CD8+ T-cells are reported to be inhibited by diminished

tryptophan levels, owing to enzymatic digestion by IDO  and its catabolite was shown to decrease NK-activating

surface marker (NKG2D) . Also, the enzymatic activity of IDO, highly expressed in BM stromal cells causes the

conversion into Treg cells  and boosts their immune-suppressive function . In addition to the before-mentioned

Treg-cell-mediated T-cell suppression, Treg cells have been explored to actively reduce NK cell cytotoxicity and NKG2D

receptor expression through membrane-bound TGF-β . These results may imply the high value of TGF-β, PGE2, and

IDO disturbing the immunogenic anticancer response. However, more research is required to explore the decisive impact

of immunological dysregulating factors in the BMM, especially in AML.
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