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Simple Summary: Effector immune system cells have the ability to kill tumor cells. However, as
a cancer (such as leukemia) develops, it inhibits and evades the effector immune response. Such
a state of immunosuppression can be driven by several factors — receptors, soluble cytokines, as
well as by suppressive immune cells. In this review, we describe factors and cells that constitute
immunosuppressive microenvironment of myeloid leukemias. We characterize factors of direct
leukemic origin, such as inhibitory receptors, enzymes and extracellular vesicles. Furthermore, we
describe suppressive immune cells, such as myeloid derived suppressor cells and regulatory T cells.
Finally, we sum up changes in these drivers of immune evasion in myeloid leukemias during therapy.

Abstract: Both chronic myeloid leukemia and acute myeloid leukemia evade the immune response
during their development and disease progression. As myeloid leukemia cells modify their bone
marrow microenvironment, they lead to dysfunction of cytotoxic cells, such as CD8+ T cells or NK
cells, simultaneously promoting development of immunosuppressive regulatory T cells and suppres-
sive myeloid cells. This facilitates disease progression, spreading of leukemic blasts outside the bone
marrow niche and therapy resistance. The following review focuses on main immunosuppressive fea-
tures of myeloid leukemias. Firstly, factors derived directly from leukemic cells — inhibitory receptors,
soluble factors and extracellular vesicles, are described. Further, we outline function, properties and
origin of main immunosuppressive cells - regulatory T cells, myeloid derived suppressor cells and
macrophages. Finally, we analyze interplay between recovery of effector immunity and therapeutic
modalities, such as tyrosine kinase inhibitors and chemotherapy.

Keywords: chronic myeloid leukemia; acute myeloid leukemia; immunosuppression; regulatory T
cells; extracellular vesicles; inhibitory receptors; myeloid derived suppressor cells

1. Introduction

Myeloid leukemias constitute a group of diseases that arise due to genetic abnormali-
ties in immature myeloid progenitor cells in the bone marrow, predominantly in adults.

Similarly to other cancers, development of leukemia is a hierarchical event [1-4]
(Figure 1). It involves a core population of tumor initiating cells (TICs)/leukemia ini-
tiating cells (LICs), as well as cancer stem cells (CSCs)/leukemia stem cells (LSCs). In
leukemia, TICs originate from hematopoietic stem cells and demonstrate self-renewal
capacity, which enables initiation and maintenance of the tumor. TICs have been identified
in leukemias, including AML [1,5,6], and showed ability to repopulate in immunodeficient
mice, confirming their ability to self-renew. These cells are involved in the first step of
tumor development (following appearance of oncogenic mutations) and to disease pro-
gression, which is concurrent with establishing molecular heterogeneity. One the other
hand, LSCs (CSCs) constitute a population of rare cancer cells that express stem features,
including ability to self-renew. LSCs often propagate as a response to chemotherapy and
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are primarily responsible for establishment of treatment resistance and relapse. Importantly,
even though cancer stem cells may derive from tumor-initiating cells, these terms are not
interchangeable and more likely reflect a specific cellular state.
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Figure 1. Scheme of leukemia initiation, development and relapse. Leukemia develops from tumor initiating cells, following
oncogenic mutations. As leukemia develops, small population of cancer/ leukemia stem cells is maintained and enables
disease relapse after therapy. HSC - hematopoietic stem cell; HPC - hematopoietic progenitor cell; TIC - tumor initiating cell;
CSC - cancer stem cell.

Chronic myeloid leukemia (CML) develops due to reciprocal translocation between
chromosomes 9 and 22, leading to fusion between BCR and ABLI genes and formation of
fusion BCR-ABL1 gene and, finally, expression of constitutively active BCR-ABL1 kinase [7].
Successful treatment and disease control of CML have been achieved due to clinical
introduction (in 2001) of small-molecule drug imatinib mesylate that hampers kinase
activity of BCR-ABL1 [8]. However, additional mutations in ABL1 and other genes (ASXL1,
RUNX1, IKZF1, others) and dysregulated DNA repair and JAK-STAT signaling can lead to
imatinib-resistance and disease progression [9,10]. On the other hand, genomic landscape
of acute myeloid leukemia (AML) is far more complex and heterogenous, with several
genomic mutations contributing to disease development. Amongst them, genes with most
common driver mutations include FLT3, NPM1, DNMT3, NRAS, TET2 and IDH?2, often
concurrently mutated [11]. Single cell DNA sequencing has further revealed heterogeneity
of AML driver mutations and clonal complexity of leukemic cells in single patients [12].
This heterogeneity in genetic background significantly impedes treatment of AML, which
currently is mainly treated with chemotherapy. Novel treatment modalities based on
targeting of e.g. FLT3 (FMS-like tyrosine kinase), CD33 or BCL-2 (B cell lymphoma 2)
have been introduced, but still fail to achieve efficiency comparable to that of imatinib in
CML [13]. Significant challenge in therapy of leukemias is eradication of leukemia stem
cells (LSCs), as they present self-renewal capacity and strong drug-resistance. Moreover,
LSCs may not be easily distinguishable, do not express exclusive markers, which hampers
targeting of these cells.

Initial studies suggested that CSCs in leukemias (LSCs) are restricted to the CD34+CD38-
phenotype, shared with normal HSCs (hematopoietic stem cells), though this statement
has been redefined [1,14]. In CML, development of CML LSCs from CD34+CD38+ cells
has also been reported, indicating possibility of differentiation arrest at the level of pro-
genitors [15]. Thus, combination with other specific surface markers such as CD25, CD26,
CD33, CD56, CD36, CD123 (the « chain of the IL-3 receptor), IL-1RAP (interleukin-1
receptor accessory protein) has been proposed to specifically identify LSCs population
among all CML cells [14,16]. Importantly, for CML cells such signature presents an almost
invariable profile.
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On the other hand, as AML is biologically, molecularly and clinically heterogenous, it
shows much higher complexity of stem phenotypes. Firstly, similarly as in CML, AML LSCs
can be generated from more mature CD34+CD38+ progenitor cells [15]. Importantly, about
20-25% of AML cases are characterized by absence of neoplastic cells with CD34+ stem
cell marker [17]. In these patients, with less than 0.5% CD34+ cells, functionally defined
CD34- LSCs exist [18-21]. Such CD34- LSCs, in addition to stem cell features and functions,
possess signature of matured precursors. This suggests that LSCs differentiation arrest
can take place either at the progenitor (CD34+ population) or at the precursor-like (CD34-
population) stage of the differentiation [17]. Crucially for treatment of AML, presence of
CD34- LSCs impedes therapeutic monitoring of the disease and assessment if LSCs have
been eradicated.

LSCs have not been universally identified in AML and most likely are heterogeneous
and vary between genetic subtypes and individual patients. Their phenotypic identification
should include different marker combinations depending on the AML subtype. Therefore,
in addition to CD34, which is not uniquely expressed on AML LSCs, the presence of CD25,
CD32, CD38, CD44, CD47, CD9%6, CD123, CLL-1 (C-type lectin-like molecules-1), TIM3
(T-cell immunoglobulin and mucin-domain containing-3) were proposed as specific for
AML LSCs [22-25]. Importantly, the phenotypic signature additionally depends on the
genetic/molecular AML background and is associated with clinical outcomes [26].

Lack of completely efficient treatment modalities, together with development of drug
resistance, in both CML and AML, has shifted interest of scientists and clinicians towards
targeting of leukemic microenvironment, including the immune system. Immunotherapies,
especially immune checkpoint blockade and CAR-T (chimeric antigen receptor T cells)
based therapies have yielded great efficiency in several solid tumors [27], as well as hema-
tological malignancies, such as B-cell malignancies [28] or lymphoma [29]. Chronic and
acute myeloid leukemia cells reside in the specific bone marrow (BM) microenvironment,
that provides a favorable (protective from therapy) niche, especially for leukemia stem
cells (LSCs), thus it constitutes an attractive therapeutic target. Such microenvironment
facilitates relapse following chemotherapy, which mostly kills leukemic cells circulating
in blood. The main components of BM include endothelial and stromal cells, osteoblasts,
as well as immune cells (Figure 2). These components share similarities and differences
between different myeloid malignancies and can differentially promote progression of
different leukemias [30,31].

Several components of the bone marrow niche facilitate immune evasion, which,
similarly to solid tumors, has been recognized as one of the hallmarks of myeloid leukemias.
These include factors directly of leukemic origin, such as inhibitory receptors expressed on
leukemic cell surface and released soluble factors, extracellular vesicles (EVs), as well as
immunosuppressive immune cells subsets. These pathogenic immune cells expand and
exhibit increased suppressive activity due to leukemia-derived factors and further inhibit
effector arms of the anti-tumor immune response. Here, we will evaluate and describe all
these components in the context of immune evasion in chronic and acute myeloid leukemia.
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Figure 2. Bone marrow microenvironment in steady state and myeloid leukemias. While healthy bone marrow is char-
acterized by well-balanced homeostasis (left panel), leukemic bone marrow is out of balance (right panel). Several cell
types and processes that facilitate leukemia development are strongly promoted (green arrows), and some physiological
processes, including normal hematopoiesis and immune response, are inhibited (red arrows). HSC-hematopoietic stem
cell; CTL—cytotoxic T lymphocyte; NK-natural killer; MDSC-myeloid derived suppressor cell; Treg-regulatory T cell;

EVs—extracellular vesicles.

2. Dysfunction of Effector Inmunity in Chronic and Acute Myeloid Leukemia

Amongst several immune cell types, CD8+ cytotoxic T cells and natural killer (NK)
cells are considered subsets crucial for effective anti-tumor immunity, though during
leukemia development they become dysfunctional (Table 1).

In AML, high percentage of total lymphocytes and high percentage of T cells in
the bone marrow correlated with better overall survival. Some studies also suggested a
higher absolute number of CD8+ T cells in blood of AML patients compared to healthy
controls [32]. Immunophenotyping studies have evaluated functional phenotype of these
cells, and peripheral blood (PB) CD8+ T cells at diagnosis in AML patients had an antigen-
experienced, terminally differentiated phenotype and expressed markers connected with
T cell exhaustion, such as programmed cell death protein 1 (PD-1), 2B4, lymphocyte-
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activation gene 3 (LAG-3), TIGIT (T cell immunoglobulin and ITIM domain), and senes-
cence marker CD57. On the other hand, in vitro stimulated CD8+ T cells from blood
of AML patients showed normal proliferation and cytokine secretion, suggesting that
these cells may still be capable of effector function [33]. Other functional experiments
have demonstrated that T cells from AML patients fail to form fully functional immune
synapse and recruit phosphotyrosine signaling molecules to the synapse [34]. CD8+ T cells
in CML exhibit a similar dysfunctional phenotype, with decreased expression of TCR(
(T cell receptor ) and limited cytotoxic function and secretion of effector interferon y
(IFN-y) and tumor necrosis factor « (TNF-«) [35,36]. Effector immune response in CML
is further inhibited by downregulated expression of trafficking receptor CD62L, on both
CD4+ and CD8+ T cells [37]. Also, NK and invariant NK (iNK) cells are downregulated
in newly diagnosed CML patients. These cells lack their typical degranulating capability
and downregulate effector receptors, such as natural killer group 2D (NKG2D), killer cell
immunoglobulin-like receptor (KIR), NKp30, NKp46 in CML [35,38]. AML cells, in a direct
contact manner, can induce decreased expression of natural cytotoxicity receptors (NKp30,
NKp44, NKp46) on NK cells [39].

A large immunogenomic study has revealed that both chronic and acute myeloid
leukemia have significantly lower cytolytic infiltrate in their respective niche (BM) when
compared to B cell lymphoma or chronic lymphocytic leukemia. The study underlined
that low cytolytic especially occurred in AML with FLT3 and NPM1 driver mutations.
Interestingly, in myelodysplastic syndrome (MDS)-like subtype of AML, which represents
less advanced stage of disease, cytolytic activity was higher [40]. Finally, large multiplex
immunohistochemistry studies of bone marrow of AML and CML patients have concluded
that majority of immune cell subsets described as anti-tumor/activated are downregulated
in leukemic BM, compared to healthy counterparts. These included effector subsets of
cytotoxic (CD8+) and helper (CD4+) subsets of T cells that express granzyme B, CD27 or
OX40, but also NK/NKT cells, M1-polarized macrophages, activated B cells or myeloid
dendritic cells (DC1 and DC2) [41,42].

Importantly, myeloid leukemias constitute a type of cancer with one of lowest muta-
tional burdens and thus relatively low number of neoantigens, towards which immune
response could be targeted [43]. Nevertheless, several leukemia associated antigens (LAAs)
have been identified. These contain both neoantigens (such as different junction pep-
tides derived from BCR-ABL1 fusion protein), as well as antigens derived from overex-
pressed proteins, such as Wilms’ tumor protein (WT1), preferentially expressed antigen
in melanoma (PRAME), proteinase 3 (PR3) or neutrophil elastase (ELA2) [44]. This sup-
ports existence of anti-leukemic immunity, though in most cases it is evaded by myeloid
leukemia cells. LAA-specific CD8+ cytotoxic T cells have been identified in blood of
CML patients [35], though they express PD-1 and seem to exhibit an exhausted pheno-
type [45]. Immunogenicity of AML or CML may however significantly change due to
therapy and clonal evolution of leukemic cells [46]. Recent single-cell DNA sequencing
study by Morita et al. has revealed mutational history of AML cells from over 100 patients
and differential growth of subclones in xenografts. Most importantly, different subclones
expressed different amount of surface proteins, including LSCs markers such as CD34,
CD33 and CD123. Finally, different subclones have emerged following therapy with
FLT3 inhibitors [47].

Restoration or induction of effector immune response may elicit anti-leukemic effects
and disease eradication. Allogeneic hematopoietic stem cells transplantation has been
used for treatment of both CML and AML [48], as grafted donor cells induced graft
versus leukemia (GvL) effect, including destruction of leukemic stem cells. This effect is
largely dependent on alloreactive T cells [38]. Part of the graft versus leukemia effect has
been appointed to activity of NK cells, as allogenic NK cells have prevented relapse of
AML [49]. Furthermore, chemotherapy and treatment with tyrosine kinase inhibitors (TKISs)
can alleviate immunosuppression and induce effector immune response in leukemia [50],
which will be evaluated in more detail further.
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In this review, we will describe several mechanisms in which chronic and acute
myeloid leukemia evade anti-leukemic immunity, by leading to dysfunction of effec-
tor immune cells. These factors and immunosuppressive cells could be targeted by im-
munotherapy, also in combination with already established chemotherapy and tyrosine
kinase inhibitors.

Table 1. Changes observed in phenotype and activity of immune effector cells, CD8+ T cells and NK (natural killer) cells, in
acute and chronic myeloid leukemia. While the general observation of decreased effector function is relevant to both CML
and AML, different effector mechanisms may be affected in each type of leukemia. Increase of a parameter or expression of
indicated proteins is marked with a green, upward arrow, whereas decrease is marked with a red, downward arrow. No
observed changes are marked with an equal sign.

Observation

Cell Type Malignancy Trend (Number/Functionality) Reference
T absolute number in PB [32]
1 amount in BM [42]
AML T terminally differentiated /exhausted
0 PD-1, 2B4, LAG-3, TIGIT, CD57 [33]
= cytokine secretion
1 formation of immune synapse [34]
CD8+ T cells 1 granzyme B, CD27 [42]
1 TCR( [36]
CML N cytotoxicity, secretion of IFN-y, TNF-a [35]
N CD62L [37]
1 granzyme B, CD27, OX40, LAG-3 [41]
T CTLA-4, TIM-3, PD-1
AML I NCRs (NKp30, NKp44, NKp46) [39]
1 secretion of IFN-y [51]
NK cells 1 amount in PB [35,38,52]
CML 1 NKG2D, NKG2A, NKG2C [50]
X degranulating capability (CD107a) [52]
1 NCRs (NKp30, NKp46), KIR [35]

PB—peripheral blood; BM-bone marrow; PD-1-programmed cell death protein 1; LAG-3-lymphocyte-activation gene 3; TIGIT-T cell
immunoglobulin and ITIM domain; TCR-T cell receptor; IFNy-interferon y; TNF-a—tumor necrosis factor «; CTLA-4-cytotoxic T-
lymphocyte antigen 4; TIM-3-T cell immunoglobulin and mucin domain 3; NCRs-natural cytotoxicity receptors; NKG2D/NKG2A /NKG2C-
natural killer group 2D/2A /2C; KIR-killer-cell immunoglobulin-like receptor.

3. Leukemia-Derived Factors That Promote Immune Evasion

Several factors and molecules that derive directly from leukemic cells have been
shown to promote evasion of effector immune response in myeloid leukemias. These
include receptors (such as PD-L1, CD47, TIGIT), that mediate immune dysfunction by
direct cell-cell and receptor-ligand interactions, as well as soluble factors (such as IDO
(indoleamine 2,3-dioxygense) and arginase) and extracellular vesicles (EVs) secreted by
leukemic cells (Figure 3). Secreted factors drive immune effector cell dysfunction without
direct interaction of cells and possibly in distant tissues, to promote spreading of leukemia.
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Figure 3. Receptors and factors expressed/released by myeloid leukemia cells to evade effector
immune response (T cells, NK cells, macrophages). Leukemic cells (in brown), and their interactions
with T cells (blue, panel A), NK cells (red, panel B) and macrophages (violet, panel C) are presented.
TCR-T cell receptor; MHC—major histocompatibility complex; IFN-y—interferon y; LSC-leukemia
stem cell. Other abbreviations are explained in subsections (3.1.-3.9.) of chapter 3.

3.1. PD-1/PD-L1

The programmed cell death protein 1/programmed death ligand-1 (PD-1/PD-L1)
pathway is considered to be one of the most important negative regulators of the anticancer
immune response. PD-1 (CD279) binds to its two ligands — PD-L1 (CD274) and PD-L2
(CD273). PD-1 is expressed on activated T cells and B cells [53] and its binding to PD-L1 or
PD-L2 results in inhibition of T cell activation, induction of T cell anergy, and in some cases
— apoptosis [54]. Thus, expression of PD-1 on tumor infiltrating T cells is usually considered
a marker of dysfunction or exhaustion [55]. PD-L1 is expressed on many types of cells,
including tumor cells. Expression of PD-1 on CD8+ cytotoxic T cells in CML patients was
higher than in healthy donors. Also, PD-L1 was upregulated on leukemic cells in CML
patients, especially during blast crisis phase [45,56]. First studies on the PD-1/PD-L1 axis
in AML found that PD-L1 expression on murine AML cell lines has significantly increased
when they were grown in vivo. Importantly, mice with PD-1 knock-out developed better
anti-tumor response than wild-type counterparts [57]. PD-1/PD-L1 pathway also plays a
major role in regulatory T cell (Treg)-induced immunosuppression in AML [58,59]. More
recent evidence shows that high expression of PD-L1 on AML cells is associated with
worse overall survival in patients with FLT3-ITD and NPM1 mutations [60]. Several studies
highlighted induction of PD-L1 expression after treatment with interferons [61,62], while
reduced expression of PD-L1 was observed on AML cells in patients after treatment with
mitogen activated protein kinase kinase (MEK) inhibitors [61,63]. Additionally, signal
transducer and activator of transcription 3 (STAT3) inhibition in AML mouse model
resulted in downregulation of PD-L1 and induction of anti-leukemic immune response [64].
A number of studies have found that microRNA miR-34a, acting downstream of mucin 1,
cell surface associated (MUC1) or TP53, can be an important regulator of PD-L1 expression
in AML [65-67]. Increasing evidence suggests that blocking of the PD-1/PD-L1 interaction
in myeloid leukemias might effectively restore immune response against disease [59,68,69].
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3.2. CTLA-4/B7

Cytotoxic T-lymphocyte antigen 4 - CTLA-4 (CD152) is a molecule homologous to a
T cell costimulatory protein - CD28. Both are expressed on T cells and share two ligands
present on antigen presenting cells: CD80 (B7-1) and CD86 (B7-2). However, while CD28
facilitates T cells’ effector function by delivering an activating costimulatory signal, binding
of CTLA-4 to its ligands provides an inhibitory signal to these cells. CTLA-4 is mainly
expressed on activated conventional T cells, as well as regulatory T cells. Although CTLA-4
plays a crucial role in prevention of autoimmunity, its activity can often contribute to
evasion of anti-tumor immunity in cancer [70]. Upregulation of CTLA-4 was observed on
T cell subsets of CML and AML patients [41,71]. Curiously, also leukemic cells from AML
and CML patients can express CTLA-4 [72]. Pistillo et al. showed that it was expressed in
25% to 85% of AML and CML samples investigated [73]. Incubation of CTLA-4-expressing
AML cells with its soluble recombinant ligands, r-CD80 and r-CD86, induced apoptosis of
leukemic cells [74]. It was reported that AML cells can also overexpress CTLA-4 ligands—
CD80 and CD86—to evade immune elimination. However, expression of CD80 on leukemic
cells’” surface is rare [75-77]. In a murine model of myeloid leukemia, CD80-CTLA-4
interaction resulted in evasion of CD8+ T cell-mediated immune response [78]. Finally,
overexpression of both B7 proteins on AML cells is linked to poor prognosis [75,79],
and blocking of CTLA-4/B7 interaction seems to be a promising strategy for therapy of
myeloid leukemias.

