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Abstract

Natural Killer (NK) cells play a major role in the immune response against cancer, including hematological
conditions such as myelodysplastic syndromes (MDS) and acute myeloid leukemias (AML). This review
explores the impact of the leukemic microenvironment on NK cell subsets in AML and MDS, shedding light on
their potential implications in disease progression. In AML, studies have revealed a maturation blockade of NK
cells in the altered bone marrow microenvironment, while NK cells from peripheral blood have the tendency to
differentiate all the way to the final stages. The leukemic microenvironment not only affects NK cells but other
immune compartments as well, including T cells. Therefore, a phenomenon of effector cell exhaustion has been
described for both T cells and NK cells in AML, leading to compromised immune responses. Furthermore,
altered expression of inhibitory receptors, such as NKG2A4 and KIR, on NK cells in AML and MDS suggests a
potential involvement of leukemic cells in the preferential expression of key inhibitory molecules on the surface
of these effectors. The dysregulated cytokine milieu within the leukemic microenvironment may account for the
changes in receptor expression patterns, influencing both NK cell cytotoxicity and secretory functions. In
conclusion, the leukemic cells and altered microenvironment have profound effects on NK cell subsets in both
AML and MDS, affecting their maturation, function, and phenotype. Understanding these interactions may
provide insights into novel therapeutic approaches to enhance the anti-tumoral immune response and improve
outcomes for these patients.
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Introduction

Natural Killer (NK) cells are potent immune effectors that
are involved in clearing damaged, virally infected and
tumor cells [1,2]. They belong to a particular family of
immune cells called Innate Lymphoid cells (ILCs), which
help regulate both homeostasis and inflammatory
processes [3] and can migrate in different tissue sites such
as lymph nodes, spleen, bone marrow and uterus
[4].While most ILCs resemble helper T cells in regards to
transcriptional signature and function, NK cells share
many features with the cytotoxic T cells and their function
involves secretion of pro-inflammatory cytokines and
target lysis by the release of lytic granules, such as
perforins and granzymes, by stimulation of death
receptors with subsequent triggering of caspase-
dependent apoptosis, and by ADCC (antibody dependent
cellular cytotoxicity) [5-7].

NK cells receptors

Even though they share common cellular ancestry, one
key difference is that, unlike adaptive lymphocytes, NK
cells lack the possibility to rearrange their receptors in an
antigen specific manner [8]. However, NKs possess an
impressive array of germline encoded receptors, which
can be either activating or inhibitory and are highly
polymorphic. The activating receptors comprise the
natural cytotoxic receptor class (NCR) (ex. NKp30,
NKp46), natural killer group 2 type C (ex. NKG2C) along
with activating killer immunoglobulin-like receptors
(aKIR) and are essential in mediating target lysis [9,10].
The inhibitory receptors are represented by the
heterodimer CD94/NKG2A and inhibitory KIR (iKIR).
They are responsible for limiting NK cell activation and
prevent autoreactivity by binding to HLA (human leukocyte
antigen) class I molecules, which act as their cognate ligands.

KIR and HLA-C genes

The KIR family is represented by 6 activating genes
(KIR2DS1, 2DS2, 2DS3/2DS5C, 2DS3/2DS5T, 2DS4), 9
inhibitory genes (KIR2DL1, 2DL2, 2DL3, 2DLA4,
2DL5A, 2DL5SB, 3DL1, 3DL2 and 3DL3) and 2
pseudogenes (KIR2DP1, 3DP1) [11,12]. Individuals
present these genes in various combinations, that sets the
basis for separating them into 2 principal haplotypes, AA
and Bx. AA is mostly inhibitory, and presents only the
KIR2DS4 activating gene in association with inhibitory
genes KIR2DL1, KIR2DL3 and KIR3DL1, while Bx is
more diverse, including a combination of the KIR genes

