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The bone marrow (BM), the major hematopoietic organ in humans, consists of a pleiomorphic environment of cellular,
extracellular, and bioactive compounds with continuous and complex interactions between them, leading to the formation
of mature blood cells found in the peripheral circulation. The bone marrow (BM) microenvironment regulates normal
hematopoiesis and exerts variable activity in various inflammatory, toxic, autoimmune, or neoplastic diseases and
conditions. It has a major role in the pathogenesis of BM failure syndromes and particularly of myelodysplastic syndromes
(MDS).
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1. 5g- Syndrome as a Representative Example of Immune Dysregulation
in Myelodysplastic Syndromes Initiation

59— syndrome, a common myelodysplastic syndromes (MDS) subtype, provides evidence for the overstimulation of the
innate immune system in the development of myelodysplasia. Deletion of miR-145 and miR-146, located on chromosome
5q, phenocopies 59— syndrome, and activates NF-kB signaling, since miR-145 and miR-146 target NF-kB pathway
mediators, Toll-interleukin-1 receptor domain-containing adaptor protein (TIRAP), and Tumor necrosis factor receptor-
associated factor 6 (TRAFG6), respectively. The dysplastic phenotype in TRAF6-transduced mice is linked to IL-6
overexpression and paracrine action, while clonal expansion and acute myeloid leukemia (AML) development rely upon
TRAF6 activation in a cell-autonomous fashion &, Interestingly, lenalinomide, the treatment of choice for 5q- syndrome,
has been found to suppress IL-6 expression &, Aged mice show decreased miR-146 expression and elimination of miR-
146 results in premature HSC aging and development of myeloid malignancy, dependent upon IL-6 and TNF activation.
When IL-6 and TNF were targeted, the function of hematopoietic stem cells (HSCs) in miR-146-deficient mice was
restored [,

2. Overactivation of Inflammatory Pathways in Myelodysplastic
Syndromes Hematopoietic Stem Cells

In MDS, emerging data support cell-intrinsic mechanisms in the dysregulated innate immune and inflammatory signaling,
involved in disease pathophysiology . MDS HSCs exhihit increased expression of Toll-like receptors (TLR) receptors I,
TLR-4 upregulation correlates with increased apoptosis in MDS €. TLR-2 overexpression is linked to low-risk disease
while TLR-6 overexpression characterizes high-risk MDS. Chronic stimulation of the TLR-2/TLR-6 complex accelerates
progression to AML . The overstimulation of the NLRP3 inflammasome by DAMPs, most notably S100 calcium-binding
protein A8 (S100A8) and S100 calcium-binding protein A9 (S100A9), and caspase-1 activation is a central event in MDS,
irrespective of the underlying mutational profile B2, |n addition, overactivation of the TGF-B signaling, via the upregulation
of Mothers against decapentaplegic homolog/SMAD family member 2 (SMAD2) or the inhibition of the negative regulator
Mothers against decapentaplegic homolog/SMAD family member 7 (SMAD?7), correlates with myelosuppression in MDS
(1014 Certain driver mutations in MDS, especially in splicing factors, contribute to the dysregulation of immune-related
molecules. Mutated U2 small nuclear RNA auxiliary factor 1 (U2AF1) produces a long isoform of Interleukin-1 receptor-
associated kinase 4 (IRAK4) (IRAK4-L), that overactivated NF-kB signaling via myddosome assembly 2. Splicing factor
3B subunit 1 (SF3B1) mutations, one of the most encountered mutations in MDS, also result in IRAK4-L overexpression,
but additionally hinder Mitogen-activated protein kinase kinase kinase 7 (MAP3K7) expression, which indirectly restricts
NF-kB signaling, leading to hyperactivated NF-kB signaling. Serine and arginine rich splicing factor 2 (SRSF2) mutations

lead to aberrant splicing of caspase 8, whose inhibition is necessary for the induction of necroptosis instead of apoptosis
[13]