3.3. TIM-3/Galectin-9

TIM-3 (T cell immunoglobulin and mucin domain 3) is another checkpoint molecule
involved in immune evasion in leukemia. It can be expressed on CD4+ and CD8+ T cells,
Treg (regulatory T cells) or NK cells [80]. In terms of immunosuppression in cancer, galectin-
9 (Gal-9) is the most important TIM-3 ligand. In CML, increased expression of TIM-3 was
detected on NKT cells [81]. Bruck et al. identified increased expression of TIM-3, PD-1 and
CTLA-4 on CD4+ and CD8+ T cells in the bone marrow of CML patients, compared with
control samples [41]. Similar trend has been observed in AML [82,83] and was associated
with poor survival of patients. Presence of PD-1hi TIM-3+ T cells correlated with leukemia
relapse in AML patients post allogeneic stem cell transplantation [82]. Also, AML patients
who did not respond to chemotherapy had higher amount of galectin-9 on CD34+ blasts
and TIM -3 on T cells than patients in complete remission. This observation indicates that
combination of chemotherapy with targeting TIM-3/Gal-9 axis could be an effective thera-
peutic approach [84]. Interestingly, it was demonstrated that TIM-3+ NK cells produced
more IFN-y after interaction with galectin-9 on AML cells. However, as a consequence,
this led to an increased expression of IDO enzyme by AML cells and down-regulated
degranulating activity of NK cells [85]. Several studies have pinpointed TIM-3 as a promis-
ing candidate for targeting AML leukemia stem cells, as its higher expression levels were
observed on LSCs (defined as CD45+CD34+CD38- [22,86] or Lin-CD34+CD38-CD90- [24])
than on normal HSCs [22-24,86,87]. Interestingly, TIM-3 together with galectin-9 produce
an autocrine loop [88,89] that can stimulate LSCs’ (defined as CD45+CD34+CD38-) self-
renewal via activation of NF-kB and [3-catenin pathways. Indeed, inhibition of this pathway
induced apoptosis of AML cells [88]. Altogether, these studies suggest that TIM-3 may be
considered a LSC-specific surface molecule in AML and targeting of the TIM-3/galectin-9
axis could be effective in combination with chemotherapy.

3.4. TIGIT/CD155, CD112

T cell immunoglobulin and ITIM domain (TIGIT) is a novel immune checkpoint
molecule expressed on activated T cells, Treg and NK cells. It has two ligands — CD155
(PVR, poliovirus receptor) and CD112 (poliovirus receptor-related 2 — PVRL2). Similarly
to CTLA-4, these ligands also bind a costimulatory molecule — CD226. Exhausted CD8+
T cells in AML patients exhibit high expression of TIGIT which associates with primary
refractory disease in these patients. Simultaneously, CD226 was downregulated on T
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cells [90]. Interaction between CD226 and its ligands - CD155 and CD112—seems to be
crucial for cytotoxic activity of NK cells in myeloid leukemias, as it promotes NK cell
adhesion to AML cells and enables leukemic cell killing. To evade this, AML cells express
low levels of CD155 and CD112 which results in attenuation of NK cell cytolytic towards
AML blasts [91,92]. Similarly, TIGIT expression was observed on CD57+ NK cells in CML
which might be a reason of NK cell dysfunction in CML [93]. Similar results were obtained
in studies on TIGIT in AML [94,95]. Contrary to previous findings, Stamm et al. reported
that TIGIT ligands - CD155 and CD112 are highly expressed on AML cells and blockade
of TIGIT-CD155/CD112 axis significantly increased lysis of leukemic cells in vitro in a
culture with healthy whole PBMCs (peripheral blood mononuclear cells) [96]. Despite
recent advances, still little is known about TIGIT-CD155/CD112 axis in myeloid leukemias
and additional studies are needed to implement a novel therapeutic strategy with the use
of blocking antibodjies.

3.5. LAG-3/MHC-1I

Lymphocyte-activation gene 3 (LAG-3) is a surface molecule expressed on T cells and
NK cells which binds major histocompatibility complex II (MHC-II) with a greater affinity
than CD4, and thus negatively stimulates T cell activation [97]. It is suggested that tumor
cells express MHC-II to bind with LAG-3 and inhibit TCR signaling on effector T cells.
As LAG-3 is overexpressed on T cells in CML and AML patients [71,81], it could be yet
another way to evade immune response by leukemic cells [98].

3.6. CD47/SIRP-u.

CD47 is a transmembrane protein expressed on various types of cells and enables
binding of its receptor — signal regulatory protein-alpha (SIRP-x), that is present on
macrophages. These interaction leads to inhibition of phagocytosis of CD47+ cells, thereby
CD47 has been well recognized as a “don’t eat me” signal. CD47 is upregulated on HSCs
during their migratory phase, to protect these cells from phagocytosis [99]. It has be-
come evident that tumor cells also overexpress CD47 to avoid phagocytosis, including
in murine and human myeloid leukemias [91,99,100]. Expression of CD47 on human
AML LSCs was higher than on normal BM HSCs (Lin-CD34+CD38-CD90+) or multipo-
tent progenitors (MPPs, Lin-CD34+CD38-CD90-CD45RA-) and was associated with the
FLT3-ITD mutation [101]. Importantly, the level of CD47 expression seems to be patient-
dependent [102,103] and extremely high expression of CD47 on AML cells was detected
in about 25% of patients” samples [101,104]. Crucially, an increasing number of studies
have found that overexpression of CD47 on AML cells is linked to poor clinical outcomes.
Moreover, disruption of CD47/SIRP-« axis impaired AML engraftment and enhanced
phagocytosis of leukemic cells both in vitro and in vivo [101,105-107].

3.7. Indoleamine 2,3-Dioxygenase 1 (IDO)

Indoleamine 2,3-dioxygenase 1 (IDO) is an enzyme that catalyzes conversion of tryp-
tophan to kynurenine in the kynurenine pathway and can thus modify immune response
by several different mechanisms. Firstly, increased degradation of tryptophan leads to
inhibition of the mammalian target of rapamycin (mTOR) pathway and activation of GCN2
(general control nonderepressible 2) kinase in effector T cells, inducing T cell anergy and
increased suppressive activity of regulatory T cells (Treg). Moreover, kynurenine binds
to aryl hydrocarbon receptor (AHR) to negatively regulate dendritic cell immunogenic-
ity [108]. Vonka et al. assessed IDO activity in CML patients’ samples by measuring the
kynurenine/tryptophan ratio in serum, demonstrating a correlation between increased
kynurenine levels and leukemia burden which decreased during therapy with interferon
v [109]. In AML, IDO-expressing leukemic cells contributed to an increased number of
CD4+ CD25+ Foxp3+ cells among T cells co-cultured with AML blasts. Moreover, these
Treg retained suppressive activity, and conversion of CD4+ CD25- T cells to CD4+ CD25+
Treg was abrogated by an IDO inhibitor [110]. A number of studies have found that in
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both CML and AML increased IDO levels are interferon-induced [109,111-113]. It has been
suggested that inhibition of a different enzyme — cyclooxygenase 2 (COX2), can restrain
IDO-mediated immune dysfunction [112]. The link between increased level of IDO in AML
cells and poor prognosis of patients with AML was presented also in other works [114-117],
and this suggests that IDO inhibitors might facilitate therapy of AML through increasing
anti-tumor immunity.

3.8. Arginase

L-Arginine is a semi-essential amino acid that plays an important role in cell prolifera-
tion and protein synthesis. It is synthesized from L-citrulline and converted to L-ornithine
and urea by enzyme arginase. There are two isoforms of this enzyme in mammalian
cells — arginase-1 and arginase-2. It is known that cancer cells require higher amounts
of nutrients than normal cells and become auxotrophic to some amino acids, including
arginine. Though arginine deprivation in tumor microenvironment can make cancer cells
more vulnerable [118], depletion of arginine can even more significantly affect T cell ac-
tivity and leads to polarization of monocytes towards an immunosuppressive phenotype
in AML [119]. Increased arginase activity results in impaired T cell proliferation and
decreased cytokine production, leading to inhibition of immune response [120]. Several
studies have shown that CML and AML patients had higher transcript levels of arginase in
peripheral blood, as well as higher level of circulating protein in plasma/serum (compared
to healthy counterparts) [56,119,121]. Arginase-1 is considered to be a suppressive molecule
released not only by leukemic cells, but also by immune myeloid cells. Concentration
of this enzyme in patient plasma correlated with the number of CD11b+ CD14- CD33+
myeloid cells [122]. On the other hand, Mussai et al. demonstrated that AML cells depend
on extracellular arginine and import this amino acid using cationic amino acid transporter
1 (CAT-1) and cationic amino acid transporter 2b (CAT-2B) transporters. They also showed
that arginine depletion leads to necrosis of AML blasts [123]. Therefore, taking into account
an undoubtedly important role of arginine in immune response, researchers should find an
appropriate solution for maintaining low levels of arginine in leukemic microenvironment
without impairing anti-tumor immunity.

3.9. Leukemic Extracellular Vesicles (EV's) and Non-Coding RNAs.

Extracellular vesicles (EVs) constitute a relatively novel type of intercellular commu-
nication — they are small vesicles surrounded by lipid bilayer and can contain proteins,
lipids and nucleic acids. As they are released outside cells, they can pass on information
either locally or between distant tissues. Several types of EVs, different in size and origin,
have been identified, such as exosomes (originating from endocytic recycling pathways
and released from multivesicular bodies), microvesicles (released by budding from the
plasma membrane), apoptotic bodies or large oncosomes [124].

Several studies have implicated EVs in biology of myeloid leukemias and modu-
lation of the bone marrow microenvironment. CML EVs have been shown to promote
leukemic growth in an autocrine manner [125], as well as promote and “transfer” resis-
tance to tyrosine kinase inhibitors (TKIs), when released by imatinib-resistant cells [126].
CML-derived EVs contain BCR-ABL1 protein [127] and DNA [128] and can thus lead to
development of CML-like disease, as shown after transfer to immunodeficient mice [128].
Similarly, AML-derived EVs have been shown to promote growth of leukemic cells, as
well as transport molecules responsible for chemoresistance of AML cells [129,130]. Both
AML-and CML-derived EVs modulate components of the bone marrow microenvironment
— they inhibit osteogenesis and normal hematopoiesis [131], modulate bone marrow stromal
cells [132-134] and facilitate angiogenesis [135], all to promote leukemia development.

EVs have been already well recognized as active participants in the immune re-
sponse [136] and immune evasion in different cancers [137], including myeloid leukemias.
AML-derived EVs can carry immunosuppressive protein cargo, such as TGF-f3 (transform-
ing growth factor ), PD-L1/PD-1, Fas/FasL, ectonucleosidases CD39 and CD73 [138]
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and “don’t eat me” signal protein CD47 [139]. This immunosuppressive cargo, especially
TGEF-$, led to dysfunction of NK cells, by downregulating their cytotoxicity, NKG2D ex-
pression and migration towards AML cells [138,140]. Leukemic EVs can also regulate T
cell responses — EVs released in vivo in mice by AML- patient-derived xenograft (PDX)
cells and CML cell lines induced apoptosis of CD8+ effector T cells [141,142]. Our studies
showed that CML-derived EVs controlled biology of Treg, as they increased suppressive
function and forkhead box P3 (Foxp3) level in Treg, which are beneficial for leukemia
progression [143]. Couple of works demonstrated strong interaction between leukemic
extracellular vesicles and different subsets of myeloid cells. In both CML and AML extracel-
lular vesicles were shown to promote differentiation and expansion of functional myeloid
derived suppressor cells (MDSC) [144-146]. The mechanism is yet to be fully described,
though several signaling pathways and factors were shown be involved, such as MUC1
in AML cells [146] and activation of Akt/mTOR pathway via TLR2 (toll-like receptor 2)
in MDSC [145]. EVs derived from K562 CML cells influenced phenotype of macrophages,
by inducing secretion of interleukin 10 (IL-10) and TNF-« and decreasing release of NO
(nitric oxide) and expression of inducible nitric oxide synthase (iNOS), suggesting possible
polarization towards an immunosuppressive phenotype [147]. EVs from serum of AML
patients differentially affected dendritic cells — though they decreased effector function of
mature dendritic cells, they increased functionality of immature dendritic cells. They could
thus induce either suppressive or stimulating effect in terms of anti-leukemic immunity
mediated by dendritic cells [148].

Other crucial cargo contained and shuttled via EVs is different types of non-coding
RNAs, such as microRNAs (miRNAs), IncRNAs (long non-coding RNAs) or Y-RNAs [149].
These can be shaped by immune stimuli in the microenvironment and thus constitute
immune mediators [150]. Little is known about these molecules in myeloid leukemias.
Recently, miRNAs have been implicated in pathology of leukemias, as e.g. miR-300
was shown to maintain quiescence and drug-resistant phenotype of LSCs in CML [151].
On the other hand, BCR-ABL-repressed miR-139-5p has been shown to downregulate
leukemic cells” proliferation, with an anti-leukemic effect [152]. miRNAs, such as CML
LSC-supporting miR-126, are often shuttled via EVs (miR-126 from endothelial cells) [153],
increasing their relevance and applicability for biomarker studies. High throughput studies
have identified miRNAs and IncRNAs enriched in AML cells, and revealed that these may
be involved in modulating both T cell [154] and NK cell responses [155]. Interestingly,
miR-300 was crucial not only for LSCs pro-leukemic properties, but also impaired NK cells
effector function in CML. This miRNA was transported via EVs derived from mesenchy-
mal/stromal cells, revealing complexity of the microenvironment and wide influence of
single miRNAs [151]. PD-L1 expression on AML cells in under negative regulation by
miR-34a [65] and low expression of miR-34a has correlated with high PD-L1 levels in AML
patients [67]. On the other hand, miR-34a expression was repressed by MUC1 in AML cells.
MUCI1 targeting and increase in miR-34a levels led to decrease of PD-L1, presenting an
attractive therapeutic target in AML [66]. Finally, miR-21 in AML-derived EVs was shown
to induce apoptosis of effector T cells, but also increased expression of immunosuppressive
genes (1I-10, Foxp3, 1l-4) in T cells [142].

Extracellular vesicles thus constitute another important factor significant for devel-
opment of myeloid leukemias. Importantly, due to easy access to EVs from blood and
increasingly improving methods of their analysis [156], these particles and their content
could potentially be used as a liquid biopsy in leukemias, as indicators of disease relapse
or development.

4. Regulatory T Cells in Myeloid Leukemias

Regulatory T cells (Treg) are a subpopulation of CD4+ T cells, characterized by high
levels of CD25 (in humans additionally low CD127) and expression of transcription factor
forkhead box P3 (Foxp3). They can differentiate either in the thymus (thymic Treg), to
establish immune tolerance towards self-antigens, or in the periphery (peripheral Treg),
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to e.g. establish tolerance towards commensal microbiota or facilitate cancer progression.
In the latter case, they thus play a pathogenic function, whereas in other cases mentioned
above Treg are beneficial and help maintain homeostasis [157,158]. In tumors, Treg polarize
towards a highly suppressive, effector phenotype, to promote progression of cancer and
metastasis. In the past few years, several genomic studies have identified several receptors
that determine this phenotype, such as CCR8 (chemokine (C-C motif) receptor 8), inducible
T-cell costimulator (ICOS), 4-1BB, TIGIT, CTLA-4 and others [159-161], as well as molecular
regulators of tumor effector phenotype of Treg, such as recently identified interferon
regulatory factor 4 (IRF4) [162]. Multiple studies have demonstrated that Treg, as well as
Foxp3 itself, are under complex molecular control, via transcription factors and conserved
non-coding regions in the Foxp3 promoter, as well as epigenetic regulators that imprint
specific epigenetic signature of Treg subsets [163,164]. All recent discoveries in the Treg
field demonstrate very complex biology of these cells, both at molecular and cellular level.
Contrary to “traditional” view of Treg as cells driven solely by Foxp3, Treg can polarize
into different effector phenotypes, quite often tissue dependent [165]. Here, changes in
phenotype and function of these cells will be discussed in the context of developing myeloid
leukemias and their bone marrow niche (Figure 4).

cXcL12. . . coLs

ATP

CXCR4 " Cors —

NOISS3dddNS

Leukemic cell Regulatory T cell (Treg) Activated, effector Treg

Figure 4. Biology of regulatory T cells in myeloid leukemias. Several receptors and factors expressed
and released by leukemic cells, following interaction with their respective receptors/ligand, may
drive differentiation of activated, effector Treg. Treg homing to bone marrow may be induced by
chemokines, such as CXCL12 or CCL3. Activated, effector Treg in myeloid leukemias upregulate
several suppressive markers and inhibit effector immune response. ATP-adenosine triphosphate;
EVs-extracellular vesicles; PD-1-programmed cell death protein 1; PD-L1-programmed death ligand-
1; ICOS-inducible T-cell costimulator; ICOSL-ICOS ligand; TIM-3-T cell immunoglobulin and
mucin domain 3; IDO-indoleamine 2,3-dioxygenase; Foxp3—forkhead box P3; CXCL12-C-X-C motif
chemokine 12; CCL3-chemokine (C-C motif) ligand 3; CXCR4-C-X-C chemokine receptor type 4;
CCR5-C-C chemokine receptor type 5; TNFR2-tumor necrosis factor receptor 2; CTLA-4—cytotoxic
T-lymphocyte-associated protein 4; GrzB—granzyme B; IL-35-interleukin 35; IL-10-interleukin 10.

In the past 10 years it has been well established that amount/percentage of regulatory
T cells is increased in both chronic and acute myeloid leukemia. Percentage of Treg
(identified as CD25hi CD127lo cells) among T cells is increased in peripheral blood (PB)
of AML patients [166,167]. CD25hi Treg from PB had increased suppressive activity and
expression of molecules such as glucocorticoid-induced TNFR-related protein (GITR),
CTLA-4 and granzyme B, but not CCR4 (C-C chemokine receptor type 4), CD39 and
CD73 [167]. However, the suppressive activity of AML Treg was observed primarily
towards CD4+, but not CD8+, responder T cells. Moreover, not all effector functions
of effector (responder) T cells were influenced by AML Treg, as e.g. TNF-« production
was not affected, whereas IFN-y production was downregulated, compared to activity of
healthy donor Treg [168]. In blood of AML patients, circulating T follicular regulatory cells
(characterized as CXCR5+ PD-1+ Foxp3+) were increased, suggesting increased inhibition
of B cell responses [169]. AML Treg are also potent producers of interleukin 35 (IL-35),
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which was more abundant in plasma of AML patients and could protect AML blasts from
chemotherapy-induced apoptosis [170]. Percentage of Treg is also increased in blood of
CML patients. Especially effector memory (CD45RO+ CD27-) and terminally differentiated
effector memory (CD45RO- CD27-) Treg are expanded in CML patients at diagnosis [50].
In CML, it was demonstrated that CD25hi Treg suppress effector responses (proliferation,
IFN-y and granzyme B production) of T cells specific for LAAs, such as HLA-A3 restricted
BCR-ABL peptide [171].

Importantly, Treg are also increased in the bone marrow (BM) of AML and CML
patients, as revealed by both flow cytometry [168,172] and multiplex histology [41,42]. This
included decreased ratio of Th17/Treg cells, confirming polarization of BM microenvi-
ronment towards immunosuppression [172]. Treg in the AML bone marrow expressed
more of checkpoint molecule OX-40, but not PD-1, TIM-3, LAG3, ICOS or 4-1BB [173].
This increased presence of Treg in the BM is largely due to higher expression of CXCR4
(C-X-C chemokine receptor type 4) and chemotaxis of Treg towards bone marrow cells
and BM-derived factors [168]. Indeed, in mouse MLL-AF9 model of AML, blocking of
CCL3-CCR1/CCR5 and CXCL12-CXCR4 axes has reduced migration of Treg to the BM
and has slowed down progression of leukemia [174].

Reports suggest that percentage of Treg at diagnosis of AML can be a prognostic factor
of response to chemotherapy, as patients who achieved complete remission had lower
percentage of Treg in blood than those who failed to respond [32,167,175]. However, in
pediatric AML such prognostic value has not been observed [176]. In CML, amount of
peripheral blood CD25hi Foxp3+ Treg correlated with amount of BCR-ABLI transcript level,
as well as counts of leukemic blasts. Importantly, numbers of Treg were significantly higher
in patients in accelerated and blast phase (compared to chronic phase patients), as well as
in patients with higher Sokal score [177]. Also increased proportion of Treg in the bone
marrow predicts inferior survival of AML patients [42]. Several studies have demonstrated
that percentage of Foxp3+ Treg is higher (compared to healthy controls and patients at di-
agnosis) in AML patients who were refractory to therapy and relapsed [172,173]. Increased
amount of Treg (CD4+ CD25hi Foxp3+) was also identified in patients with myelodysplas-
tic syndrome (MDS), correlating with high-risk MDS and higher number of blasts in the
BM. This supports significance of Treg in progression of MDS, also towards AML [178].