and is recognized as the activating haplotype [11]. Both
classical (A, B, C) and non-classical HLA (E, G) provide
signals for the various types of KIRs [6]. The HLA-C
molecules, in particular, present high allelic diversity and
can be separated into the Cl
(*01/*03/*07/*08/*12/*14/*¥16) and C2  groups
(*¥02/*04/*05/*06/*15/*17/%18) based on the amino acid
present in position 80 of the al domain [13,14]. The
model of target recognition was deemed the “missing-
self” hypothesis, which proposes that NK cells attack
abnormal cells that lack or downregulate expression of
HLA class I [15]. Since activation of NK cells can occur
even in the presence of inhibitory ligands, the theory was
refined and it was shown that the competition of activating
versus inhibitory signals ultimately dictates NK cell
behavior and target cell fate [16,17].

NK cells ontogeny and functional maturation
Several stages have been described to characterize the
maturation of NK cells. Ontogeny involves a process
within the hematopoietic bone marrow, under the
influence  of  cytokines  from  the
microenvironment, such as c-kit, flt3 ligand, and IL-15
[18,19]. In the final stages of medullary differentiation,
the NK cell represents an immature cellular entity that
exhibits limited functionality. It possesses a distinct
immunophenotype characterized by the absence of CD34,
the presence of CD117, CD94, and the lack of CD16
expression [20]. After leaving the bone marrow, NK cells
continue their functional maturation within the secondary
lymphoid organs and peripheral blood, where multiple

marrow

functional subsets have been identified in varying
proportions. A more immature CD56brightCD16-
population was found to be involved mainly in the
secretion of pro-inflammatory cytokines [21], while
CD56dimCD16+ NK cells, a more mature subset, has a
remarkable cytotoxic potential. NK cells kill their target
cells via release of lytic granule contents from the
cytoplasm, as well as ADCC (antibody dependent
cytotoxicity). The molecules released into the intercellular
space, known as perforin and granzymes, possess the
ability to activate the target cell's programmed cell death
program through caspase-mediated apoptosis [22].
Myelodysplastic acute
myeloid leukemias

Myelodysplastic syndromes (MDS) represent a highly
heterogeneous set of clonal dysfunctions, characterized

syndromes and
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by ineffective hematopoiesis and bone marrow failure,
associated with morphological dysplastic features. They
present peripheral cytopenia, with varying degrees of
severity, and a significant risk of transformation into
secondary acute myeloid leukemia [23]. Acute myeloid
leukemias (AML) encompass a polymorphic group of
highly aggressive malignant hematological disorders,
which can be either de novo or secondary and are
characterized by uncontrolled proliferation of a tumor
clone arrested at an early maturation stage. Leukemic
blasts are characterized by an intricate pattern of
molecular and cytogenetic abnormalities associated with
phenotypes that deviate from the norm, exhibiting
aberrant markers, maturation asynchrony, or lineage
ambiguities [24]. The pathogenesis of MDS and AML is
multifactorial, involving intrinsic genetic and epigenetic
factors that disrupt both the marrow microenvironment
and the immune mechanisms designed to control
leukemic processes. These immune evasion mechanisms
allow abnormal clones derived from hematopoietic
precursors to escape immune regulation and surveillance
by the host anti-tumor defense, predominantly
represented by NK cells and T lymphocytes [25,26].

NK cells alterations in MDS and AML

NK cells possess an impressive arsenal of antitumor
mechanisms, but leukemic cells attempt to limit their
potential by  creating an  immunosuppressive
microenvironment that affects NK cells. Furthermore,
tumor cells acquire the ability to regulate and modulate
immune checkpoints by promoting molecular interactions
such as PD-1 (Programmed cell Death protein 1) - PDL1
(Programmed cell Death protein 1 ligand), Tim3 (T cell
immunoglobulin and mucin domain-containing protein 3)
- Gal9 (Galectin 9), CD112/CD155. These molecules,
which normally play important roles in immune responses
related to tolerance towards self-antigens and suppression
of cytotoxic responses against the body's own cells, are
exploited by tumor cells [27].