3. The Immunomodulatory Role of High Mobility Group Box-1 (HMGB1) in
Myelodysplastic Syndromes Bone Marrow

HMGBL1 is a nuclear, non-histone DNA-binding protein that regulates chromatin remodeling and transcriptional states.
HMGB1 belongs to endogenous DAMPs, known as alarmins, and perpetuates inflammation following its passive release
from necrotic cells or active secretion by innate immune cells or “stressed” cells. NF-kB activation is involved in HMGB1
signaling, subsequently to HMGBL ligation to both advanced glycation end products receptor (RAGE) and TLRs 24, n the
BM, HMGB1 promotes HSC self-renewal and differentiation capacity but is also involved in hematologic malignancies 12!,
In MDS, HMGB1 emerges as an important and potentially targetable contributor to the inflammatory BM milieu. Serum
HMGBL1 levels are significantly increased in MDS patients when compared to healthy controls 87 as well as compared
to patients with other BM failure syndromes, highlighting its specific role in MDS pathophysiology 4. Circulating HMGB1
levels are higher in low-risk MDS than in high-risk MDS patients, in consistence with the greater BM inflammatory load of
the former group 4. The defective apoptotic cell clearance by macrophages in the BM of MDS patients may secondarily
initiate cell necrosis and release of HMGB1, which then leads to TLR4 activation and cytokine secretion 18],
Inflammasome activation also results in HMGBL1 release 18, which may constitute an additional mechanism of HMGB1
overexpression in MDS. Kam et al. reported a two-to-three-fold higher expression of HMGB1 in MDS CD34+ cells
compared to normal hematopoietic cells. Most importantly, they found that HMGB1 inhibition diminishes MDS cell
expansion and has an additive effect on azacytidine or decitabine treatment while sparing normal hematopoietic cells.
HMGBL1 inhibition also correlates with downregulation of TLR receptors and NF-kB signaling, which suggests the
immunodulatory role of HMGB1 in the BM 2],

4. Alterations of Cytokines and Immune Cells in the Bone Marrow
Microenvironment

4.1. Cytokines

Increased levels of serum TNF-a, TGF-B, IL-6, and Interleukin 8 (IL-8) have repeatedly been reported in MDS [2a121[22]
Cytokine levels reflect the distinct immune dysregulation mechanisms that are involved in different disease stages. Low-
risk MDS is characterized by an increased apoptotic rate and a pro-inflammatory microenvironment, where type |
cytokines (e.g., IL-1B, Interleukin 7 (IL-7), IL-8, Interleukin 12 (IL-12)) dominate 23], [Figure 1]. On the contrary, high-risk
MDS patients exhibit comparatively decreased apoptosis and clonal expansion of malignant cells due to immune evasion
that is mediated by inhibitory factors, namely Interleukin 10 (IL-10) and soluble Interleukin-2 Receptor (sIL-2R) [24(23]
[Figure 2]. The number of CD8+ T cells and IL-10 levels are inversely related 28],
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Figure 1. Low-risk MDS is characterized by a pro-apoptotic and cytotoxic microenvironment. (1) Apart from the elevated
number of pro-inflammatory cytokines in the BM, there is increased responsiveness of the MDS cells that express the pro-
apoptotic receptors, Fas and TNFR1. (2) CD8+ T-cells target MDS cells and exhibit augmented cytotoxicity, partly due to
the expression of NKG2D and CD244 receptors. However, CD8+ T-cells suppress also normal hematopoietic cells and
inhibit hematopoiesis. (3) MDS myeloid progenitor cells, derived from MDS HSCs, express the prophagocytic molecule
CRT, possibly representing the main factor of cellular loss in low-risk MDS. (CRT = Calretinin, Fas = Fas receptor, FasL =
Fas ligand, HSCs = Hematopoietic stem cells, IL-1f3 = Interleukin-1 beta, IL-7 = Interleukin-7, IL-8 = Interleukin-8, IL-12 =
Interleukin-12, M® = Macrophage, NK2GD = Natural killer group 2D, TNFR1 = Tumor necrosis factor receptor 1).
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Figure 2. In contrast to low-risk MDS, immune evasion and decreased apoptosis enable clonal expansion in the BM of
high-risk MDS. (1) In high risk MDS cells, there is a preferential expression of the anti-apoptotic TNFR2 and the anti-
phagocytic CD47. (2) Macrophages acquire a M2 phenotype and produce IL-10. (3) Tregs expand and contribute to
immune suppression. (4) CD8+ T-cell exhaustion is mediated by the expression of immune checkpoint molecules PD-1,
PD-L1 and TIM3. (5) TIM3-ligand, Gal9, is expressed on MDSCs, which are induced upon binding of alarmin S100A9 on
their CD33 receptor. MDSCs are increased and provide a large amount of immunosuppressive cytokines in the BM of high
risk MDS. (6) MSCs are implicated in the anti-inflammatory microenvironment as they are a source of S100A9 and
inhibitory molecules, such as TGF-B1, which suppresses DC maturation. (7) NK cells receive inadequate support from
MSCs and exhibit impaired maturation, numerical and functional deficiency. (GAL9 = Galectin9, DCs = Dendritic cells, IL-
10 = Interleukin-10, M2 M® = M2 macrophage, MDSCs = Myeloid-derived suppressor cells, MSCs = Mesenchymal
stromal cells, NK = Natural killer, NO = Nitric oxide, PD-1 = Programmed cell death protein 1, PD-L1 = Programmed
death-ligand 1, S100A9 = S100 calcium-binding protein A9, SIRPa = Signal regulatory protein alpha, TGF-f =
Transforming growth factor-beta, TIM3 = T-cell immunoglobulin and mucin-domain containing 3, TNFR2 = Tumor necrosis
factor receptor 2, Tregs = T regulatory cells).