Finally, significance of Treg for progression of myeloid leukemias has been underlined
by studies using in vivo mouse models and tracking Treg changes during therapy. In mouse
model of MLL-AF9 AML, developed in Foxp3P™TR mice (which enable depletion of Treg by
diphtheria toxin injection; DTR - diphtheria toxin receptor), depletion of Treg has reduced
leukemic burden and prolonged survival of mice [174]. In mouse AML model induced by
C1498 cells, Treg have inhibited antitumor function of in vitro expanded, AML-reactive
cytotoxic T cells (CTLs), that were transferred into leukemia-bearing animals. Depletion
of Treg by IL-2DT (diphtheria toxin conjugated to IL-2) has enabled for transferred CTLs
to expand at leukemic sites and stop disease progression [179]. In the same mouse model,
depletion of Treg with anti-CD25 antibody has increased efficiency of a dendritic cell-
based vaccine against AML [180]. Such experiments have provided a direct proof for
immunosuppressive and leukemia-promoting role of Treg. Similarly, clinical reports
suggest that initial high numbers of Tregs prevent successful therapeutic outcome of
allogeneic stem cell transplantation (SCT) in CML [181] and that depletion of CD4+ CD25+
cells from donor infusions may potentially improve efficacy of SCT without induction
of graft-versus-host disease [182]. Finally, in both AML and CML, patients who have
responded to chemotherapy/TKIs usually have significantly lower Treg numbers, which
will be described in detail in last part of this Article.

Relatively little is known about mechanisms that drive differentiation and suppressive
function of Treg in myeloid leukemias. One of the factors of interest is enzyme IDO
(indoleamine 2,3-dioxygenase), which is engaged in tryptophan metabolism and can be
engaged in induction of Treg from CD25- naive T cells. Expression of IDO and FOXP3
has been positively correlated in blood of AML patients [117]. AML cells have been
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identified as IDO-expressing and in IDO+ AML amount of CD4+ CD25+ cells and FOXP3
mRNA level were higher. In cocultures of IDO+ AML with CD3+ T cells, CD25+ Treg with
suppressive activity have expanded, which was abrogated by IDO inhibitor 1-MT [110].
Also bone marrow mesenchymal stem cells from AML patients are capable of producing
IDO, which correlated with amount of CD4+ CD25hi Treg in BM of patients [183]. Several
studies have also implicated costimulatory and coinhibitory pathways in control of Treg
biology in myeloid leukemias. ICOSL (inducible T-cell costimulator ligand) expressed
on AML cells has induced expansion of both human Treg in vitro and in vivo in mouse
model of AML, whereas blockade of ICOSL in vivo partially reversed Treg expansion
and slowed down AML progression [184]. Similarly, PD-L1 expressed on AML cells can
control Treg biology and contribute to generation of PD-1+ positive Treg, that expressed
more IL-10 and had higher suppressive activity. PD-L1/PD-1 interaction between AML
cells and Treg thereby promoted leukemia development in vivo [59], as well as inhibited
effector function of adoptively transferrer cytotoxic T cells [58]. Foxp3+ Treg were also
downregulated in Gal-9 knock-out mice engrafted with C1498 AML cells, hinting that
galectin-9 (ligand for TIM-3) may be engaged in expansion of Treg in AML [185]. Clinical
studies have found correlation between expression of CD200 on AML cells and amount
of CD25hi Foxp3+ Treg in blood [186]. Analysis of clinical samples has also revealed a
potential role of elevated TNF-« levels in AML and generation of TNFR2(tumor necrosis
factor receptor 2)-expressing Treg [187]. Finally, also regulatory B cells (CD19+ CD25hi
CD38hi) from AML bone marrow and extracellular ATP (adenosine triphosphate) from
chemotherapy-treated, dying AML cells have been implicated in Treg induction [168,188].
Much less is known about mechanisms that drive Treg expansion and function in CML.
Our study has pin-pointed CML-derived extracellular vesicles (EVs) as drivers of Foxp3
expression and suppressive activity of Treg in CML [143].

5. MDSC and Macrophages in Myeloid Leukemias
5.1. Myeloid Derived Suppressor Cells (MDSC) in Myeloid Leukemias

Immune myeloid cells are one of the major immune cell subsets demonstrating im-
munosuppressive potential. They constitute a heterogenous group of cells that include
several types of monocytes/macrophages, dendritic cells and granulocytes, that can polar-
ize and differentiate into several subsets, especially in inflammatory conditions or cancer.
In cancer, myeloid derived suppressor cells (MDSC) have been well studied as cells that
are able to induce immune escape and progression of malignant cells [189]. MDSC are a
heterogeneous group of immature myeloid cells, consisting predominantly of granulocytic
(G-MDSC) and monocytic (M-MDSC) MDSC and immature myeloid cells (IMCs). Various
combinations of surface markers have been used to identify subpopulations of MDSC -
M-MDSCs are usually identified as CD14+ CD11b+ CD33+ HLA-DR-/lo cells, whereas
G-MDSCs as CD66b+ CD15+ HLA-DR- cells with intermediate expression of CD33 and a
variable expression of CD11b, depending on maturation stage. IMCs (immature myeloid
cells) are defined as CD11b+ CD33+ CD14- HLA-DR- CD34+. MDSC exert an immuno-
suppressive effect, especially on effector T cells, through different mechanisms - release
of arginase-1 (Argl), nitric oxidase synthase 2 (NOS2), reactive oxygen species (ROS),
cyclooxygenase 2 (COX2), transforming growth factor 3 (TGF-f3) and other immunosup-
pressive cytokines. They can also mediate immunosuppression indirectly - by upregulation
of Treg [190].

In peripheral blood of newly diagnosed CML patients, accumulation of MDSC has
been described. They derive partially from the tumor clone, showing BCR-ABL1 expression,
and partially from healthy myeloid cells that polarized towards an immunosuppressive
phenotype (Figure 5) [56]. Importantly, amount of MDSC correlated with disease progres-
sion and level of BCR-ABLI1 transcript [190]. Clinical studies showed an accumulation of
MDSC in the peripheral blood and bone marrow of AML patients at diagnosis, compared
with healthy donors [145,146,191]. MDSC have also been implicated in AML development
from MDS and myeloproliferative neoplasms (MPN), as they were reported to suppress the
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naturally occurring, effective anti-tumor immune response in MPN and MDS patients [192].
An in vitro study confirmed a direct interaction between CML cells and MDSC — M-MDSC
stimulated proliferation of CML cells in a co-culture with both K562 cells and primary
CD34+ cells from the leukemic bone marrow. In vivo, M-MDSC promoted growth of subcu-
taneously injected K562 cells, when both cells types were mixed and injected in a Matrigel
matrix into mice [193]. Further studies revealed that accumulation of G-MDSC was more
consistently pronounced than M-MDSC in CML. Moreover, arginase-1 (Argl) expression
in G-MDSC was higher in CML subjects that healthy subjects. G-MDSC isolated from the
blood of CML patients markedly suppressed normal donor T cell proliferation in vitro [121].
Functionally, also MDSC from bone marrow of AML patients exhibited high expression of
Argl and IDO and efficiently suppressed CD8+ T cells’ effector function [194]. A recent
study suggests that CD8+ T cell directed suppressive activity of MDSC in AML is based on
VISTA (V-domain Ig suppressor of T cell activation) expression, as this suppressive effect
was abrogated by silencing of VISTA in MDSC of AML patients [195].

Leukemic cell
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MDSC derived m
from CML cells
Argl CcD11b
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Figure 5. Origin and activity of highly suppressive MDSC and macrophages in myeloid leukemia —

immune cells that suppress effector immune response, as well as directly support leukemic cell
growth. Monocytes and tissue-resident macrophages can polarize towards either suppressive
macrophages or myeloid derived suppressor cells (MDSC), e.g. due to influence of leukemic
EVs. MDSC can also differentiate from BCR-ABL1+ chronic myeloid leukemia cells. Suppressive
macrophages and MDSC express variety of factors (either soluble or receptors, indicated on each type
of cell) that hamper effector cells function and support leukemic growth. EVs—extracellular vesicles;
TLR2-toll-like receptor 2; Argl-arginase-1; TGF-f—transforming growth factor {3; IDO-indoleamine
2,3-dioxygenase; COX2—cyclooxygenase 2; iNOS—inducible nitric oxide synthase; VISTA-V-domain
Ig suppressor of T cell activation; Gfil-Growth factor independence 1.

Alongside creating leukemia-supporting milieu, MDSC may challenge successful
therapy. Several studies demonstrated that MDSC negatively affected survival of AML,
reported both in a mouse models and in patients. However, in allogeneic hematopoietic cell
transplantation these cells were found to be beneficial. They reduced graft vs. host effect,
by modulation of alloreactive T cell T function, but, crucially, without interfering with the
therapeutic graft vs. leukemia effect [196]. The most recent preclinical study shows an
inhibitory effect of MDSC on AML targeting CAR-T-based therapy [197].

Several MDSC inducing mechanisms have been identified in myeloid leukemias,
though these are less understood in AML. In CML, different types of extracellular vesicles
of leukemic origin were shown to induce MDSC. Small EVs/exosomes from serum of
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CML patients promoted conversion of peripheral blood monocytes into M-MDSC, but
not G-MDSC in vitro. Obtained M-MDSC were fully functional and capable of inhibiting
proliferation of autologous T cell [144]. On the other hand, K562-derived microvesicles
promoted both G-MDSC and M-MDSC differentiation in a whole PBMC culture and
in vivo. Interestingly, this effect was not observed when K562 cells were treated with
TKIs (imatinib and dasatinib), but was again pronounced after discontinuation of drug
treatment [193]. Also, mesenchymal stem cells (MSC) isolated from the BM of CML patients,
but not BM of healthy donors, induced G-MDSC in a coculture with PBMCs. These G-
MSDC exhibited superior suppressive activity toward autologous T cells and expressed
higher transcript levels of Argl, TNF-a, IL 18, COX2 and IL-6 than counterparts from
co-cultures with MSC of healthy origin. The observed phenomenon could be induced
by TGF-$3, IL-6 (interleukin 6) and IL-10, as higher transcript levels of these factors was
observed in MSC from leukemic donors [198]. Also, AML-derived extracellular vesicles
may play a role in expansion of MDSC, in a mechanism dependent of MUC1 (mucin 1,
cell surface associated) activity in AML cells [196]. Role of MUC1 activity in regulation of
MDSC was further underlined by correlation of amount of MDSC and MUCT expression in
AML patients [191]. Furthermore, the ability of AML-derived EVs to induce MDSC from
peripheral blood monocytes was shown to be dependent on the presence of palmitoylated
proteins on EVs’ surface. Palmitoylated proteins acted by activation of TLR2 to initiate
Akt/mTOR-dependent induction of M-MDSC [145].

5.2. Macrophages in Myeloid Leukemias

Tissue resident macrophages contribute to tissue formation, metabolism, homeostasis
and repair. They are derived from either primitive embryonic macrophages (originating
from the yolk sac or fetal liver) or blood monocytes. Macrophages are considered cells with
high plasticity. In response to variety of signals from the microenvironment they can polar-
ize into functionally different subsets, both inflammatory (often referred to/generalized as
M1) and regulatory/alternatively activated (often referred to/generalized as M2), though
this plasticity seems to be mainly attributed to monocyte-derived macrophages [199]. It has
been well documented that macrophages can be polarized by solid tumors to a phenotype
that facilitates cancer development, progression, and metastasis [200]. However, little is
known about the role of macrophages in the development and progression of myeloid
leukemias (Figure 5).

In the BM niche, quiescence of both normal HSCs and malignant LSCs is critically
determined by interactions with the cells of BM niche, including macrophages. Both
CD169+ and Ly6G+ macrophages have been identified as critical BM niche supportive
cells, as experimental depletion of macrophages has shown that they negatively regulate
HSC proliferation and pool size. Recently, new pieces of data show that in the spleen,
a secondary niche for myeloid leukemia stem cells, LSCs (defined as Lin-c-Kit+Sca-1+)
were exclusively localized within the red pulp and in close proximity to macrophages,
suggesting the role of macrophages in maintaining the quiescent state of LSCs [201-203]. In
the bone marrow of untreated CML patients, a higher number of cMAF+pSTAT1—-CD68+
M2-polarized macrophages (compared to healthy controls) has been detected [41]. Further
analyses of CML bone marrow samples revealed that the percentage of CD68+, CD163+,
and CD206+ macrophages in BM samples of CML patients was significantly higher than in
the control group and was gradually elevated during the progression of CML from chronic
phase to blast crisis. As CD163 and CD206 molecules are markers of alternatively acti-
vated /suppressive macrophages, the percentage of such macrophages may be considered
a key factor for disease progression and a potential therapeutic target [204].

Macrophages isolated from different leukemic mouse models supported in vitro ex-
pansion of AML cell lines better than macrophages from non-leukemic mice, in a Gfil
(Growth factor independence 1)-dependent manner. Also, the grade of macrophage infiltra-
tion into the BM correlated with survival of mice with developing acute myeloid leukemia.
In AML patients, the percentage of CD163+CD206+ M2-like macrophages in the bone
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marrow was significantly elevated, compared to healthy controls [205]. Another study con-
firmed the role of M2-polarized macrophages in AML progression. It showed that low level
of the monocytic leukemia zing-finger (MOZ), involved in polarization of macrophages
toward an inflammatory phenotype, is associated with poor prognosis [206]. CD206+
macrophages were also indicated as a novel prognostic factor for AML. Patients with AML
exhibited increased frequencies of CD206+ M2-like macrophages in bone marrow and level
of infiltration of M2-like macrophages positively correlated with poor outcome [207].

6. Inmune Response Recovery after Therapy in Myeloid Leukemias

Multiple studies have documented that, especially in chronic (but also acute) myeloid
leukemia, successful therapy using established treatments (such as tyrosine kinase in-
hibitors - TKIs) occurs concurrently with recovery of effector immune response. This
proves the importance of functional immunity in recovery from leukemia.

In CML, treatment with different TKIs led to an increased amount of NK cells in the
bone marrow, whereas dasatinib was the only TKI with potent effect on CD8+ cytotoxic
T cells [208]. Another study confirmed that dasatinib may have the strongest effect in
terms of potentiating the immune response [209]. A more detailed study by Hughes et al.
revealed robust restoration of effector immune response in PB of patients that responded
to TKIs and achieved major or complete molecular response. Not only amount of effector
cells was restored, but also their functionality, such as degranulating capability (CD107a
expression) of NK cells, CD8+ T cells response to LAAs in an ELISPOT (enzyme-linked im-
munospot assay) assay and lower expression of PD-1 on both CD4+ and CD8+ T cells [50].
Also CTLA-4 expression on T cells has decreased after imatinib treatment [210,211]. NK
cells from patients who successfully responded to imatinib treatment also had a more
mature phenotype and secreted more TNF-« and IFN-y [212]. In AML patients who re-
sponded to chemotherapy, CD8+ T cells have regained a functional phenotype (expression
of ICOS, CD28, downregulation of apoptotic and inhibitory transcripts), as revealed by
transcriptomic analysis [213].

Alongside recovered functionality of effector T cells and NK cells, successful therapy
leads to decreased numbers and functionality of suppressive immune cells.

Different subsets of MDSC were affected by TKIs — amount of G-MDSC in blood of
CML patients decreased after imatinib, nilotinib and dasatinib and M-MDSC decreased af-
ter dasatinib treatment. Same study identified a significant correlation between lower num-
bers of M-MDSC and major molecular response [144]. Even lower numbers of M-MDSC
were observed in patients with complete molecular response (CMR) [211]. The increased
amount of MDSC correlated with higher minimal residual disease in chemotherapy-treated
AML patients [214].

In vivo, TKIs - imatinib and nilotinib, decreased the half-life of circulating monocytes,
as well as their recruitment to tissues and differentiation into macrophages, which might
reduce the generation of tumor-promoting macrophages [215]. Another study showed
that imatinib prevented the polarization of macrophages toward a M2-like phenotype,
induced by IL-13 (interleukin 13) or IL-4 (interleukin 4) in vitro, which was illustrated
by the reduced expression of surface marker CD206 and genes such as Arg1, Mgl2, Mrc1,
CDH1, and CCL2 [216]. However, though in patients after TKI therapy the percentage of
CD68+, CD163+, and CD206+ macrophages have decreased, they was still higher compared
to the healthy control group [204]. Therapy with TKIs has also led to significant decrease
of Argl concentration in plasma of patients. As before start of this therapy, concentration
of this enzyme correlated with the number of CD11b+CD14-CD33+ myeloid cells, this
decrease might be attributed to decrease in MDSC numbers [122].

Amount of regulatory T cells (Treg) has decreased in BM of AML patients who re-
sponded to chemotherapy, but failed to decrease in non-responding patients [217]. Also
combined treatment with chemotherapy and histone deacetylase (HDAC) inhibitor panobi-
nostat led to decreased number of TNFR2+ Treg in blood and BM of AML patients [218].
In CML, Treg numbers in blood decreased in patients who responded to dasatinib treat-
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ment [219], as well as imatinib and nilotinib [211]. However, suppressive phenotype
(expression of CTLA-4, GITR, IL-4 and IL-10) of Treg only decreased in imatinib and
dasatinib treated patients, whereas nilotinib did not induce a significant effect [211]. Impor-
tantly, amount of Treg in blood of patients has achieved same level as in healthy controls in
CML patients who achieved treatment-free remission [220]. This underlines significance
of Treg for successful treatment free remission and lack of leukemia relapse. Interestingly;,
regulatory T cells can be directly affected and targeted by imatinib [210,221,222]. This is
due to an off-target activity of imatinib towards LCK (lymphocyte-specific protein tyrosine
kinase), a kinase engaged in TCR signal transduction in T cells. As Treg cells generally
express low levels of LCK, they are prone to apoptosis after inhibition of this kinase and
thereby TCR-driven activating pathways [221].

Finally, first clinical studies have provided evidence that targeting the immune system
may be beneficial in myeloid leukemias. Combination of azacitidine and nivolumab (anti-
PD-1 antibody) was safe and provided promising overall survival and response rate in
relapsed /refractory AML patients [223]. Several other clinical trials in both CML and
AML have been conducted or are ongoing, to evaluate if targeting mechanisms of immune
evasion may be beneficial for treatment of these cancers, either as monotherapy or in
combination with other drugs (Table 2) [224].

Table 2. Clinical trials of drugs and treatments that target immunosuppressive factors (either as monotherapy or in
combination) in chronic and acute myeloid leukemia, either ongoing or completed trials, according to clinicaltrials.gov
database [224].

Trial Number .

Target Drug Phase (clinicaltrials.gov) Malignancy

Avelumab 1-2 NCT03390296 AML
veluma 1-2 NCT02767063 CML

PD-L1 Ategoli b 1 NCT02892318, NCT03922477 AML

tezolizuma 1-2 NCT03730012 AML
Durvalumab 2 NCT02775903 AML
1 NCT01822509 CML, AML

1 NCT02011945 CML
Nivolumab 1 NCT04361058 AML
voluma 1-2 NCT03825367 AML
) NCT02397720, NCT02464657, AML

NCT02275533, NCT02532231

NCT02981914, NCT03969446,

PD-1 1 NCT03286114 AML
Pembroli b 1-2 NCT03761914, NCT02996474 AML
embrolizuma NCT03769532, NCT02768792

2 NCT02845297, NCT04284787, AML
NCT02708641
PDRO01 1 NCT03066648 AML
Tislelizumab 2 NCT04541277 AML
1 NCT00060372 CML, AML
CTLAA4 Ipilimumab 1 NCT03912064, NCT01757639 .
NCT01757639, NCT02890329
Nivolumab 1 NCT01822509, NCT03600155 CML, AML
PD-1+CTLAA + ipilimumab 2 NCT02397720 AML
1 NCT03940352, NCT03066648 AML
TIM-3 MBG453 2 NCT04150029 AML
ALX148 1-2 NCT04755244 AML
CD47 Magrolimab 1-2 NCT04435691 AML
IBI188 1-2 NCT04485052 AML
TJ011133 1-2 NCT04202003 AML
CD25 (Treg) ADCT-301 2 NCT04639024 AML
arginine PEG-BCT-100 2 NCT02899286 AML

(recombinant arginase 1)
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7. Conclusions and Further Directions

Myeloid leukemias create an immune evasive microenvironment that promotes dis-
ease development and progression. Involvement of dynamically migrating cells, soluble
factors and extracellular vesicles suggests that modulation of immune system may be a rel-
evant for spreading of CML and AML cells outside the bone marrow - into the bloodstream
and secondary leukemic niches (such as the spleen). Importantly, this immunosuppressive
microenvironment seems to reverse after successful therapy, whether with tyrosine kinase
inhibitors or chemotherapy, suggesting that reinvigoration of immune response constitutes
a relevant factor for recovery of patients. At the same time, this underlines potential of
targeting the immune system, immunosuppressive cells and factors in patients who failed
to respond to first-line treatments.