Studies are exploring other mechanisms activated by
malignant cells that can impact the cells involved in the
antitumoral response. These mechanisms alter the normal
NK cell maturation processes and amplify inhibitory
receptor expression on their cell membranes, at the
expense of activating receptors. Additionally, tumor cells
modulate the expression of physiological ligands for NK
receptors [28,29].

In a study by Cianga et al., NK cells were analyzed within
the bone marrow microenvironment of patient groups

with MDS and AML, as well as subjects without
malignant hematological disorders, with normal
hematopoietic marrow (NBM) [30]. A similar study
highlighted an intriguing relationship between AML and
maturation defects in peripheral NK cells [24]. Leukemic
blasts possess several properties similar to antigen-
presenting cells and have the capacity to preferentially
modulate the differentiation of immune effectors,
particularly T lymphocytes, into specific subsets [31].
Using flow cytometry, the three important effector NK
cell subsets described in the literature were identified: the
immature subset (CD56brightCD94+CD16-CD57-),
mature subset (CD56dimCD94+CD16+CD67-), and
hypermature subset (CD56dimCD94+CDI16+CD67+).
We comparatively tracked the maturation process of NK
cells in the three investigated groups. In the immature
subset of the AML group, we have observerd a
significantly increased number of NK cells compared to
the normal bone marrow of the control cohort, difference
which was not apparent in the mature and hypermature
subsets [30]. This observation seems to support the
hypotheses of Chretien et al., who suggest that the
leukemic blasts and bone marrow microenvironment
induce a maturation blockade of NK effectors [24].
Leukemogenesis is a process that alters the healthy
medullary microenvironment in a way designed to
support proliferation and expansion of abnormal cells and
immunosuppressor cells, while reducing the action of
antileukemic agents [32]. Furthermore, there is a clear
role of the mesenchymal stroma and hypoxia in the
anergization of cytotoxic NK cells, as a predisposing
factor in the pathogenesis of LAM [33]. Therefore, the
assessment of NK cell subsets in this complex
pathological condition holds significant promise for
advancing our comprehension of the underlying
immunological mechanisms and for developing novel
therapeutic approaches in order to tackle acute myeloid
leukemia and other related malignancies more efficiently.
Bone marrow-derived NK cells possess the capacity to
perform cell trafficking and migrate to various tissues and
organs within the body in order to maintain homeostasis
or induce inflammatory responses. As a result, the
peripheral immunological landscape is likely to exhibit
unique characteristics compared to the medullary
environment [22].

In a study of NK cells in the peripheral blood of AML
patients, we observed that the immature and mature
subsets of peripheral NK cells were statistically
underrepresented compared to the control group, while a
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significant increase in hypermature NK cells was noticed.
Thus, we speculate that NK cells retain their capacity to
complete their maturation process in the periphery when
they are away from the influence of the medullary tumor
microenvironment and, therefore, are able to generate
highly  specialized CD56+CD57+ effector cells
considered to be terminally differentiated [34]. However,
it does not appear to be an adequate number of such
effectors, as reflected in the overall lower total NK cell
count [34]. In addition, we observed a significantly
decreased expression of CD56 and an increased
expression of CD16 in the immature subset of NK cells in
AML, compared the control group. On one hand, we can
speculate that these changes in AML might suggest a rapid
transition of NK cells towards the more phenotypically
mature and superior anti-tumor effectors. On the other
hand, loss of CD56 expression could also indicate an
altered maturation process, leading to the generation of
dysfunctional secretory NK cells [34].