However, to accomplish this, more detailed studies are needed, to very precisely
identify biomarkers of immunosuppression in myeloid leukemias and specific factors
and receptors that could be targeted to e.g. eliminate suppressive immune cells. For
example, most studies on Treg in CML/AML have been performed using only relatively
simple phenotyping based on expression of CD25, CD127 and Foxp3. Few studies to date
have employed newly proposed strategies to differentiate between naive/effector/non-
suppressive Treg [173], Treg of different origin and activity, based on markers such as
Helios, GPA33 (glycoprotein A33) or CD31, or, finally, different epigenetic signatures
and novel functional markers [225,226]. Similarly, MDSC and macrophages have been
predominantly studied with well-recognized markers of differential polarization of myeloid
cells, which is limited and may even attribute cells to “artificial”, pre-defined subsets. Such
approach may be imprecise and not beneficial, taking into account plasticity of myeloid
cells and existence of multiple transitional stages. New subsets of tumor-promoting
myeloid cells are constantly discovered, such as recently described TREM2(triggering
receptor expressed on myeloid cells 2)-expressing cells [227,228]. Finally, still very little is
known about mechanisms that drive immunosuppressive cells in leukemia, especially in
CML. This limits possible therapeutic targets and markers, which could be used as early
predictors of leukemia development or progression. In AML, studies linking different
genetic backgrounds to immune signature of the disease are still lacking, which limits
development of precise targeted therapies combined with immunotherapies.

All this perhaps comes down to performing high-resolution studies of myeloid
leukemias — using novel technologies, such as single cell genomics, proteomics and high-
resolution spatial analyses. These have allowed for huge progress in knowledge of solid
tumors and hopefully will soon allow to introduce new therapeutic modalities. Using
these advanced tools on clinical specimens from leukemia patients and combining them
with advanced immunocompetent mouse models of CML/AML should enable significant
progress of the field.

Author Contributions: Conceptualization, J.S. and K.P.; Writing—original draft preparation, J.S.,
L.T.-K,, EK,, K.P; Visualization, ].S., L.T.-K.; Supervision, K.P; Funding acquisition, J.5. and K.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Science Centre (Poland) in Krakéw grants:
2013/10/E/NZ3/00673 (K.P.) and 2018/29/N/NZ3/01754 (J.S.).

Acknowledgments: Figures were created with BioRender.com online software.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results”.

References

1.

Bonnet, D.; Dick, J.E. Human Acute Myeloid Leukemia Is Organized as a Hierarchy That Originates from a Primitive Hematopoi-
etic Cell. Nat. Med. 1997, 3, 730-737. [CrossRef] [PubMed]

Horton, S.J.; Huntly, B.J.P. Recent Advances in Acute Myeloid Leukemia Stem Cell Biology. Haematologica 2012, 97, 966-974.
[CrossRef] [PubMed]


BioRender.com
http://doi.org/10.1038/nm0797-730
http://www.ncbi.nlm.nih.gov/pubmed/9212098
http://doi.org/10.3324/haematol.2011.054734
http://www.ncbi.nlm.nih.gov/pubmed/22511496

Cancers 2021, 13, 1203 20 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Lang, F.; Wojcik, B.; Rieger, M. A. Stem Cell Hierarchy and Clonal Evolution in Acute Lymphoblastic Leukemia. Stem Cells Int.
2015, 2015, 1-13. [CrossRef]

Van Egeren, D.; Escabi, J.; Nguyen, M,; Liu, S.; Reilly, C.R,; Patel, S.; Kamaz, B.; Kalyva, M.; DeAngelo, D.J.; Galinsky, I.; et al.
Reconstructing the Lineage Histories and Differentiation Trajectories of Individual Cancer Cells in Myeloproliferative Neoplasms.
Cell Stem Cell 2021, 28, 514-523.€9. [CrossRef]

Lapidot, T.; Sirard, C.; Vormoor, J.; Murdoch, B.; Hoang, T.; Caceres-Cortes, J.; Minden, M.; Paterson, B.; Caligiuri, M.A.;
Dick, J.E. A Cell Initiating Human Acute Myeloid Leukaemia after Transplantation into SCID Mice. Nature 1994, 367, 645-648.
[CrossRef] [PubMed]

Bhatia, M.; Bonnet, D.; Murdoch, B.; Gan, O.L; Dick, ].E. A Newly Discovered Class of Human Hematopoietic Cells with
SCID-Repopulating Activity. Nat. Med. 1998, 4, 1038-1045. [CrossRef]

Branford, S.; Kim, D.D.H.; Apperley, ]J.E; Eide, C.A.; Mustjoki, S.; Ong, S.T.; Nteliopoulos, G.; Ernst, T.; Chuah, C.;
Gambacorti-Passerini, C.; et al. Laying the Foundation for Genomically-Based Risk Assessment in Chronic Myeloid Leukemia.
Leukemia 2019, 33, 1835-1850. [CrossRef]

Zitvogel, L.; Rusakiewicz, S.; Routy, B.; Ayyoub, M.; Kroemer, G. Inmunological Off-Target Effects of Imatinib. Nat. Rev. Clin.
Oncol. 2016, 13, 431-446. [CrossRef] [PubMed]

Adnan Awad, S.; Kankainen, M.; Ojala, T.; Koskenvesa, P.; Eldfors, S.; Ghimire, B.; Kumar, A.; Kytold, S.; Kamel, M.M.;
Heckman, C.A ; et al. Mutation Accumulation in Cancer Genes Relates to Nonoptimal Outcome in Chronic Myeloid Leukemia.
Blood Adv. 2020, 4, 546-559. [CrossRef]

Branford, S.; Wang, P.; Yeung, D.T.; Thomson, D.; Purins, A.; Wadham, C.; Shahrin, N.H.; Marum, J.E.; Nataren, N.;
Parker, W.T.; et al. Integrative Genomic Analysis Reveals Cancer-Associated Mutations at Diagnosis of CML in Patients with
High-Risk Disease. Blood 2018, 132, 948-961. [CrossRef] [PubMed]

Papaemmanuil, E.; Gerstung, M.; Bullinger, L.; Gaidzik, V.I.; Paschka, P.; Roberts, N.D.; Potter, N.E.; Heuser, M.; Thol, E;
Bolli, N.; et al. Genomic Classification and Prognosis in Acute Myeloid Leukemia. N. Engl. ]. Med. 2016, 374, 2209-2221.
[CrossRef] [PubMed]

Miles, L.A.; Bowman, R.L.; Merlinsky, T.R; Csete, L.S.; Ooi, A.T.; Durruthy-Durruthy, R.; Bowman, M.; Famulare, C.; Patel, M.A;
Mendez, P; et al. Single-Cell Mutation Analysis of Clonal Evolution in Myeloid Malignancies. Nature 2020, 587, 477-482.
[CrossRef] [PubMed]

Daver, N.; Wei, A.H.; Pollyea, D.A ; Fathi, A.T.; Vyas, P.; DiNardo, C.D. New Directions for Emerging Therapies in Acute Myeloid
Leukemia: The next Chapter. Blood Cancer J. 2020, 10, 107. [CrossRef] [PubMed]

Houshmand, M.; Simonetti, G.; Circosta, P.; Gaidano, V.; Cignetti, A.; Martinelli, G.; Saglio, G.; Gale, R.P. Chronic Myeloid
Leukemia Stem Cells. Leukemia 2019, 33, 1543-1556. [CrossRef] [PubMed]

Herrmann, H.; Sadovnik, L; Eisenwort, G.; Riilicke, T.; Blatt, K.; Herndlhofer, S.; Willmann, M.; Stefanzl, G.; Baumgartner, S.;
Greiner, G.; et al. Delineation of Target Expression Profiles in CD34+/CD38— and CD34+/CD38+ Stem and Progenitor Cells in
AML and CML. Blood Adv. 2020, 4, 5118-5132. [CrossRef] [PubMed]

Carter, B.Z.; Mak, D.H,; Cortes, J.; Andreeff, M. The Elusive Chronic Myeloid Leukemia Stem Cell: Does It Matter and How Do
We Eliminate It? Semin. Hematol. 2010, 47, 362-370. [CrossRef] [PubMed]

Quek, L.; Otto, G.W.; Garnett, C.; Lhermitte, L.; Karamitros, D.; Stoilova, B.; Lau, L-J.; Doondeea, J.; Usukhbayar, B.;
Kennedy, A ; et al. Genetically Distinct Leukemic Stem Cells in Human CD34— Acute Myeloid Leukemia Are Arrested at a
Hemopoietic Precursor-like Stage. J. Exp. Med. 2016, 213, 1513-1535. [CrossRef]

Martelli, M.P,; Pettirossi, V.; Thiede, C.; Bonifacio, E.; Mezzasoma, F.; Cecchini, D.; Pacini, R.; Tabarrini, A.; Ciurnelli, R;
Gionfriddo, I; et al. CD34+ Cells from AML with Mutated NPM1 Harbor Cytoplasmic Mutated Nucleophosmin and Generate
Leukemia in Immunocompromised Mice. Blood 2010, 116, 3907-3922. [CrossRef] [PubMed]

Taussig, D.C.; Vargaftig, ].; Miraki-Moud, F; Griessinger, E.; Sharrock, K.; Luke, T; Lillington, D.; Oakervee, H.; Cavenagh, J.;
Agrawal, S.G.; et al. Leukemia-Initiating Cells from Some Acute Myeloid Leukemia Patients with Mutated Nucleophosmin
Reside in the CD34X Fraction. Blood 2010, 115, 10. [CrossRef]

Sarry, J.-E.; Murphy, K.; Perry, R.; Sanchez, P.V,; Secreto, A.; Keefer, C.; Swider, C.R; Strzelecki, A.-C.; Cavelier, C.; Récher, C.; et al.
Human Acute Myelogenous Leukemia Stem Cells Are Rare and Heterogeneous When Assayed in NOD/SCID/IL2Ryc-Deficient
Mice. J. Clin. Invest. 2011, 121, 384-395. [CrossRef]

Eppert, K.; Takenaka, K.; Lechman, E.R.; Waldron, L.; Nilsson, B.; van Galen, P; Metzeler, K.H.; Poeppl, A.; Ling, V,;
Beyene, J.; et al. Stem Cell Gene Expression Programs Influence Clinical Outcome in Human Leukemia. Nat. Med. 2011,
17,1086-1093. [CrossRef] [PubMed]

Haubner, S.; Perna, E; Kéhnke, T.; Schmidt, C.; Berman, S.; Augsberger, C.; Schnorfeil, EM.; Krupka, C.; Lichtenegger, ES.;
Liu, X.; et al. Coexpression Profile of Leukemic Stem Cell Markers for Combinatorial Targeted Therapy in AML. Leukemia 2019,
33, 64-74. [CrossRef] [PubMed]

Kikushige, Y.; Shima, T.; Takayanagi, S.; Urata, S.; Miyamoto, T.; Iwasaki, H.; Takenaka, K.; Teshima, T.; Tanaka, T.; Inagaki, Y.; et al.
TIM-3 Is a Promising Target to Selectively Kill Acute Myeloid Leukemia Stem Cells. Cell Stem Cell 2010, 7, 708-717. [CrossRef]
Jan, M.; Chao, M.P,; Cha, A.C; Alizadeh, A.A.; Gentles, A.].; Weissman, I.L.; Majeti, R. Prospective Separation of Normal and
Leukemic Stem Cells Based on Differential Expression of TIM3, a Human Acute Myeloid Leukemia Stem Cell Marker. Proc. Natl.
Acad. Sci. USA 2011, 108, 5009-5014. [CrossRef]


http://doi.org/10.1155/2015/137164
http://doi.org/10.1016/j.stem.2021.02.001
http://doi.org/10.1038/367645a0
http://www.ncbi.nlm.nih.gov/pubmed/7509044
http://doi.org/10.1038/2023
http://doi.org/10.1038/s41375-019-0512-y
http://doi.org/10.1038/nrclinonc.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/27030078
http://doi.org/10.1182/bloodadvances.2019000943
http://doi.org/10.1182/blood-2018-02-832253
http://www.ncbi.nlm.nih.gov/pubmed/29967129
http://doi.org/10.1056/NEJMoa1516192
http://www.ncbi.nlm.nih.gov/pubmed/27276561
http://doi.org/10.1038/s41586-020-2864-x
http://www.ncbi.nlm.nih.gov/pubmed/33116311
http://doi.org/10.1038/s41408-020-00376-1
http://www.ncbi.nlm.nih.gov/pubmed/33127875
http://doi.org/10.1038/s41375-019-0490-0
http://www.ncbi.nlm.nih.gov/pubmed/31127148
http://doi.org/10.1182/bloodadvances.2020001742
http://www.ncbi.nlm.nih.gov/pubmed/33085758
http://doi.org/10.1053/j.seminhematol.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/20875553
http://doi.org/10.1084/jem.20151775
http://doi.org/10.1182/blood-2009-08-238899
http://www.ncbi.nlm.nih.gov/pubmed/20634376
http://doi.org/10.1182/blood-2009-02-206565
http://doi.org/10.1172/JCI41495
http://doi.org/10.1038/nm.2415
http://www.ncbi.nlm.nih.gov/pubmed/21873988
http://doi.org/10.1038/s41375-018-0180-3
http://www.ncbi.nlm.nih.gov/pubmed/29946192
http://doi.org/10.1016/j.stem.2010.11.014
http://doi.org/10.1073/pnas.1100551108

Cancers 2021, 13, 1203 21 of 29

25.

26.

27.
28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Saito, Y.; Kitamura, H.; Hijikata, A.; Tomizawa-Murasawa, M.; Tanaka, S.; Takagi, S.; Uchida, N.; Suzuki, N.; Sone, A.;
Najima, Y.; et al. Identification of Therapeutic Targets for Quiescent, Chemotherapy-Resistant Human Leukemia Stem Cells. Sci.
Transl. Med. 2010, 2, 17ra9. [CrossRef]

Gentles, A.]. Association of a Leukemic Stem Cell Gene Expression Signature With Clinical Outcomes in Acute Myeloid Leukemia.
JAMA 2010, 304, 2706. [CrossRef]

Robert, C. A Decade of Immune-Checkpoint Inhibitors in Cancer Therapy. Nat. Commun. 2020, 11, 3801. [CrossRef] [PubMed]
Finck, A.; Gill, S.I; June, C.H. Cancer Immunotherapy Comes of Age and Looks for Maturity. Nat. Commun. 2020,
11, 3325. [CrossRef]

Armand, P.,; Engert, A.; Younes, A.; Fanale, M.; Santoro, A.; Zinzani, P.L.; Timmerman, ].M.; Collins, G.P.; Ramchandren, R.;
Cohen, ].B.; et al. Nivolumab for Relapsed /Refractory Classic Hodgkin Lymphoma After Failure of Autologous Hematopoietic
Cell Transplantation: Extended Follow-Up of the Multicohort Single-Arm Phase II CheckMate 205 Trial. J. Clin. Oncol. 2018, 36,
1428-1439. [CrossRef] [PubMed]

Korn, C.; Méndez-Ferrer, S. Myeloid Malignancies and the Microenvironment. Blood 2017, 129, 811-822. [CrossRef] [PubMed]
Krause, D.S.; Fulzele, K.; Catic, A.; Sun, C.C.; Dombkowski, D.; Hurley, M.P.; Lezeau, S.; Attar, E.; Wu, J.Y,; Lin, H.Y,; et al.
Differential Regulation of Myeloid Leukemias by the Bone Marrow Microenvironment. Nat. Med. 2013, 19, 1513-1517. [CrossRef]
Lamble, AJ,; Lind, E.E. Targeting the Immune Microenvironment in Acute Myeloid Leukemia: A Focus on T Cell Immunity.
Front. Oncol. 2018, 8, 213. [CrossRef] [PubMed]

Li, Z.; Philip, M.; Ferrell, P.B. Alterations of T-Cell-Mediated Immunity in Acute Myeloid Leukemia. Oncogene 2020, 39, 3611-3619.
[CrossRef] [PubMed]

Le Dieu, R.; Taussig, D.C.; Ramsay, A.G.; Mitter, R.; Miraki-Moud, F,; Fatah, R.; Lee, A.M.; Lister, T.A.; Gribben, J.G. Peripheral
Blood T Cells in Acute Myeloid Leukemia (AML) Patients at Diagnosis Have Abnormal Phenotype and Genotype and Form
Defective Immune Synapses with AML Blasts. Blood 2009, 114, 3909-3916. [CrossRef] [PubMed]

Hughes, A.; Yong, A.S.M. Immune Effector Recovery in Chronic Myeloid Leukemia and Treatment-Free Remission. Front.
Immunol. 2017, 8, 469. [CrossRef] [PubMed]

Zha, X,; Yan, X,; Shen, Q.; Zhang, Y.; Wu, X,; Chen, S.; Li, B.; Yang, L.; Geng, S.; Weng, ].; et al. Alternative Expression of TCR(
Related Genes in Patients with Chronic Myeloid Leukemia. J. Hematol. Oncol.] Hematol Oncol 2012, 5, 74. [CrossRef]

Sopper, S.; Mustjoki, S.; White, D.; Hughes, T.; Valent, P; Burchert, A.; Gjertsen, B.T.; Gastl, G.; Baldauf, M.; Trajanoski, Z.; et al.
Reduced CD62L Expression on T Cells and Increased Soluble CD62L Levels Predict Molecular Response to Tyrosine Kinase
Inhibitor Therapy in Early Chronic-Phase Chronic Myelogenous Leukemia. J. Clin. Oncol. 2017, 35, 175-184. [CrossRef]

Ilander, M.; Hekim, C.; Mustjoki, S. Immunology and Immunotherapy of Chronic Myeloid Leukemia. Curr. Hematol. Malig. Rep.
2014, 9, 17-23. [CrossRef] [PubMed]

Fauriat, C.; Just-Landji, S.; Mallet, E; Arnoulet, C.; Sainty, D.; Olive, D.; Costello, R.T. Deficient Expression of NCR in NK Cells
from Acute Myeloid Leukemia: Evolution during Leukemia Treatment and Impact of Leukemia Cells in NCRdull Phenotype
Induction. Blood 2007, 109, 323-330. [CrossRef]

Dufva, O.; Polonen, P.; Briick, O.; Kerdnen, M.A.L; Klievink, J.; Mehtonen, J.; Huuhtanen, J.; Kumar, A.; Malani, D.;
Siitonen, S.; et al. Inmunogenomic Landscape of Hematological Malignancies. Cancer Cell 2020, 38, 380-399. [CrossRef] [PubMed]
Briick, O.; Blom, S.; Dufva, O.; Turkki, R.; Chheda, H.; Ribeiro, A.; Kovanen, P,; Aittokallio, T.; Koskenvesa, P.; Kallioniemi, O.; et al.
Immune Cell Contexture in the Bone Marrow Tumor Microenvironment Impacts Therapy Response in CML. Leukemia 2018, 32,
1643-1656. [CrossRef]

Briick, O.; Dufva, O.; Hohtari, H.; Blom, S.; Turkki, R.; Ilander, M.; Kovanen, P,; Pallaud, C.; Ramos, PM.; Lahteenmaki, H.; et al.
Immune Profiles in Acute Myeloid Leukemia Bone Marrow Associate with Patient Age, T-Cell Receptor Clonality, and Survival.
Blood Adv. 2020, 4, 274-286. [CrossRef]

Chalmers, Z.R.; Connelly, C.F; Fabrizio, D.; Gay, L.; Ali, $.M.; Ennis, R.; Schrock, A.; Campbell, B.; Shlien, A.; Chmielecki, J.; et al.
Analysis of 100,000 Human Cancer Genomes Reveals the Landscape of Tumor Mutational Burden. Genome Med. 2017, 9, 34.
[CrossRef] [PubMed]

Yong, A.S.M.; Keyvanfar, K.; Eniafe, R.; Savani, B.N.; Rezvani, K,; Sloand, E.M.; Goldman, ].M.; Barrett, A.]. Hematopoietic Stem
Cells and Progenitors of Chronic Myeloid Leukemia Express Leukemia-Associated Antigens: Implications for the Graft-versus-
Leukemia Effect and Peptide Vaccine-Based Immunotherapy. Leukemia 2008, 22, 1721-1727. [CrossRef] [PubMed]

Mumprecht, S.; Schiirch, C.; Schwaller, J.; Solenthaler, M.; Ochsenbein, A .F. Programmed Death 1 Signaling on Chronic Myeloid
Leukemia-Specific T Cells Results in T-Cell Exhaustion and Disease Progression. Blood 2009, 114, 1528-1536. [CrossRef] [PubMed]
Tuval, A.; Shlush, L.I. Evolutionary Trajectory of Leukemic Clones and Its Clinical Implications. Haematologica 2019, 104, 872-880.
[CrossRef] [PubMed]

Morita, K.; Wang, E; Jahn, K.; Hu, T.; Tanaka, T.; Sasaki, Y.; Kuipers, J.; Loghavi, S.; Wang, S.A.; Yan, Y.; et al. Clonal Evolution of
Acute Myeloid Leukemia Revealed by High-Throughput Single-Cell Genomics. Nat. Commun. 2020, 11, 5327. [CrossRef]
Gupta, V,; Tallman, M.S.; Weisdorf, D.]J. Allogeneic Hematopoietic Cell Transplantation for Adults with Acute Myeloid Leukemia:
Myths, Controversies, and Unknowns. Blood 2011, 117, 2307-2318. [CrossRef]

Acheampong, D.O.; Adokoh, C.K,; Asante, D.-B.; Asiamah, E.A.; Barnie, PA.; Bonsu, D.O.M.; Kyei, F. Inmunotherapy for Acute
Myeloid Leukemia (AML): A Potent Alternative Therapy. Biomed. Pharmacother. 2018, 97, 225-232. [CrossRef] [PubMed]


http://doi.org/10.1126/scitranslmed.3000349
http://doi.org/10.1001/jama.2010.1862
http://doi.org/10.1038/s41467-020-17670-y
http://www.ncbi.nlm.nih.gov/pubmed/32732879
http://doi.org/10.1038/s41467-020-17140-5
http://doi.org/10.1200/JCO.2017.76.0793
http://www.ncbi.nlm.nih.gov/pubmed/29584546
http://doi.org/10.1182/blood-2016-09-670224
http://www.ncbi.nlm.nih.gov/pubmed/28064238
http://doi.org/10.1038/nm.3364
http://doi.org/10.3389/fonc.2018.00213
http://www.ncbi.nlm.nih.gov/pubmed/29951373
http://doi.org/10.1038/s41388-020-1239-y
http://www.ncbi.nlm.nih.gov/pubmed/32127646
http://doi.org/10.1182/blood-2009-02-206946
http://www.ncbi.nlm.nih.gov/pubmed/19710498
http://doi.org/10.3389/fimmu.2017.00469
http://www.ncbi.nlm.nih.gov/pubmed/28484463
http://doi.org/10.1186/1756-8722-5-74
http://doi.org/10.1200/JCO.2016.67.0893
http://doi.org/10.1007/s11899-013-0190-1
http://www.ncbi.nlm.nih.gov/pubmed/24390549
http://doi.org/10.1182/blood-2005-08-027979
http://doi.org/10.1016/j.ccell.2020.06.002
http://www.ncbi.nlm.nih.gov/pubmed/32649887
http://doi.org/10.1038/s41375-018-0175-0
http://doi.org/10.1182/bloodadvances.2019000792
http://doi.org/10.1186/s13073-017-0424-2
http://www.ncbi.nlm.nih.gov/pubmed/28420421
http://doi.org/10.1038/leu.2008.161
http://www.ncbi.nlm.nih.gov/pubmed/18548092
http://doi.org/10.1182/blood-2008-09-179697
http://www.ncbi.nlm.nih.gov/pubmed/19420358
http://doi.org/10.3324/haematol.2018.195289
http://www.ncbi.nlm.nih.gov/pubmed/31004016
http://doi.org/10.1038/s41467-020-19119-8
http://doi.org/10.1182/blood-2010-10-265603
http://doi.org/10.1016/j.biopha.2017.10.100
http://www.ncbi.nlm.nih.gov/pubmed/29091870

Cancers 2021, 13, 1203 22 of 29

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Hughes, A.; Clarson, J.; Tang, C.; Vidovic, L.; White, D.L.; Hughes, T.P; Yong, A.SM. CML Patients with Deep Molec-
ular Responses to TKI Have Restored Immune Effectors and Decreased PD-1 and Immune Suppressors. Blood 2017, 129,
1166-1176. [CrossRef]

Lion, E.; Willemen, Y.; Berneman, Z.; Van Tendeloo, V.EI.; Smits, E.L.J. Natural killer cell immune escape in acute myeloid
leukemia. Leukemia 2012, 26, 2019-2026. [CrossRef] [PubMed]

Chen, C.I.-U.; Koschmieder, S.; Kerstiens, L.; Schemionek, M.; Altvater, B.; Pscherer, S.; Gerss, J.; Maecker, H.T.; Berdel, W.E.;
Juergens, H.; et al. NK Cells Are Dysfunctional in Human Chronic Myelogenous Leukemia before and on Imatinib Treatment and
in BCR-ABL-Positive Mice. Leukemia 2012, 26, 465-474. [CrossRef]

Giannopoulos, K. Targeting Immune Signaling Checkpoints in Acute Myeloid Leukemia. ]. Clin. Med. 2019, 8, 236.
[CrossRef] [PubMed]

Shi, L.; Chen, S.; Yang, L.; Li, Y. The Role of PD-1 and PD-L1 in T-Cell Inmune Suppression in Patients with Hematological
Malignancies. J. Hematol. Oncol. J. Hematol. Oncol. 2013, 6, 74. [CrossRef] [PubMed]

Blank, C.U.; Haining, W.N.; Held, W.; Hogan, P.G.; Kallies, A.; Lugli, E.; Lynn, R.C.; Philip, M.; Rao, A.; Restifo, N.P; et al.
Defining ‘T Cell Exhaustion. Nat. Rev. Immunol. 2019, 19, 665-674. [CrossRef]

Christiansson, L.; Soderlund, S.; Svensson, E.; Mustjoki, S.; Bengtsson, M.; Simonsson, B.; Olsson-Strémberg, U.; Loskog, A.S.I.
Increased Level of Myeloid-Derived Suppressor Cells, Programmed Death Receptor Ligand 1/Programmed Death Receptor 1,
and Soluble CD25 in Sokal High Risk Chronic Myeloid Leukemia. PLoS ONE 2013, 8, €55818. [CrossRef]

Zhang, L.; Gajewski, T.F; Kline, J. PD-1/PD-L1 Interactions Inhibit Antitumor Immune Responses in a Murine Acute Myeloid
Leukemia Model. Blood 2009, 114, 1545-1552. [CrossRef]

Zhou, Q.; Munger, M.E.; Highfill, S.L.; Tolar, J.; Weigel, B.].; Riddle, M.; Sharpe, A.H.; Vallera, D.A.; Azuma, M.; Levine, B.L.; et al.
Program Death-1 Signaling and Regulatory T Cells Collaborate to Resist the Function of Adoptively Transferred Cytotoxic T
Lymphocytes in Advanced Acute Myeloid Leukemia. Blood 2010, 116, 2484-2493. [CrossRef] [PubMed]

Dong, Y.; Han, Y.; Huang, Y.; Jiang, S.; Huang, Z.; Chen, R.; Yu, Z.; Yu, K.; Zhang, S. PD-L1 Is Expressed and Promotes the
Expansion of Regulatory T Cells in Acute Myeloid Leukemia. Front. Immunol. 2020, 11, 1710. [CrossRef]

Brodskd, B.; Otevielova, P; Salek, C.; Fuchs, O.; Gasovd, Z.; KuZelovd, K. High PD-L1 Expression Predicts for Worse Outcome of
Leukemia Patients with Concomitant NPM1 and FLT3 Mutations. Int. ]. Mol. Sci. 2019, 20, 2823. [CrossRef]

Berthon, C.; Driss, V.; Liu, J.; Kuranda, K.; Leleu, X.; Jouy, N.; Hetuin, D.; Quesnel, B. In Acute Myeloid Leukemia, B7-H1 (PD-L1)
Protection of Blasts from Cytotoxic T Cells Is Induced by TLR Ligands and Interferon-Gamma and Can Be Reversed Using MEK
Inhibitors. Cancer Immunol. Immunother. 2010, 59, 1839-1849. [CrossRef]

Kronig, H.; Kremmler, L.; Haller, B.; Englert, C.; Peschel, C.; Andreesen, R.; Blank, C.U. Interferon-Induced Programmed
Death-Ligand 1 (PD-L1/B7-H1) Expression Increases on Human Acute Myeloid Leukemia Blast Cells during Treatment. Eur. |.
Haematol. 2014, 92, 195-203. [CrossRef] [PubMed]

Moshofsky, K.B.; Cho, H.J.; Wu, G.; Romine, K.A.; Newman, M.T.; Kosaka, Y.; McWeeney, S.K.; Lind, E.F. Acute Myeloid Leukemia—
Induced T-Cell Suppression Can Be Reversed by Inhibition of the MAPK Pathway. Blood Adv. 2019, 3, 3038-3051. [CrossRef]
Hossain, D.M.S.; Dos Santos, C.; Zhang, Q.; Kozlowska, A.; Liu, H.; Gao, C.; Moreira, D.; Swiderski, P.; Jozwiak, A.; Kline, J.; et al.
Leukemia Cell-Targeted STAT3 Silencing and TLR9 Triggering Generate Systemic Antitumor Immunity. Blood 2014, 123,
15-25. [CrossRef]

Wang, X; Li, J.; Dong, K.; Lin, F; Long, M.; Ouyang, Y.; Wei, ].; Chen, X.; Weng, Y.; He, T; et al. Tumor Suppressor MiR-34a
Targets PD-L1 and Functions as a Potential Inmunotherapeutic Target in Acute Myeloid Leukemia. Cell. Signal. 2015, 27, 443-452.
[CrossRef] [PubMed]

Pyzer, A.R.; Stroopinsky, D.; Rosenblatt, J.; Anastasiadou, E.; Rajabi, H.; Washington, A.; Tagde, A.; Chu, ]J.-H.; Coll, M,;
Jiao, A.L.; et al. MUC1 Inhibition Leads to Decrease in PD-L1 Levels via Upregulation of MiRNAs. Leukemia 2017, 31, 2780-2790.
[CrossRef] [PubMed]

Zajac, M.; Zaleska, ].; Dolnik, A.; Bullinger, L.; Giannopoulos, K. Expression of CD 274 ( PD -L1) Is Associated with Unfavourable
Recurrent Mutations in AML. Br. |. Haematol. 2018, 183, 822-825. [CrossRef] [PubMed]

Krupka, C.; Kufer, P; Kischel, R.; Zugmaier, G.; Lichtenegger, ES.; Kohnke, T.; Vick, B.; Jeremias, I.; Metzeler, K.H.;
Altmann, T; et al. Blockade of the PD-1/PD-L1 Axis Augments Lysis of AML Cells by the CD33/CD3 BiTE Antibody Construct
AMG 330: Reversing a T-Cell-Induced Immune Escape Mechanism. Leukemia 2016, 30, 484—491. [CrossRef]

Albring, ].C.; Inselmann, S.; Sauer, T.; Schliemann, C.; Altvater, B.; Kailayangiri, S.; Rossig, C.; Hartmann, W.; Knorrenschild, J.R,;
Sohlbach, K.; et al. PD-1 Checkpoint Blockade in Patients with Relapsed AML after Allogeneic Stem Cell Transplantation. Bone
Marrow Transplant. 2017, 52, 317-320. [CrossRef]

Rowshanravan, B.; Halliday, N.; Sansom, D.M. CTLA-4: A Moving Target in Immunotherapy. Blood 2018, 131, 58-67.
[CrossRef] [PubMed]

Chen, Y; Tan, J.; Huang, S.; Huang, X;; Huang, J.; Chen, J.; Yu, Z.; Lu, Y.; Weng, J.; Du, X.; et al. Higher Frequency of the CTLA-4 *
LAG-3 * T-cell Subset in Patients with Newly Diagnosed Acute Myeloid Leukemia. Asia Pac. J. Clin. Oncol. 2020, 16. [CrossRef]
Radwan, S.M.; Elleboudy, N.S.; Nabih, N.A.; Kamal, A.M. The Immune Checkpoints Cytotoxic T Lymphocyte Antigen-4 and
Lymphocyte Activation Gene-3 Expression Is Up-regulated in Acute Myeloid Leukemia. HLA 2020, 96, 3-12. [CrossRef]
Pistillo, M.P. CTLA-4 Is Not Restricted to the Lymphoid Cell Lineage and Can Function as a Target Molecule for Apoptosis
Induction of Leukemic Cells. Blood 2003, 101, 202-209. [CrossRef] [PubMed]


http://doi.org/10.1182/blood-2016-10-745992
http://doi.org/10.1038/leu.2012.87
http://www.ncbi.nlm.nih.gov/pubmed/22446501
http://doi.org/10.1038/leu.2011.239
http://doi.org/10.3390/jcm8020236
http://www.ncbi.nlm.nih.gov/pubmed/30759726
http://doi.org/10.1186/1756-8722-6-74
http://www.ncbi.nlm.nih.gov/pubmed/24283718
http://doi.org/10.1038/s41577-019-0221-9
http://doi.org/10.1371/journal.pone.0055818
http://doi.org/10.1182/blood-2009-03-206672
http://doi.org/10.1182/blood-2010-03-275446
http://www.ncbi.nlm.nih.gov/pubmed/20570856
http://doi.org/10.3389/fimmu.2020.01710
http://doi.org/10.3390/ijms20112823
http://doi.org/10.1007/s00262-010-0909-y
http://doi.org/10.1111/ejh.12228
http://www.ncbi.nlm.nih.gov/pubmed/24175978
http://doi.org/10.1182/bloodadvances.2019000574
http://doi.org/10.1182/blood-2013-07-517987
http://doi.org/10.1016/j.cellsig.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25499621
http://doi.org/10.1038/leu.2017.163
http://www.ncbi.nlm.nih.gov/pubmed/28555079
http://doi.org/10.1111/bjh.15040
http://www.ncbi.nlm.nih.gov/pubmed/29265177
http://doi.org/10.1038/leu.2015.214
http://doi.org/10.1038/bmt.2016.274
http://doi.org/10.1182/blood-2017-06-741033
http://www.ncbi.nlm.nih.gov/pubmed/29118008
http://doi.org/10.1111/ajco.13236
http://doi.org/10.1111/tan.13872
http://doi.org/10.1182/blood-2002-06-1668
http://www.ncbi.nlm.nih.gov/pubmed/12393538

Cancers 2021, 13, 1203 23 of 29

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Laurent, S.; Palmisano, G.L.; Martelli, A.M.; Kato, T.; Tazzari, P.L.; Pierri, I.; Clavio, M.; Dozin, B.; Balbi, G.; Megna, M.; et al.
CTLA-4 Expressed by Chemoresistant, as Well as Untreated, Myeloid Leukaemia Cells Can Be Targeted with Ligands to Induce
Apoptosis. Br. J. Haematol. 2007, 136, 597-608. [CrossRef] [PubMed]

Costello, R.T.; Mallet, F; Sainty, D.; Maraninchi, D.; Gastaut, ].-A.; Olive, D. Regulation of CD80/B7-1 and CD86/B7-2 Molecule
Expression in Human Primary Acute Myeloid Leukemia and Their Role in Allogenic Immune Recognition. Eur. ]. Immunol. 1998,
28,90-103. [CrossRef]

Re, F. Expression of CD86 in Acute Myelogenous Leukemia Is a Marker of Dendritic/Monocytic Lineage. Exp. Hematol. 2002, 30,
126-134. [CrossRef]

Ozkazanc, D.; Yoyen-Ermis, D.; Tavukcuogly, E.; Buyukasik, Y.; Esendagli, G. Functional Exhaustion of CD4 * T Cells Induced by
Co-Stimulatory Signals from Myeloid Leukaemia Cells. Immunology 2016, 149, 460—471. [CrossRef]

LaBelle, J.L.; Hanke, C.A.; Blazar, B.R; Truitt, R.L. Negative Effect of CTLA-4 on Induction of T-Cell Immunity in Vivo to B7-1¢,
but Not B7-2¢, Murine Myelogenous Leukemia. Blood 2002, 99, 8. [CrossRef] [PubMed]

Saudemont, A.; Quesnel, B. In a Model of Tumor Dormancy, Long-Term Persistent Leukemic Cells Have Increased B7-H1 and
B7.1 Expression and Resist CTL-Mediated Lysis. Blood 2004, 104, 2124-2133. [CrossRef]

Wolf, Y.; Anderson, A.C.; Kuchroo, VK. TIM3 Comes of Age as an Inhibitory Receptor. Nat. Rev. Immunol. 2020, 20, 173-185.
[CrossRef] [PubMed]

Almeida, J.-S.; Couceiro, P.; Lopez-Sejas, N.; Alves, V.; Rtizickova, L.; Tarazona, R.; Solana, R.; Freitas-Tavares, P.; Santos-Rosa, M.;
Rodrigues-Santos, P. NKT-Like (CD3+CD56+) Cells in Chronic Myeloid Leukemia Patients Treated With Tyrosine Kinase
Inhibitors. Front. Immunol. 2019, 10, 2493. [CrossRef] [PubMed]

Kong, Y.; Zhang, J.; Claxton, D.F,; Ehmann, W.C.; Rybka, W.B.; Zhu, L.; Zeng, H.; Schell, T.D.; Zheng, H. PD-1hiTIM-3+ T Cells
Associate with and Predict Leukemia Relapse in AML Patients Post Allogeneic Stem Cell Transplantation. Blood Cancer J. 2015, 5,
€330. [CrossRef] [PubMed]

Li, C; Chen, X,; Yu, X,; Zhu, Y.; Ma, C.; Xia, R.; Ma, J.; Gu, C.; Ye, L. Tim-3 is highly expressed in T cells in acute myeloid leukemia
and associated with clinicopathological prognostic stratification. Int. J. Clin. Exp. Pathol. 2014, 7, 6880-6888. [PubMed]

Dama, P; Tang, M.; Fulton, N.; Kline, J.; Liu, H. Gal9/Tim-3 Expression Level Is Higher in AML Patients Who Fail Chemotherapy.
J. Immunother. Cancer 2019, 7, 175. [CrossRef]

Folgiero, V.; Cifaldi, L.; Pira, G.L.; Goffredo, B.M.; Vinti, L.; Locatelli, F. TIM-3/Gal-9 Interaction Induces IFNy-Dependent IDO1
Expression in Acute Myeloid Leukemia Blast Cells. J. Hematol. Oncol. 2015, 8, 36. [CrossRef]

Darwish, N.-H.E.; Sudha, T.; Godugu, K,; Elbaz, O.; Abdelghaffar, H.A.; Hassan, E.E.A.; Mousa, S.A. Acute Myeloid Leukemia
Stem Cell Markers in Prognosis and Targeted Therapy: Potential Impact of BMI-1, TIM-3 and CLL-1. Oncotarget 2016, 7,
57811-57820. [CrossRef] [PubMed]

Gao, L.; Yu, S.; Zhang, X. Hypothesis: Tim-3/Galectin-9, A New Pathway for Leukemia Stem Cells Survival by Promoting
Expansion of Myeloid-Derived Suppressor Cells and Differentiating into Tumor-Associated Macrophages. Cell Biochem. Biophys.
2014, 70, 273-277. [CrossRef]

Kikushige, Y.; Miyamoto, T.; Yuda, J.; Jabbarzadeh-Tabrizi, S.; Shima, T.; Takayanagi, S.; Niiro, H.; Yurino, A.; Miyawaki, K.;
Takenaka, K.; et al. A TIM-3/Gal-9 Autocrine Stimulatory Loop Drives Self-Renewal of Human Myeloid Leukemia Stem Cells
and Leukemic Progression. Cell Stem Cell 2015, 17, 341-352. [CrossRef]

Gongalves Silva, I.; Riiegg, L.; Gibbs, B.E,; Bardelli, M.; Fruehwirth, A.; Varani, L.; Berger, S.M.; Fasler-Kan, E.; Sumbayev, V.V.
The Immune Receptor Tim-3 Acts as a Trafficker in a Tim-3/Galectin-9 Autocrine Loop in Human Myeloid Leukemia Cells.
Oncolmmunology 2016, 5, €1195535. [CrossRef]

Kong, Y.; Zhu, L.; Schell, T.D.; Zhang, J.; Claxton, D.F.; Ehmann, W.C.; Rybka, W.B.; George, M.R.; Zeng, H.; Zheng, H. T-Cell
Immunoglobulin and ITIM Domain (TIGIT) Associates with CD8 * T-Cell Exhaustion and Poor Clinical Outcome in AML Patients.
Clin. Cancer Res. 2016, 22, 3057-3066. [CrossRef] [PubMed]

Wang, Y.; Chen, C.; Dong, F;; Ma, S.; Xu, ].; Gong, Y.; Cheng, H.; Zhou, Y.; Cheng, T.; Hao, S. NK Cells Play a Significant Role in
Immunosurveillance at the Early Stage of MLL-AF9 Acute Myeloid Leukemia via CD226/CD155 Interactions. Sci. China Life Sci.
2015, 58, 1288-1298. [CrossRef] [PubMed]

Kearney, C.J.; Ramsbottom, K.M.; Voskoboinik, I.; Darcy, PK.; Oliaro, J. Loss of DNAM-1 Ligand Expression by Acute Myeloid
Leukemia Cells Renders Them Resistant to NK Cell Killing. Oncolmmunology 2016, 5, €1196308. [CrossRef] [PubMed]

Yao, D.; Xu, L.; Liu, L.; Zeng, X.; Zhong, J.; Lai, ].; Zheng, R.; Jin, Z.; Chen, S.; Zha, X,; et al. Increased Expression of TIGIT/CD57
in Peripheral Blood/Bone Marrow NK Cells in Patients with Chronic Myeloid Leukemia. BioMed Res. Int. 2020, 2020, 1-8.
[CrossRef] [PubMed]

Jin, Z.; Lan, T.; Zhao, Y.; Du, J.; Chen, J.; Lai, J.; Xu, L.; Chen, S.; Zhong, X.; Wu, X; et al. Higher TIGIT * CD226 ~ I'5 T Cells in
Patients with Acute Myeloid Leukemia. Immunol. Invest. 2020, 1-11. [CrossRef]

Valhondo, I.; Hassouneh, F.; Lopez-Sejas, N.; Pera, A.; Sanchez-Correa, B.; Guerrero, B.; Bergua, ].M.; Arcos, M.].; Bafias, H.;
Casas-Avilés, I; et al. Characterization of the DNAM-1, TIGIT and TACTILE Axis on Circulating NK, NKT-Like and T Cell
Subsets in Patients with Acute Myeloid Leukemia. Cancers 2020, 12, 2171. [CrossRef] [PubMed]