In both studies, we performed flow cytometry to evaluate
NKG2A (CD159a) and inhibitory KIR (iKIR) receptors
(CD158a, CD158b, CD158el1) on the surface of NK cells.
The first study, which focused on bone marrow NK cells,
showed that in all three groups of interest, the immature
NK subpopulation had a relatively low number of cells
equipped with inhibitory receptors, both of the NKG2A
and iKIR types. However, we noticed that in the AML
patient group, the percentage of immature NK cells
expressing this receptor was significantly higher
compared to the control group, while in MDS patients,
this percentage fell between the values obtained for the
other two cohorts [30]. Existing data support that CD159a
is acquired early on the surface of NK cells and plays a
crucial role in the licensing process, alongside KIR
receptors. Under pathological conditions, especially in
malignancy, it is known that there is a relationship
between the level of NK cell education and disease
progression [35,36]. However, in our study addressing
peripheral NK cells in AML, we have noticed that fewer
NK cells present CD159a in all maturation stages, which
could indicate that some of these cells exhibit different
profiles when not in contact with the
microenvironment [34]. The level of expression of
CD159a, however, was higher in AML NK cells, both in
the bone marrow and peripheral blood, demonstrating that
it is a preferred inhibitory molecule in this type of
leukemia [30,34]. Stringaris et al. also suggest that this
receptor is more strongly expressed on NK cells from
patients compared to healthy controls, concomitant with a

tumor

reduction in the expression of the activating receptor
NKp46. These changes, associated with AML, lead to an
alteration in the cytotoxic potential of NK cells, as well as
their secretory function. An important conclusion from
this study is that in AML, NK cells become susceptible to
immunoediting induced by leukemic blasts, with
significant effects on the dynamics of activating and
inhibitory receptor expression [37].

In our study pertaining to bone marrow NK cells, in
regards to the iKIR expression, we observed a significant
heterogeneity across the 3 maturation stages. However, an
important observation was that in the immature
population, the percentages of NK cells positive for all
three KIR receptors increased from normal to MDS and
further to AML, as if the acquisition of expression of these
molecules within this subpopulation is associated with the
progression of the malignancy [30]. Considering that the
acquisition of KIR receptors is associated with the mature,
cytotoxic NK cell profile, their early expression on
immature NKs in MDS and AML, could be correlated
with changes in the microenvironment in the context of
malignant transformation, which could influence NK cell
maturation, favoring cells with reduced cytotoxic potential.
The differences in the percentages of NK cells expressing
these inhibitory receptors at different maturation stages,
as well as the tendency of these receptors to be more
intensely expressed on NK cells under strenuous,
pathological conditions, could be explained by the
development and function of inhibitory mechanisms
within the tumor microenvironments, many of which are
represented by distinct cytokine patterns. Cytokines are
protein molecules, with either anti- or pro-inflammatory
properties, playing a major role in mediating and
regulating the immune response, while also being
involved in processes related to immune cell fate. These
processes encompass all aspects related to the generation
and differentiation of immune cells, their activation and
functioning, as well as cell suppression and death [38].
Cytokines can act both locally, within the
microenvironment of the tumor, and systemically,
influencing the behavior and function of distant immune
cells, including NK cells.

In a pathological context like MDS and AML, the altered,
immunosuppressive cytokine milieu produced by
leukemic cells and the tumor microenvironment may play
a significant role in modulating the maturation and
activity of NK cells, leading to the observed changes in
receptor expression patterns. Thus, the fine regulation that
maintains the balance of cytokines secreted at the
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medullary level is altered, leading to the amplified
secretion of cytokines such as IL-1f, IL-3, IL-4, IL-5, IL-
6, IL-8, IL-10, IL-12p70, IL-27, IL-35, osteopontin, and
SCF and a diminished secretion of TNF-a and IFN-y.
This, in turn, results in tumor proliferation, enhancement
of leukemic cell immunoediting mechanisms, and
consequently, a decrease in the capacity for anti-tumoral
immune responses [38-41].

Conclusions

Differences, in the context of AML, in the development
and receptor dynamics of NK cells, both in the bone
marrow and peripheral blood, suggests there are
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