Stamm, H.; Klingler, F.; Grossjohann, E.-M.; Muschhammer, J.; Vettorazzi, E.; Heuser, M.; Mock, U.; Thol, F; Vohwinkel, G.;
Latuske, E.; et al. Immune Checkpoints PVR and PVRL2 Are Prognostic Markers in AML and Their Blockade Represents a New
Therapeutic Option. Oncogene 2018, 37, 5269-5280. [CrossRef]


http://doi.org/10.1111/j.1365-2141.2006.06472.x
http://www.ncbi.nlm.nih.gov/pubmed/17367412
http://doi.org/10.1002/(SICI)1521-4141(199801)28:01&lt;90::AID-IMMU90&gt;3.0.CO;2-5
http://doi.org/10.1016/S0301-472X(01)00768-8
http://doi.org/10.1111/imm.12665
http://doi.org/10.1182/blood.V99.6.2146
http://www.ncbi.nlm.nih.gov/pubmed/11877291
http://doi.org/10.1182/blood-2004-01-0064
http://doi.org/10.1038/s41577-019-0224-6
http://www.ncbi.nlm.nih.gov/pubmed/31676858
http://doi.org/10.3389/fimmu.2019.02493
http://www.ncbi.nlm.nih.gov/pubmed/31695700
http://doi.org/10.1038/bcj.2015.58
http://www.ncbi.nlm.nih.gov/pubmed/26230954
http://www.ncbi.nlm.nih.gov/pubmed/25400771
http://doi.org/10.1186/s40425-019-0611-3
http://doi.org/10.1186/s13045-015-0134-4
http://doi.org/10.18632/oncotarget.11063
http://www.ncbi.nlm.nih.gov/pubmed/27506934
http://doi.org/10.1007/s12013-014-9900-0
http://doi.org/10.1016/j.stem.2015.07.011
http://doi.org/10.1080/2162402X.2016.1195535
http://doi.org/10.1158/1078-0432.CCR-15-2626
http://www.ncbi.nlm.nih.gov/pubmed/26763253
http://doi.org/10.1007/s11427-015-4968-3
http://www.ncbi.nlm.nih.gov/pubmed/26588911
http://doi.org/10.1080/2162402X.2016.1196308
http://www.ncbi.nlm.nih.gov/pubmed/27622064
http://doi.org/10.1155/2020/9531549
http://www.ncbi.nlm.nih.gov/pubmed/33102599
http://doi.org/10.1080/08820139.2020.1806868
http://doi.org/10.3390/cancers12082171
http://www.ncbi.nlm.nih.gov/pubmed/32764229
http://doi.org/10.1038/s41388-018-0288-y

Cancers 2021, 13, 1203 24 of 29

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Andrews, L.P.; Marciscano, A.E.; Drake, C.G.; Vignali, D.A.A. LAG3 (CD223) as a Cancer Immunotherapy Target. Immunol. Rev.
2017, 276, 80-96. [CrossRef] [PubMed]

Austin, R.; Smyth, M.].; Lane, S.W. Harnessing the Immune System in Acute Myeloid Leukaemia. Crit. Rev. Oncol. Hematol. 2016,
103, 62-77. [CrossRef]

Jaiswal, S.; Jamieson, C.H.M.; Pang, WW.; Park, C.Y.; Chao, M.P.,; Majeti, R.; Traver, D.; van Rooijen, N.; Weissman, IL.L.
CD47 Is Upregulated on Circulating Hematopoietic Stem Cells and Leukemia Cells to Avoid Phagocytosis. Cell 2009, 138,
271-285. [CrossRef]

Chao, M.P;; Takimoto, C.H.; Feng, D.D.; McKenna, K.; Gip, P; Liu, J.; Volkmer, J.-P.; Weissman, L.L.; Majeti, R. Therapeutic Targeting
of the Macrophage Immune Checkpoint CD47 in Myeloid Malignancies. Front. Oncol. 2020, 9, 1380. [CrossRef] [PubMed]
Majeti, R.; Chao, M.P; Alizadeh, A.A.; Pang, WW.; Jaiswal, S.; Gibbs, K.D.; van Rooijen, N.; Weissman, I.L. CD47 Is an
Adverse Prognostic Factor and Therapeutic Antibody Target on Human Acute Myeloid Leukemia Stem Cells. Cell 2009, 138,
286-299. [CrossRef]

Bonardi, F; Fusetti, F,; Deelen, P.; van Gosliga, D.; Vellenga, E.; Schuringa, ]J.J. A Proteomics and Transcriptomics Approach to
Identify Leukemic Stem Cell (LSC) Markers. Mol. Cell. Proteomics 2013, 12, 626-637. [CrossRef]

Coustan-Smith, E.; Song, G.; Shurtleff, S.; Yeoh, A.E.-].; Chng, W.J.; Chen, S.P; Rubnitz, ].E.; Pui, C.-H.; Downing, ].R.; Campana, D.
Universal Monitoring of Minimal Residual Disease in Acute Myeloid Leukemia. JCI Insight 2018, 3, €98561. [CrossRef] [PubMed]
Galli, S.; Zlobec, 1; Schiirch, C.; Perren, A.; Ochsenbein, A.F.; Banz, Y. CD47 Protein Expression in Acute Myeloid Leukemia: A
Tissue Microarray-Based Analysis. Leuk. Res. 2015, 39, 749-756. [CrossRef] [PubMed]

Theocharides, A.P.A; Jin, L.; Cheng, P.-Y.; Prasolava, T.K.; Malko, A.V.; Ho, ] M.; Poeppl, A.G.; van Rooijen, N.; Minden, M.D.;
Danska, J.S.; et al. Disruption of SIRP« Signaling in Macrophages Eliminates Human Acute Myeloid Leukemia Stem Cells in
Xenografts. J. Exp. Med. 2012, 209, 1883-1899. [CrossRef] [PubMed]

Liu, J.; Wang, L.; Zhao, F,; Tseng, S.; Narayanan, C.; Shura, L.; Willingham, S.; Howard, M.; Prohaska, S.; Volkmer, J.; et al.
Pre-Clinical Development of a Humanized Anti-CD47 Antibody with Anti-Cancer Therapeutic Potential. PLoS ONE 2015,
10, e0137345. [CrossRef]

Petrova, P.S.; Viller, N.N.; Wong, M.; Pang, X.; Lin, G.H.Y.; Dodge, K.; Chai, V.; Chen, H.; Lee, V.; House, V.; et al. TTI-621
(SIRP«Fc): A CD47-Blocking Innate Immune Checkpoint Inhibitor with Broad Antitumor Activity and Minimal Erythrocyte
Binding. Clin. Cancer Res. 2017, 23, 1068-1079. [CrossRef]

Nguyen, N.T.; Kimura, A.; Nakahama, T.; Chinen, I.; Masuda, K.; Nohara, K.; Fujii-Kuriyama, Y.; Kishimoto, T. Aryl Hydrocarbon
Receptor Negatively Regulates Dendritic Cell Immunogenicity via a Kynurenine-Dependent Mechanism. Proc. Natl. Acad. Sci.
USA 2010, 107, 19961-19966. [CrossRef] [PubMed]

Vonka, V.; Humlova, Z.; Klamova, H.; Kujovska-Krcmova, L.; Petrackova, M.; Hamsikova, E.; Krmencikova-Fliegl, M.;
Duskova, M.; Roth, Z. Kynurenine and Uric Acid Levels in Chronic Myeloid Leukemia Patients. Oncolmmunology 2015,
4, €992646. [CrossRef]

Curti, A.; Pandolfi, S.; Valzasina, B.; Aluigi, M.; Isidori, A.; Ferri, E.; Salvestrini, V.; Bonanno, G.; Rutella, S.; Durelli, L; et al.
Modulation of Tryptophan Catabolism by Human Leukemic Cells Results in the Conversion of CD25X into CD25¢ T Regulatory
Cells. Blood 2007, 109, 7. [CrossRef]

Corm, S.; Berthon, C.; Imbenotte, M.; Biggio, V.; Lhermitte, M.; Dupont, C.; Briche, I.; Quesnel, B. Indoleamine 2,3-Dioxygenase
Activity of Acute Myeloid Leukemia Cells Can Be Measured from Patients” Sera by HPLC and Is Inducible by IFN-y. Leuk. Res.
2009, 33, 490—494. [CrossRef] [PubMed]

Iachininoto, M.; Nuzzolo, E.; Bonanno, G.; Mariotti, A.; Procoli, A.; Locatelli, F; Cristofaro, R.; Rutella, S. Cyclooxygenase-2
(COX-2) Inhibition Constrains Indoleamine 2,3-Dioxygenase 1 (IDO1) Activity in Acute Myeloid Leukaemia Cells. Molecules 2013,
18,10132-10145. [CrossRef] [PubMed]

Folgiero, V.; Goffredo, B.M.; Filippini, P; Masetti, R.; Bonanno, G.; Caruso, R.; Bertaina, V.; Mastronuzzi, A.; Gaspari, S.;
Zecca, M; et al. Indoleamine 2,3-Dioxygenase 1 (IDO1) Activity in Leukemia Blasts Correlates with Poor Outcome in Childhood
Acute Myeloid Leukemia. Oncotarget 2014, 5, 2052-2064. [CrossRef]

El Kholy, N.M.; Sallam, M.M.; Ahmed, M.B.; Sallam, R.M.; Asfour, I.A.; Hammouda, J.A.; Habib, H.Z.; Abu-Zahra, F. Expression
of Indoleamine 2,3-Dioxygenase in Acute Myeloid Leukemia and the Effect of Its Inhibition on Cultured Leukemia Blast Cells.
Med. Oncol. 2011, 28, 270-278. [CrossRef] [PubMed]

Fukuno, K.; Hara, T.; Tsurumi, H.; Shibata, Y.; Mabuchi, R.; Nakamura, N.; Kitagawa, J.; Shimizu, M.; Ito, H.; Saito, K,; et al.
Expression of Indoleamine 2,3-Dioxygenase in Leukemic Cells Indicates an Unfavorable Prognosis in Acute Myeloid Leukemia
Patients with Intermediate-Risk Cytogenetics. Leuk. Lymphoma 2015, 56, 1398-1405. [CrossRef] [PubMed]

Mangaonkar, A.; Mondal, A K; Fulzule, S.; Pundkar, C.; Park, E.J.; Jillella, A.; Kota, V.; Xu, H.; Savage, N.M.; Shi, H.; et al. A
Novel Immunohistochemical Score to Predict Early Mortality in Acute Myeloid Leukemia Patients Based on Indoleamine 2,3
Dioxygenase Expression. Sci. Rep. 2017, 7, 12892. [CrossRef] [PubMed]

Arandi, N.; Ramzi, M.; Safaei, F.; Monabati, A. Overexpression of Indoleamine 2,3-Dioxygenase Correlates with Regulatory T
Cell Phenotype in Acute Myeloid Leukemia Patients with Normal Karyotype. Blood Res. 2018, 53, 294. [CrossRef] [PubMed]
Zou, S.; Wang, X.; Liu, P; Ke, C.; Xu, S. Arginine metabolism and deprivation in cancer therapy. Biomed. Pharmacother. 2019, 118,
109210. [CrossRef] [PubMed]


http://doi.org/10.1111/imr.12519
http://www.ncbi.nlm.nih.gov/pubmed/28258692
http://doi.org/10.1016/j.critrevonc.2016.04.020
http://doi.org/10.1016/j.cell.2009.05.046
http://doi.org/10.3389/fonc.2019.01380
http://www.ncbi.nlm.nih.gov/pubmed/32038992
http://doi.org/10.1016/j.cell.2009.05.045
http://doi.org/10.1074/mcp.M112.021931
http://doi.org/10.1172/jci.insight.98561
http://www.ncbi.nlm.nih.gov/pubmed/29720577
http://doi.org/10.1016/j.leukres.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25943033
http://doi.org/10.1084/jem.20120502
http://www.ncbi.nlm.nih.gov/pubmed/22945919
http://doi.org/10.1371/journal.pone.0137345
http://doi.org/10.1158/1078-0432.CCR-16-1700
http://doi.org/10.1073/pnas.1014465107
http://www.ncbi.nlm.nih.gov/pubmed/21041655
http://doi.org/10.4161/2162402X.2014.992646
http://doi.org/10.1182/blood-2006-07-036863
http://doi.org/10.1016/j.leukres.2008.06.014
http://www.ncbi.nlm.nih.gov/pubmed/18639339
http://doi.org/10.3390/molecules180910132
http://www.ncbi.nlm.nih.gov/pubmed/23973990
http://doi.org/10.18632/oncotarget.1504
http://doi.org/10.1007/s12032-010-9459-6
http://www.ncbi.nlm.nih.gov/pubmed/20300979
http://doi.org/10.3109/10428194.2014.953150
http://www.ncbi.nlm.nih.gov/pubmed/25248875
http://doi.org/10.1038/s41598-017-12940-0
http://www.ncbi.nlm.nih.gov/pubmed/29038460
http://doi.org/10.5045/br.2018.53.4.294
http://www.ncbi.nlm.nih.gov/pubmed/30588466
http://doi.org/10.1016/j.biopha.2019.109210
http://www.ncbi.nlm.nih.gov/pubmed/31330440

Cancers 2021, 13, 1203 25 of 29

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Mussai, F; De Santo, C.; Abu-Dayyeh, I; Booth, S.; Quek, L; McEwen-Smith, RM.; Qureshi, A.; Dazzi, E; Vyas, P;
Cerundolo, V. Acute Myeloid Leukemia Creates an Arginase-Dependent Immunosuppressive Microenvironment. Blood 2013,
122, 749-758. [CrossRef]

Grzywa, T.M.; Sosnowska, A.; Matryba, P.; Rydzynska, Z.; Jasinski, M.; Nowis, D.; Golab, J. Myeloid Cell-Derived Arginase in
Cancer Immune Response. Front. Immunol. 2020, 11, 938. [CrossRef]

Giallongo, C.; Parrinello, N.; Tibullo, D.; La Cava, P.; Romano, A.; Chiarenza, A.; Barbagallo, I.; Palumbo, G.A.; Stagno, F.;
Vigneri, P,; et al. Myeloid Derived Suppressor Cells (MDSCs) Are Increased and Exert Inmunosuppressive Activity Together with
Polymorphonuclear Leukocytes (PMNs) in Chronic Myeloid Leukemia Patients. PLoS ONE 2014, 9, e101848. [CrossRef] [PubMed]
Christiansson, L.; Soderlund, S.; Mangsbo, S.; Hjorth-Hansen, H.; Hoglund, M.; Markevérn, B.; Richter, J.; Stenke, L.; Mustjoki, S.;
Loskog, A.; et al. The Tyrosine Kinase Inhibitors Imatinib and Dasatinib Reduce Myeloid Suppressor Cells and Release Effector
Lymphocyte Responses. Mol. Cancer Ther. 2015, 14, 1181-1191. [CrossRef]

Mussai, F; Egan, S.; Higginbotham-Jones, J.; Perry, T.; Beggs, A.; Odintsova, E.; Loke, J.; Pratt, G.; U, K.P; Lo, A,; et al. Arginine
Dependence of Acute Myeloid Leukemia Blast Proliferation: A Novel Therapeutic Target. Blood 2015, 125, 2386-2396. [CrossRef]
Swatler, J.; Dudka, W.; Piwocka, K. Isolation and Characterization of Extracellular Vesicles from Cell Culture Conditioned
Medium for Immunological Studies. Curr. Protoc. Immunol. 2020, 129. [CrossRef] [PubMed]

Raimondo, S.; Saieva, L.; Corrado, C.; Fontana, S.; Flugy, A.; Rizzo, A.; De Leo, G.; Alessandro, R. Chronic Myeloid
Leukemia-Derived Exosomes Promote Tumor Growth through an Autocrine Mechanism. Cell Commun. Signal. 2015, 13, 8.
[CrossRef] [PubMed]

Min, Q.-H.; Wang, X.-Z.; Zhang, ].; Chen, Q.-G.; Li, S.-Q.; Liu, X.-Q.; Li, J.; Liu, J.; Yang, W.-M.; Jiang, Y.-H.; et al. Exosomes
Derived from Imatinib-Resistant Chronic Myeloid Leukemia Cells Mediate a Horizontal Transfer of Drug-Resistant Trait by
Delivering MiR-365. Exp. Cell Res. 2018, 362, 386-393. [CrossRef] [PubMed]

Jurj, A.; Pasca, S.; Teodorescu, P.; Tomuleasa, C.; Berindan-Neagoe, I. Basic Knowledge on BCR-ABL1-Positive Extracellular
Vesicles. Biomark. Med. 2019, 14. [CrossRef]

Cai, J.; Wu, G; Tan, X,; Han, Y.; Chen, C; Li, C.; Wang, N.; Zou, X.; Chen, X.; Zhou, F; et al. Transferred BCR/ABL DNA
from K562 Extracellular Vesicles Causes Chronic Myeloid Leukemia in Immunodeficient Mice. PLoS ONE 2014, 9, e105200.
[CrossRef] [PubMed]

Nehrbas, J.; Butler, ].T.; Chen, D.-W.; Kurre, P. Extracellular Vesicles and Chemotherapy Resistance in the AML Microenvironment.
Front. Oncol. 2020, 10, 90. [CrossRef]

Mudgapalli, N.; Nallasamy, P.; Chava, H.; Chava, S.; Pathania, A.S.; Gunda, V.; Gorantla, S.; Pandey, M.K.; Gupta, S.C,;
Challagundla, K.B. The Role of Exosomes and MYC in Therapy Resistance of Acute Myeloid Leukemia: Challenges and
Opportunities. Mol. Asp. Med. 2019, 70, 21-32. [CrossRef]

Kumar, B.; Garcia, M.; Weng, L.; Jung, X.; Murakami, J.L.; Hu, X.; McDonald, T,; Lin, A.; Kumar, A.R; DiGiusto, D.L.; et al.
Acute Myeloid Leukemia Transforms the Bone Marrow Niche into a Leukemia-Permissive Microenvironment through Exosome
Secretion. Leukemia 2018, 32, 575-587. [CrossRef]

Corrado, C.; Raimondo, S.; Saieva, L.; Flugy, A.M.; De Leo, G.; Alessandro, R. Exosome-Mediated Crosstalk between Chronic
Myelogenous Leukemia Cells and Human Bone Marrow Stromal Cells Triggers an Interleukin 8-Dependent Survival of Leukemia
Cells. Cancer Lett. 2014, 348, 71-76. [CrossRef] [PubMed]

Doron, B.; Abdelhamed, S.; Butler, ].T.; Hashmi, S.K.; Horton, T.M.; Kurre, P. Transmissible ER Stress Reconfigures the AML Bone
Marrow Compartment. Leukemia 2019, 33, 918-930. [CrossRef] [PubMed]

Huan, J.; Hornick, N.I.; Goloviznina, N.A.; Kamimae- Lanning, A.N.; David, L.L.; Wilmarth, P.A.; Mori, T.; Chevillet, ].R.;
Narla, A.; Roberts, C.T.; et al. Coordinate Regulation of Residual Bone Marrow Function by Paracrine Trafficking of AML
Exosomes. Leukemia 2015, 29, 2285-2295. [CrossRef] [PubMed]

Mineo, M.; Garfield, S.H.; Taverna, S.; Flugy, A.; De Leo, G.; Alessandro, R.; Kohn, E.C. Exosomes Released by K562 Chronic
Myeloid Leukemia Cells Promote Angiogenesis in a Src-Dependent Fashion. Angiogenesis 2012, 15, 33—45. [CrossRef]

Robbins, P.D.; Morelli, A.E. Regulation of Immune Responses by Extracellular Vesicles. Nat. Rev. Immunol. 2014, 14,
195-208. [CrossRef]

Poggio, M.; Hu, T.; Pai, C.-C.; Chu, B.; Belair, C.D.; Chang, A.; Montabana, E.; Lang, U.E.; Fu, Q.; Fong, L.; et al. Suppression of
Exosomal PD-L1 Induces Systemic Anti-Tumor Immunity and Memory. Cell 2019, 177, 414-427.e13. [CrossRef] [PubMed]
Hong, C.-S.; Sharma, P; Yerneni, S.S.; Simms, P; Jackson, E.K.; Whiteside, T.L.; Boyiadzis, M. Circulating Exosomes Car-
rying an Immunosuppressive Cargo Interfere with Cellular Immunotherapy in Acute Myeloid Leukemia. Sci. Rep. 2017,
7,14684. [CrossRef]

Kang, K.-W.; Kim, H.; Hur, W,; Jung, J.; Jeong, S.J.; Shin, H.; Seo, D.; Jeong, H.; Choi, B.; Hong, S.; et al. A Proteomic
Approach to Understand the Clinical Significance of Acute Myeloid Leukemia-Derived Extracellular Vesicles Reflecting Essential
Characteristics of Leukemia. Mol. Cell. Proteomics 2021, 100017. [CrossRef]

Szczepanski, M.].; Szajnik, M.; Welsh, A.; Whiteside, T.L.; Boyiadzis, M. Blast-Derived Microvesicles in Sera from Patients with
Acute Myeloid Leukemia Suppress Natural Killer Cell Function via Membrane-Associated Transforming Growth Factor- 1.
Huaematologica 2011, 96, 1302-1309. [CrossRef]


http://doi.org/10.1182/blood-2013-01-480129
http://doi.org/10.3389/fimmu.2020.00938
http://doi.org/10.1371/journal.pone.0101848
http://www.ncbi.nlm.nih.gov/pubmed/25014230
http://doi.org/10.1158/1535-7163.MCT-14-0849
http://doi.org/10.1182/blood-2014-09-600643
http://doi.org/10.1002/cpim.96
http://www.ncbi.nlm.nih.gov/pubmed/32453501
http://doi.org/10.1186/s12964-015-0086-x
http://www.ncbi.nlm.nih.gov/pubmed/25644060
http://doi.org/10.1016/j.yexcr.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29223442
http://doi.org/10.2217/bmm-2019-0510
http://doi.org/10.1371/journal.pone.0105200
http://www.ncbi.nlm.nih.gov/pubmed/25133686
http://doi.org/10.3389/fonc.2020.00090
http://doi.org/10.1016/j.mam.2019.10.001
http://doi.org/10.1038/leu.2017.259
http://doi.org/10.1016/j.canlet.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24657661
http://doi.org/10.1038/s41375-018-0254-2
http://www.ncbi.nlm.nih.gov/pubmed/30206307
http://doi.org/10.1038/leu.2015.163
http://www.ncbi.nlm.nih.gov/pubmed/26108689
http://doi.org/10.1007/s10456-011-9241-1
http://doi.org/10.1038/nri3622
http://doi.org/10.1016/j.cell.2019.02.016
http://www.ncbi.nlm.nih.gov/pubmed/30951669
http://doi.org/10.1038/s41598-017-14661-w
http://doi.org/10.1074/mcp.RA120.002169
http://doi.org/10.3324/haematol.2010.039743

Cancers 2021, 13, 1203 26 of 29

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.
159.

160.

161.

Hong, C.-S.; Danet-Desnoyers, G.; Shan, X.; Sharma, P.; Whiteside, T.L.; Boyiadzis, M. Human Acute Myeloid Leukemia
Blast-Derived Exosomes in Patient-Derived Xenograft Mice Mediate Immune Suppression. Exp. Hematol. 2019, 76, 60-66.e2.
[CrossRef] [PubMed]

Moussa Agha, D.; Rouas, R.; Najar, M.; Bouhtit, F.; Fayyad-Kazan, H.; Lagneaux, L.; Bron, D.; Meuleman, N.; Lewalle, P;
Merimi, M. Impact of Bone Marrow MiR-21 Expression on Acute Myeloid Leukemia T Lymphocyte Fragility and Dysfunction.
Cells 2020, 9, 2053. [CrossRef] [PubMed]

Swatler, J.; Dudka, W.; Bugajski, L.; Brewinska-Olchowik, M.; Kozlowska, E.; Piwocka, K. Chronic Myeloid Leukemia-derived
Extracellular Vesicles Increase Foxp3 Level and Suppressive Activity of Thymic Regulatory T Cells. Eur. . Immunol. 2020, 50,
606—609. [CrossRef] [PubMed]

Giallongo, C.; Parrinello, N.L.; La Cava, P; Camiolo, G.; Romano, A.; Scalia, M.; Stagno, F.; Palumbo, G.A.; Avola, R.;
Li Volti, G.; et al. Monocytic Myeloid-Derived Suppressor Cells as Prognostic Factor in Chronic Myeloid Leukaemia Patients
Treated with Dasatinib. J. Cell. Mol. Med. 2017. [CrossRef]

Tohumeken, S.; Baur, R.; Bottcher, M.; Stoll, A.; Loschinski, R.; Panagiotidis, K.; Braun, M.; Saul, D.; V6Ikl, S.; Baur, A.S.; et al.
Palmitoylated Proteins on AML-Derived Extracellular Vesicles Promote Myeloid-Derived Suppressor Cell Differentiation via
TLR2/Akt/MTOR Signaling. Cancer Res. 2020, 80, 3663-3676. [CrossRef] [PubMed]

Pyzer, A.R.; Stroopinsky, D.; Rajabi, H.; Washington, A.; Tagde, A.; Coll, M.; Fung, J.; Bryant, M.P.; Cole, L.; Palmer, K; et al.
MUC1-Mediated Induction of Myeloid-Derived Suppressor Cells in Patients with Acute Myeloid Leukemia. Blood 2017, 129,
1791-1801. [CrossRef]

Jafarzadeh, N.; Safari, Z.; Pornour, M.; Amirizadeh, N.; Forouzandeh Moghadam, M.; Sadeghizadeh, M. Alteration of Cellular
and Immune-Related Properties of Bone Marrow Mesenchymal Stem Cells and Macrophages by K562 Chronic Myeloid Leukemia
Cell Derived Exosomes: JAFARZADEH ET AL. |. Cell. Physiol. 2019, 234, 3697-3710. [CrossRef] [PubMed]

Benites, B.D.; da Silva Santos Duarte, A.; Longhini, A.L.F,; Santos, I.; Alvarez, M.C.; de Morais Ribeiro, L.N.; de Paula, E.;
Saad, S.T.O. Exosomes in the Serum of Acute Myeloid Leukemia Patients Induce Dendritic Cell Tolerance: Implications for
Immunotherapy. Vaccine 2019, 37, 1377-1383. [CrossRef]

Driedonks, T.A.P; Mol, S.; Bruin, S.; Peters, A.; Zhang, X.; Lindenbergh, M.ES.; Beuger, B.M.; Stalborch, A.D.; Spaan, T.;
Jong, E.C.; et al. Y-RNA Subtype Ratios in Plasma Extracellular Vesicles Are Cell Type- Specific and Are Candidate Biomarkers
for Inflammatory Diseases. J. Extracell. Vesicles 2020, 9, 1764213. [CrossRef]

Driedonks, T.A.P,; Van der Grein, S.; Ariyurek, Y.; Buermans, H.PJ.; Jekel, H.; Chow, EW.N.; Wauben, M.H.M.; Buck, A.H.;
‘t Hoen, P.A.C.; Nolte-"t Hoen, E.N.M. Immune stimuli shape the small non-coding transcriptome of extracellular vesicles released
by dendritic cells. Cell. Mol. Life Sci. 2018, 75, 3857-3875. [CrossRef] [PubMed]

Silvestri, G.; Trotta, R.; Stramucci, L.; Ellis, ].J.; Harb, J.G.; Neviani, P.; Wang, S.; Eisfeld, A.-K.; Walker, C.J.; Zhang, B.; et al. Persis-
tence of drug-resistant leukemic stem cells and impaired NK cell immunity in CML patients depend on MIR300 antiproliferative
and PP2A-activating functions. Blood Cancer Discov. 2020, 1, 48-67. [CrossRef]

Choi, J.; Kim, Y.-K; Park, K.; Nah, J.; Yoon, S.-S.; Kim, D.-W.; Kim, V.N.; Seong, R.H. MicroRNA-139-5p Regulates Proliferation
of Hematopoietic Progenitors and Is Repressed during BCR-ABL-Mediated Leukemogenesis. Blood 2016, 128, 2117-2129.
[CrossRef] [PubMed]

Zhang, B.; Nguyen, L.X.T.; Li, L.; Zhao, D.; Kumar, B.; Wu, H.; Lin, A.; Pellicano, F; Hopcroft, L.; Su, Y.-L.; et al. Bone Marrow
Niche Trafficking of MiR-126 Controls the Self-Renewal of Leukemia Stem Cells in Chronic Myelogenous Leukemia. Nat. Med.
2018, 24, 450-462. [CrossRef]

Moussa Agha, D.; Rouas, R.; Najar, M.; Bouhtit, F.; Naamane, N.; Fayyad-Kazan, H.; Bron, D.; Meuleman, N.; Lewalle, P.;
Merimi, M. Identification of Acute Myeloid Leukemia Bone Marrow Circulating MicroRNAs. Int. ]. Mol. Sci. 2020, 21, 7065.
[CrossRef] [PubMed]

Feng, Y.; Shen, Y.; Chen, H.; Wang, X.; Zhang, R.; Peng, Y.; Lei, X; Liu, T,; Liu, J.; Gu, L.; et al. Expression profile analysis of long
non-coding RNA in acute myeloid leukemia by microarray and bioinformatics. Cancer Sci. 2017, 109, 340-353. [CrossRef]
Welsh, J.A.; Van Der Pol, E.; Arkesteijn, G.J.A.; Bremer, M.; Brisson, A.; Coumans, F,; Dignat-George, F.; Duggan, E.; Ghiran, I.;
Giebel, B.; et al. MIFlowCyt-EV: A Framework for Standardized Reporting of Extracellular Vesicle Flow Cytometry Experiments.
J. Extracell. Vesicles 2020, 9, 1713526. [CrossRef] [PubMed]

Plitas, G.; Rudensky, A.Y. Regulatory T Cells: Differentiation and Function. Cancer Immunol. Res. 2016, 4, 721-725.
[CrossRef] [PubMed]

Liston, A.; Gray, D.H.D. Homeostatic Control of Regulatory T Cell Diversity. Nat. Rev. Immunol. 2014, 14, 154-165. [CrossRef]
Wing, ].B.; Tanaka, A.; Sakaguchi, S. Human FOXP3+ Regulatory T Cell Heterogeneity and Function in Autoimmunity and
Cancer. Immunity 2019, 50, 302-316. [CrossRef] [PubMed]

Plitas, G.; Konopacki, C.; Wu, K,; Bos, P.D.; Morrow, M.; Putintseva, E.V.; Chudakov, D.M.; Rudensky, A.Y. Regulatory T Cells
Exhibit Distinct Features in Human Breast Cancer. Immunity 2016, 45, 1122-1134. [CrossRef] [PubMed]

De Simone, M.; Arrigoni, A.; Rossetti, G.; Gruarin, P.; Ranzani, V.; Politano, C.; Bonnal, R.J.P; Provasi, E.; Sarnicola, M.L.;
Panzeri, I; et al. Transcriptional Landscape of Human Tissue Lymphocytes Unveils Uniqueness of Tumor-Infiltrating T Regulatory
Cells. Immunity 2016, 45, 1135-1147. [CrossRef]


http://doi.org/10.1016/j.exphem.2019.07.005
http://www.ncbi.nlm.nih.gov/pubmed/31369790
http://doi.org/10.3390/cells9092053
http://www.ncbi.nlm.nih.gov/pubmed/32911844
http://doi.org/10.1002/eji.201848051
http://www.ncbi.nlm.nih.gov/pubmed/31758697
http://doi.org/10.1111/jcmm.13326
http://doi.org/10.1158/0008-5472.CAN-20-0024
http://www.ncbi.nlm.nih.gov/pubmed/32605996
http://doi.org/10.1182/blood-2016-07-730614
http://doi.org/10.1002/jcp.27142
http://www.ncbi.nlm.nih.gov/pubmed/30317554
http://doi.org/10.1016/j.vaccine.2019.01.079
http://doi.org/10.1080/20013078.2020.1764213
http://doi.org/10.1007/s00018-018-2842-8
http://www.ncbi.nlm.nih.gov/pubmed/29808415
http://doi.org/10.1158/0008-5472.BCD-19-0039
http://doi.org/10.1182/blood-2016-02-702464
http://www.ncbi.nlm.nih.gov/pubmed/27605510
http://doi.org/10.1038/nm.4499
http://doi.org/10.3390/ijms21197065
http://www.ncbi.nlm.nih.gov/pubmed/32992819
http://doi.org/10.1111/cas.13465
http://doi.org/10.1080/20013078.2020.1713526
http://www.ncbi.nlm.nih.gov/pubmed/32128070
http://doi.org/10.1158/2326-6066.CIR-16-0193
http://www.ncbi.nlm.nih.gov/pubmed/27590281
http://doi.org/10.1038/nri3605
http://doi.org/10.1016/j.immuni.2019.01.020
http://www.ncbi.nlm.nih.gov/pubmed/30784578
http://doi.org/10.1016/j.immuni.2016.10.032
http://www.ncbi.nlm.nih.gov/pubmed/27851913
http://doi.org/10.1016/j.immuni.2016.10.021

Cancers 2021, 13, 1203 27 of 29

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Alvisi, G.; Brummelman, J.; Puccio, S.; Mazza, EM.C.; Tomada, E.P; Losurdo, A.; Zanon, V.; Peano, C.; Colombo, ES.;
Scarpa, A.; et al. IRF4 Instructs Effector Treg Differentiation and Immune Suppression in Human Cancer. J. Clin. Inv. 2020, 130,
3137-3150. [CrossRef]

Zheng, Y.; Josefowicz, S.; Chaudhry, A.; Peng, X.P.; Forbush, K.; Rudensky, A.Y. Role of Conserved Non-Coding DNA Elements in
the Foxp3 Gene in Regulatory T-Cell Fate. Nature 2010, 463, 808-812. [CrossRef]

Lu, L.; Barbi, J.; Pan, F. The Regulation of Immune Tolerance by FOXP3. Nat. Rev. Immunol. 2017, 17, 703-717.
[CrossRef] [PubMed]

Campbell, C.; Rudensky, A. Roles of Regulatory T Cells in Tissue Pathophysiology and Metabolism. Cell Metab. 2020, 31, 18-25.
[CrossRef] [PubMed]

Dong, Q.; Li, G.; Fozza, C.; Wang, S.; Yang, S.; Sang, Y.; Liu, X.; Chen, C. Levels and Clinical Significance of Regulatory B Cells
and T Cells in Acute Myeloid Leukemia. BioMed Res. Int. 2020, 2020, 1-6. [CrossRef]

Szczepanski, M.].; Szajnik, M.; Czystowska, M.; Mandapathil, M.; Strauss, L.; Welsh, A.; Foon, K.A.; Whiteside, T.L.; Boyiadzis, M.
Increased Frequency and Suppression by Regulatory T Cells in Patients with Acute Myelogenous Leukemia. Clin. Cancer Res.
2009, 15, 3325-3332. [CrossRef]

Wan, Y.; Zhang, C.; Xu, Y.; Wang, M.; Rao, Q.; Xing, H.; Tian, Z.; Tang, K.; Mi, Y.; Wang, Y.; et al. Hyperfunction of CD4 CD25
Regulatory T Cells in de Novo Acute Myeloid Leukemia. BMC Cancer 2020, 20, 472. [CrossRef] [PubMed]

Guo, Z.; Chen, Z,; Xu, Y;; Zhang, Y.; Hu, L,; Yu, E; Chali, J.; Liu, L.; Ren, X. The Association of Circulating T Follicular Helper Cells
and Regulatory Cells with Acute Myeloid Leukemia Patients. Acta Haematol. 2020, 143, 19-25. [CrossRef]

Tao, Q.; Pan, Y.; Wang, Y.; Wang, H.; Xiong, S.; Li, Q.; Wang, J.; Tao, L.; Wang, Z.; Wu, F; et al. Regulatory T Cells-Derived
IL-35 Promotes the Growth of Adult Acute Myeloid Leukemia Blasts: IL-35 in the Pathogenesis of AML. Int. |. Cancer 2015, 137,
2384-2393. [CrossRef]

Rojas, ].M.; Wang, L.; Owen, S.; Knight, K.; Watmough, S.J.; Clark, R.E. Naturally Occurring CD4+ CD25+ FOXP3+ T-Regulatory
Cells Are Increased in Chronic Myeloid Leukemia Patients Not in Complete Cytogenetic Remission and Can Be Immunosuppres-
sive. Exp. Hematol. 2010, 38, 1209-1218. [CrossRef]

Tian, T,; Yu, S.; Liu, L.; Xue, E; Yuan, C.; Wang, M.; Ji, C.; Ma, D. The Profile of T Helper Subsets in Bone Marrow Microenvironment
Is Distinct for Different Stages of Acute Myeloid Leukemia Patients and Chemotherapy Partly Ameliorates These Variations.
PLoS ONE 2015, 10, e0131761. [CrossRef] [PubMed]

Williams, P.; Basu, S.; Garcia-Manero, G.; Hourigan, C.S.; Oetjen, K.A.; Cortes, ].E.; Ravandi, F,; Jabbour, E.J.; Al-Hamal, Z.;
Konopleva, M.; et al. The Distribution of T-cell Subsets and the Expression of Immune Checkpoint Receptors and Ligands in
Patients with Newly Diagnosed and Relapsed Acute Myeloid Leukemia. Cancer 2019, 125, 1470-1481. [CrossRef]

Wang, R.; Feng, W.; Wang, H.; Wang, L.; Yang, X.; Yang, F.; Zhang, Y.; Liu, X.; Zhang, D.; Ren, Q.; et al. Blocking Migration of
Regulatory T Cells to Leukemic Hematopoietic Microenvironment Delays Disease Progression in Mouse Leukemia Model. Cancer
Lett. 2020, 469, 151-161. [CrossRef]

Yang, W.; Xu, Y. Clinical Significance of Treg Cell Frequency in Acute Myeloid Leukemia. Int. J. Hematol. 2013, 98, 558-562.
[CrossRef] [PubMed]

Bansal, A.K.; Sharawat, S.K.; Gupta, R.; Vishnubhatla, S.; Bakhshi, S. Regulatory T cells in pediatric AML are associated with
disease load and their serial assessment suggests role in leukemogenesis. Am. J. Blood Res. 2020, 10, 90-96. [PubMed]

Zahran, A.M.; Badrawy, H.; Ibrahim, A. Prognostic Value of Regulatory T Cells in Newly Diagnosed Chronic Myeloid Leukemia
Patients. Int. J. Clin. Oncol. 2014, 19, 753-760. [CrossRef] [PubMed]

Kordasti, S.Y.; Ingram, W.; Hayden, J.; Darling, D.; Barber, L.; Afzali, B.; Lombardi, G.; Wlodarski, M.W.; Maciejewski, ].P.;
Farzaneh, F; et al. CD4+CD25high Foxp3+ Regulatory T Cells in Myelodysplastic Syndrome (MDS). Blood 2007, 110,
847-850. [CrossRef]

Zhou, Q.; Bucher, C.; Munger, M.E.; Highfill, S.L.; Tolar, J.; Munn, D.H.; Levine, B.L.; Riddle, M.; June, C.H.; Vallera, D.A; et al. De-
pletion of Endogenous Tumor-Associated Regulatory T Cells Improves the Efficacy of Adoptive Cytotoxic T-Cell Immunotherapy
in Murine Acute Myeloid Leukemia. Blood 2009, 114, 3793-3802. [CrossRef] [PubMed]

Delluc, S.; Hachem, P; Rusakiewicz, S.; Gaston, A.; Marchiol-Fournigault, C.; Tourneur, L.; Babchia, N.; Fradelizi, D.; Regnault, A.;
Le Quan Sang, K.H.; et al. Dramatic Efficacy Improvement of a DC-Based Vaccine against AML by CD25 T Cell Depletion
Allowing the Induction of a Long-Lasting T Cell Response. Cancer Immunol. Immunother. 2009, 58, 1669-1677. [CrossRef]
Nadal, E.; Garin, M.; Kaeda, ]J.; Apperley, J.; Lechler, R.; Dazzi, F. Increased frequencies of CD4 p CD25high Tregs correlate
with disease relapse after allogeneic stem cell transplantation for chronic myeloid leukemia. Leukemia 2007, 21, 472-479.
[CrossRef] [PubMed]

Nikiforow, S.; Kim, H.T.; Daley, H.; Reynolds, C.; Jones, K.T.; Armand, P.; Ho, V.T; Alyea, E.P; Cutler, C.S.; Ritz, J.; et al. A Phase I
Study of CD25/Regulatory T-Cell-Depleted Donor Lymphocyte Infusion for Relapse after Allogeneic Stem Cell Transplantation.
Huaematologica 2016, 101, 1251-1259. [CrossRef] [PubMed]

Mansour, I.; Zayed, R.A; Said, E; Latif, L.A. Indoleamine 2,3-Dioxygenase and Regulatory T Cells in Acute Myeloid Leukemia.
Hematology 2016, 21, 447-453. [CrossRef]

Han, Y.; Dong, Y.; Yang, Q.; Xu, W,; Jiang, S.; Yu, Z.; Yu, K.; Zhang, S. Acute Myeloid Leukemia Cells Express ICOS Ligand to
Promote the Expansion of Regulatory T Cells. Front. Immunol. 2018, 9, 2227. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI130426
http://doi.org/10.1038/nature08750
http://doi.org/10.1038/nri.2017.75
http://www.ncbi.nlm.nih.gov/pubmed/28757603
http://doi.org/10.1016/j.cmet.2019.09.010
http://www.ncbi.nlm.nih.gov/pubmed/31607562
http://doi.org/10.1155/2020/7023168
http://doi.org/10.1158/1078-0432.CCR-08-3010
http://doi.org/10.1186/s12885-020-06961-8
http://www.ncbi.nlm.nih.gov/pubmed/32456622
http://doi.org/10.1159/000500588
http://doi.org/10.1002/ijc.29563
http://doi.org/10.1016/j.exphem.2010.09.004
http://doi.org/10.1371/journal.pone.0131761
http://www.ncbi.nlm.nih.gov/pubmed/26134277
http://doi.org/10.1002/cncr.31896
http://doi.org/10.1016/j.canlet.2019.10.032
http://doi.org/10.1007/s12185-013-1436-3
http://www.ncbi.nlm.nih.gov/pubmed/24142765
http://www.ncbi.nlm.nih.gov/pubmed/32923088
http://doi.org/10.1007/s10147-013-0615-9
http://www.ncbi.nlm.nih.gov/pubmed/24068564
http://doi.org/10.1182/blood-2007-01-067546
http://doi.org/10.1182/blood-2009-03-208181
http://www.ncbi.nlm.nih.gov/pubmed/19724059
http://doi.org/10.1007/s00262-009-0678-7
http://doi.org/10.1038/sj.leu.2404522
http://www.ncbi.nlm.nih.gov/pubmed/17215853
http://doi.org/10.3324/haematol.2015.141176
http://www.ncbi.nlm.nih.gov/pubmed/27354021
http://doi.org/10.1080/10245332.2015.1106814
http://doi.org/10.3389/fimmu.2018.02227
http://www.ncbi.nlm.nih.gov/pubmed/30319662

Cancers 2021, 13, 1203 28 of 29

185.

186.

187.

188.

189.

190.

191.

192.
193.

194.

195.

196.

197.

198.

199.

200.
201.

202.

203.

204.

205.

206.

207.

208.

209.

Zhou, Q.; Munger, M.E.; Veenstra, R.G.; Weigel, B.].; Hirashima, M.; Munn, D.H.; Murphy, W.J.; Azuma, M.; Anderson, A.C.;
Kuchroo, VK;; et al. Coexpression of Tim-3 and PD-1 Identifies a CD82 T-Cell Exhaustion Phenotype in Mice with Disseminated
Acute Myelogenous Leukemia. 2011, 117, 10. Blood 2011, 117, 10. [CrossRef]

Coles, SJ.; Hills, RK.; Wang, E.C.Y.; Burnett, A.K.; Man, S.; Darley, R.L.; Tonks, A. Increased CD200 Expression in Acute
Myeloid Leukemia Is Linked with an Increased Frequency of FoxP3+ Regulatory T Cells. Leukemia 2012, 26, 2146-2148.
[CrossRef] [PubMed]

Wang, M.; Zhang, C.; Tian, T.; Zhang, T.; Wang, R.; Han, F; Zhong, C.; Hua, M.; Ma, D. Increased Regulatory T Cells in Peripheral
Blood of Acute Myeloid Leukemia Patients Rely on Tumor Necrosis Factor (TNF)-«—TNF Receptor-2 Pathway. Front. Immunol.
2018, 9, 1274. [CrossRef]

Lecciso, M.; Ocadlikova, D.; Sangaletti, S.; Trabanelli, S.; De Marchi, E.; Orioli, E.; Pegoraro, A.; Portararo, P; Jandus, C.;
Bontadini, A.; et al. ATP Release from Chemotherapy-Treated Dying Leukemia Cells Elicits an Immune Suppressive Effect by
Increasing Regulatory T Cells and Tolerogenic Dendritic Cells. Front. Immunol. 2017, 8, 1918. [CrossRef] [PubMed]

Veglia, F.; Perego, M.; Gabrilovich, D. Myeloid-Derived Suppressor Cells Coming of Age. Nat. Immunol. 2018, 19,
108-119. [CrossRef]

Giallongo, C.; Parrinello, N.; Brundo, M.V.; Raccuia, S.A.; Di Rosa, M.; La Cava, P; Tibullo, D. Myeloid Derived Suppressor Cells
in Chronic Myeloid Leukemia. Front. Oncol. 2015, 5. [CrossRef]

Nawar, S.M.; Sultan, H.K.; Bedewy, A.M.; EINaggar, A.A.; Mikhael, I.L. Myeloid-Derived Suppressor Cells Level and MUC1
Expression in de Novo Acute Myeloid Leukemia. Acta Haematol. Pol. 2020, 51, 245-252. [CrossRef]

Braun, L.M.; Zeiser, R. Immunotherapy in Myeloproliferative Diseases. Cells 2020, 9, 1559. [CrossRef] [PubMed]

Xu, H,; Liu, J.; Shen, N.; Zhao, Z.; Cui, J.; Zhou, S,; Jiang, L.; Zhu, X.; Tang, L.; Liang, H.; et al. The Interaction of Tumor Cells and
Myeloid-Derived Suppressor Cells in Chronic Myelogenous Leukemia. Leuk. Lymphoma 2020, 61, 128-137. [CrossRef]

Hyun, S.Y;; Na, EJ; Jang, ].E.; Chung, H.; Kim, S.J.; Kim, J.S.; Kong, J.H.; Shim, K.Y.; Lee, ].I.; Min, Y.H.; et al. Immunosuppressive
Role of CD11b * CD33 * HLA-DR ~ Myeloid-derived Suppressor Cells-like Blast Subpopulation in Acute Myeloid Leukemia.
Cancer Med. 2020, 9, 7007-7017. [CrossRef]

Wang, L.; Jia, B.; Claxton, D.F.; Ehmann, W.C.; Rybka, W.B.; Mineishi, S.; Naik, S.; Khawaja, M.R.; Sivik, J.; Han, J.; et al. VISTA
Is Highly Expressed on MDSCs and Mediates an Inhibition of T Cell Response in Patients with AML. Oncolmmunology 2018,
7,€1469594. [CrossRef]

Lv, M,; Wang, K.; Huang, X. Myeloid-Derived Suppressor Cells in Hematological Malignancies: Friends or Foes. . Hematol. Oncol.
2019, 12, 105. [CrossRef] [PubMed]

Epperly, R.; Gottschalk, S.; Velasquez, M.P. A Bump in the Road: How the Hostile AML Microenvironment Affects CAR T Cell
Therapy. Front. Oncol. 2020, 10, 262. [CrossRef]

Giallongo, C.; Romano, A.; Parrinello, N.L.; La Cava, P.; Brundo, M.V.; Bramanti, V.; Stagno, E; Vigneri, P; Chiarenza, A;
Palumbo, G.A; et al. Mesenchymal Stem Cells (MSC) Regulate Activation of Granulocyte-Like Myeloid Derived Suppressor
Cells (G-MDSC) in Chronic Myeloid Leukemia Patients. PLoS ONE 2016, 11, e0158392. [CrossRef]

Guilliams, M.; Svedberg, ER. Does Tissue Imprinting Restrict Macrophage Plasticity? Nat. Immunol. 2021, 22, 118-127.
[CrossRef] [PubMed]

Epelman, S.; Lavine, K.J.; Randolph, G.J. Origin and Functions of Tissue Macrophages. Immunity 2014, 41, 21-35. [CrossRef]
Schepers, K.; Campbell, T.B.; Passegué, E. Normal and Leukemic Stem Cell Niches: Insights and Therapeutic Opportunities. Cell
Stem Cell 2015, 16, 254-267. [CrossRef]

McCabe, A.; MacNamara, K.C. Macrophages: Key Regulators of Steady-State and Demand-Adapted Hematopoiesis. Exp.
Hematol. 2016, 44, 213-222. [CrossRef]

Biihrer, E.D.; Amrein, M.A.; Isringhausen, S.; Nombela-Arrieta, C.; Riether, C.; Ochsenbein, A.F. Splenic Red Pulp Macrophages
Provide a Secondary Stem Cell Niche for Chronic Myeloid Leukemia Stem Cells. Blood 2017, 130, 2861. [CrossRef]

Song, ].-X.; Dian, Z.-].; Wen, Y.; Mei, F;; Li, R.-W.; Sa, Y.-L. Assessment of the Number and Phenotype of Macrophages in the
Human BMB Samples of CML. BioMed Res. Int. 2016, 2016, 1-9. [CrossRef] [PubMed]

Al-Matary, Y.S.; Botezatu, L.; Opalka, B.; Hones, ].M.; Lams, R.F; Thivakaran, A.; Schutte, J.; Koster, R.; Lennartz, K,;
Schroeder, T.; et al. Acute Myeloid Leukemia Cells Polarize Macrophages towards a Leukemia Supporting State in a Growth
Factor Independence 1 Dependent Manner. Haematologica 2016, 101, 1216-1227. [CrossRef] [PubMed]

Jiang, M.; Zhang, J.; Qian, L.; Miao, Y.; Song, W.; Liu, H.; Li, R. MOZ Forms an Autoregulatory Feedback Loop with MiR-223 in
AML and Monocyte/Macrophage Development. iScience 2019, 11, 189-204. [CrossRef]

Xu, Z.-J.; Gu, Y,; Wang, C.-Z,; Jin, Y.; Wen, X.-M.; Ma, ].-C.; Tang, L.-J.; Mao, Z.-W.; Qian, J.; Lin, J]. The M2 Macrophage Marker
CD206: A Novel Prognostic Indicator for Acute Myeloid Leukemia. Oncolmmunology 2020, 9, 1683347. [CrossRef]

El Missiry, M.; Adnan Awad, S.; Rajala, H.L.; Al-Samadi, A.; Ekblom, M.; Markevén, B,; Astrand-Grundstrom, 1.; Wold, M.;
Svedahl, E.R.; Juhl, B.R,; et al. Assessment of Bone Marrow Lymphocytic Status during Tyrosine Kinase Inhibitor Therapy and Its
Relation to Therapy Response in Chronic Myeloid Leukaemia. J. Cancer Res. Clin. Oncol. 2016, 142, 1041-1050. [CrossRef]
Hayashi, Y.; Nakamae, H.; Katayama, T.; Nakane, T.; Koh, H.; Nakamae, M.; Hirose, A.; Hagihara, K.; Terada, Y.; Nakao, Y.; et al.
Different Inmunoprofiles in Patients with Chronic Myeloid Leukemia Treated with Imatinib, Nilotinib or Dasatinib. Leuk.
Lymphoma 2012, 53, 1084-1089. [CrossRef] [PubMed]


http://doi.org/10.1182/blood-2010-10-310425
http://doi.org/10.1038/leu.2012.75
http://www.ncbi.nlm.nih.gov/pubmed/22430636
http://doi.org/10.3389/fimmu.2018.01274
http://doi.org/10.3389/fimmu.2017.01918
http://www.ncbi.nlm.nih.gov/pubmed/29312358
http://doi.org/10.1038/s41590-017-0022-x
http://doi.org/10.3389/fonc.2015.00107
http://doi.org/10.2478/ahp-2020-0042
http://doi.org/10.3390/cells9061559
http://www.ncbi.nlm.nih.gov/pubmed/32604862
http://doi.org/10.1080/10428194.2019.1658098
http://doi.org/10.1002/cam4.3360
http://doi.org/10.1080/2162402X.2018.1469594
http://doi.org/10.1186/s13045-019-0797-3
http://www.ncbi.nlm.nih.gov/pubmed/31640764
http://doi.org/10.3389/fonc.2020.00262
http://doi.org/10.1371/journal.pone.0158392
http://doi.org/10.1038/s41590-020-00849-2
http://www.ncbi.nlm.nih.gov/pubmed/33462453
http://doi.org/10.1016/j.immuni.2014.06.013
http://doi.org/10.1016/j.stem.2015.02.014
http://doi.org/10.1016/j.exphem.2016.01.003
http://doi.org/10.1182/blood.V130.Suppl_1.2861.2861
http://doi.org/10.1155/2016/8086398
http://www.ncbi.nlm.nih.gov/pubmed/27999815
http://doi.org/10.3324/haematol.2016.143180
http://www.ncbi.nlm.nih.gov/pubmed/27390361
http://doi.org/10.1016/j.isci.2018.12.016
http://doi.org/10.1080/2162402X.2019.1683347
http://doi.org/10.1007/s00432-015-2101-4
http://doi.org/10.3109/10428194.2011.647017
http://www.ncbi.nlm.nih.gov/pubmed/22211798

Cancers 2021, 13, 1203 29 of 29

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Schmitt, A.; Giannopoulos, K.; Chen, B.; Rojewski, M.; Chen, J.; Schmitt, M.; Bunjes, D.; Déhner, H. Imatinib Impairs the
Proliferation and Function of CD4+CD25+ Regulatory T Cells in a Dose-Dependent Manner. Int. . Oncol. 2007. [CrossRef]

Lu, Z.; Xu, N.; Zhou, X.; Gao, G.; Li, L.; Huang, J.; Li, Y,; Lu, Q.; He, B.; Pan, C.; et al. Therapeutic Immune Monitoring of
CD4+CD25+ T Cells in Chronic Myeloid Leukemia Patients Treated with Tyrosine Kinase Inhibitors. Oncol. Lett. 2017, 14,
1363-1372. [CrossRef] [PubMed]

Ilander, M.; Olsson-Stromberg, U.; Schlums, H.; Guilhot, J.; Briick, O.; Lahteenmaiki, H.; Kasanen, T.; Koskenvesa, P.; Soderlund, S.;
Hoglund, M.; et al. Increased Proportion of Mature NK Cells Is Associated with Successful Imatinib Discontinuation in Chronic
Myeloid Leukemia. Leukemia 2017, 31, 1108-1116. [CrossRef]

Knaus, H.A.; Berglund, S.; Hackl, H.; Blackford, A.L.; Zeidner, ].F.; Montiel-Esparza, R.; Mukhopadhyay, R.; Vanura, K,;
Blazar, B.R.; Karp, ].E.; et al. Signatures of CD8+ T Cell Dysfunction in AML Patients and Their Reversibility with Response to
Chemotherapy. [CI Insight 2018, 3, €120974. [CrossRef]

Sun, H.; Li, Y,; Zhang, Z.; Ju, Y; Li, L.; Zhang, B.; Liu, B. Increase in Myeloid-Derived Suppressor Cells (MDSCs) Associated
with Minimal Residual Disease (MRD) Detection in Adult Acute Myeloid Leukemia. Int. ]. Hematol. 2015, 102, 579-586.
[CrossRef] [PubMed]

Bellora, F.; Dondero, A.; Corrias, M.V.; Casu, B.; Regis, S.; Caliendo, F; Moretta, A.; Cazzola, M.; Elena, C.; Vinti, L.; et al.
Imatinib and Nilotinib Off-Target Effects on Human NK Cells, Monocytes, and M2 Macrophages. |. Immunol. 2017, 199,
1516-1525. [CrossRef]

Yao, Z.; Zhang, J.; Zhang, B.; Liang, G.; Chen, X.; Yao, F; Xu, X.; Wu, H.; He, Q.; Ding, L.; et al. Imatinib Prevents Lung Cancer
Metastasis by Inhibiting M2-like Polarization of Macrophages. Pharmacol. Res. 2018, 133, 121-131. [CrossRef]

Delia, M.; Carluccio, P.; Mestice, A.; Frappampina, R.; Albano, F,; Specchia, G.; Musto, P. After Treatment Decrease of Bone
Marrow Tregs and Outcome in Younger Patients with Newly Diagnosed Acute Myeloid Leukemia. J. Immunol. Res. 2020, 2020,
1-11. [CrossRef] [PubMed]

Govindaraj, C.; Tan, P.; Walker, P.; Wei, A.; Spencer, A.; Plebanski, M. Reducing TNF Receptor 2 * Regulatory T Cells via the
Combined Action of Azacitidine and the HDAC Inhibitor, Panobinostat for Clinical Benefit in Acute Myeloid Leukemia Patients.
Clin. Cancer Res. 2014, 20, 724-735. [CrossRef] [PubMed]

Najima, Y.; Yoshida, C.; Iriyama, N.; Fujisawa, S.; Wakita, H.; Chiba, S.; Okamoto, S.; Kawakami, K.; Takezako, N.;
Kumagai, T.; et al. Regulatory T Cell Inhibition by Dasatinib Is Associated with Natural Killer Cell Differentiation and a
Favorable Molecular Response—The Final Results of the D-First Study. Leuk. Res. 2018, 66, 66-72. [CrossRef] [PubMed]

Irani, Y.D.; Hughes, A.; Clarson, J.; Kok, C.H.; Shanmuganathan, N.; White, D.L.; Yeung, D.T.; Ross, D.M.; Hughes, T.P;
Yong, A.S.M. Successful Treatment-free Remission in Chronic Myeloid Leukaemia and Its Association with Reduced Immune
Suppressors and Increased Natural Killer Cells. Br. J. Haematol. 2020, 191, 433-441. [CrossRef]

Tanaka, A.; Nishikawa, H.; Noguchi, S.; Sugiyama, D.; Morikawa, H.; Takeuchi, Y.; Ha, D.; Shigeta, N.; Kitawaki, T,
Maeda, Y.; et al. Tyrosine Kinase Inhibitor Imatinib Augments Tumor Immunity by Depleting Effector Regulatory T Cells.
J. Exp. Med. 2020, 217, €20191009. [CrossRef]

Larmonier, N.; Janikashvili, N.; LaCasse, C.J.; Larmonier, C.B.; Cantrell, J.; Situ, E.; Lundeen, T.; Bonnotte, B.; Katsanis, E. Imatinib
Mesylate Inhibits CD4 * CD25 * Regulatory T Cell Activity and Enhances Active Immunotherapy against BCR-ABL ~ Tumors. J.
Immunol. 2008, 181, 6955-6963. [CrossRef] [PubMed]

Daver, N.; Garcia-Manero, G.; Basu, S.; Boddu, P.C.; Alfayez, M.; Cortes, ].E.; Konopleva, M.; Ravandi-Kashani, F,; Jabbour, E.;
Kadia, T.; et al. Efficacy, Safety, and Biomarkers of Response to Azacitidine and Nivolumab in Relapsed/Refractory Acute
Myeloid Leukemia: A Nonrandomized, Open-Label, Phase II Study. Cancer Discov. 2019, 9, 370-383. [CrossRef] [PubMed]
Home - ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ (accessed on 4 March 2021).

Opstelten, R.; de Kivit, S.; Slot, M.C.; van den Biggelaar, M.; Iwaszkiewicz-Grzes, D.; Gliwiniski, M.; Scott, A.M.; Blom, B.;
Trzonkowski, P; Borst, J.; et al. GPA33: A Marker to Identify Stable Human Regulatory T Cells. J. Immunol. 2020, 204, 3139-3148.
[CrossRef] [PubMed]

Dominguez-Villar, M.; Hafler, D.A. Regulatory T Cells in Autoimmune Disease. Nat. Immunol. 2018, 19, 665-673.
[CrossRef] [PubMed]

Molgora, M.; Esaulova, E.; Vermi, W.; Hou, J.; Chen, Y.; Luo, ].; Brioschi, S.; Bugatti, M.; Omodei, A.S.; Ricci, B.; et al. TREM2 Mod-
ulation Remodels the Tumor Myeloid Landscape Enhancing Anti-PD-1 Immunotherapy. Cell 2020, 182, 886-900.e17. [CrossRef]
Katzenelenbogen, Y.; Sheban, F,; Yalin, A.; Yofe, I.; Svetlichnyy, D.; Jaitin, D.A.; Bornstein, C.; Moshe, A.; Keren-Shaul, H.;
Cohen, M,; et al. Coupled ScCRNA-Seq and Intracellular Protein Activity Reveal an Inmunosuppressive Role of TREM2 in Cancer.
Cell 2020, 182, 872-885.€19. [CrossRef] [PubMed]


http://doi.org/10.3892/ijo.31.5.1133
http://doi.org/10.3892/ol.2017.6294
http://www.ncbi.nlm.nih.gov/pubmed/28808483
http://doi.org/10.1038/leu.2016.360
http://doi.org/10.1172/jci.insight.120974
http://doi.org/10.1007/s12185-015-1865-2
http://www.ncbi.nlm.nih.gov/pubmed/26358057
http://doi.org/10.4049/jimmunol.1601695
http://doi.org/10.1016/j.phrs.2018.05.002
http://doi.org/10.1155/2020/2134647
http://www.ncbi.nlm.nih.gov/pubmed/33204734
http://doi.org/10.1158/1078-0432.CCR-13-1576
http://www.ncbi.nlm.nih.gov/pubmed/24297862
http://doi.org/10.1016/j.leukres.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29407585
http://doi.org/10.1111/bjh.16718
http://doi.org/10.1084/jem.20191009
http://doi.org/10.4049/jimmunol.181.10.6955
http://www.ncbi.nlm.nih.gov/pubmed/18981115
http://doi.org/10.1158/2159-8290.CD-18-0774
http://www.ncbi.nlm.nih.gov/pubmed/30409776
https://clinicaltrials.gov/
http://doi.org/10.4049/jimmunol.1901250
http://www.ncbi.nlm.nih.gov/pubmed/32366581
http://doi.org/10.1038/s41590-018-0120-4
http://www.ncbi.nlm.nih.gov/pubmed/29925983
http://doi.org/10.1016/j.cell.2020.07.013
http://doi.org/10.1016/j.cell.2020.06.032
http://www.ncbi.nlm.nih.gov/pubmed/32783915

	Introduction 
	Dysfunction of Effector Immunity in Chronic and Acute Myeloid Leukemia 
	Leukemia-Derived Factors That Promote Immune Evasion 
	PD-1/PD-L1 
	CTLA-4/B7 
	TIM-3/Galectin-9 
	TIGIT/CD155, CD112 
	LAG-3/MHC-II 
	CD47/SIRP-. 
	Indoleamine 2,3-Dioxygenase 1 (IDO) 
	Arginase 
	Leukemic Extracellular Vesicles (EVs) and Non-Coding RNAs. 

	Regulatory T Cells in Myeloid Leukemias 
	MDSC and Macrophages in Myeloid Leukemias 
	Myeloid Derived Suppressor Cells (MDSC) in Myeloid Leukemias 
	Macrophages in Myeloid Leukemias 

	Immune Response Recovery after Therapy in Myeloid Leukemias 
	Conclusions and Further Directions 
	References