Apoptosis is one of the most notably activated pathways in CD34+ cells from refractory anemia (RA) patients, when
compared to healthy controls or refractory anemia with excess blast (RAEB) patients [27[28] [Figure 1]. The extrinsic
apoptotic pathway involves the activation of the Fas death receptor (Fas) on the cell surface by Fas ligand, which is
overexpressed in MDS patients 22, Whereas normal CD34+ progenitor cells are devoid of Fas, its expression is induced
by cytokines such as TNF-a and Interferon gamma (IFN-y), which are elevated in low-risk MDS patients, when compared
to high-risk MDS patients BUBI TNF-a selectively stimulates TNF receptor 1 (TNFR1), leading to the activation of
proinflammatory signaling pathways and apoptosis, as opposed to TNF receptor 2 (TNFR2), which has an anti-apoptotic
function 2. In line with the pro-apoptotic microenvironment of low-risk MDS and the anti-apoptotic features of high-risk
MDS, BM cells in RA patients overexpress TNFR1 [Figure 1], while TNFR2 expression is notable in RAEB patients
[Figure 2], B8l High serum levels of TNF-a in MDS patients are correlated with poorer performance status, higher
leukocyte counts, B2-microglobulin and creatinine levels and on the contrary, lower TNF-a levels have been associated
with favorable prognosis 4. In advanced MDS, high serum levels of IL-6 and Granulocyte-macrophage colony-
stimulating factor (GM-CSF) are observed. IL-6, IL-7, and C-X-C motif chemokine ligand 10 (CXCL10) may serve as
independent prognostic factors of survival 5,

4.2. Immune Cells
Lymphocytes

A subset of MDS patients exhibit the clonal expansion of T cells, characterized by T cell receptor (TCR) Vp-repertoir
skewing, probably reflecting an antigen-driven process B8l Inmunosuppressive therapies reverse the TCR-VB phenotype
of T cells in hypocellular MDS B4, A CD8+/CD57+/CD28- T cell phenotype is overrepresented in MDS patients compared
to age-matched controls B8I3940 and characterizes a population of terminally differentiated, memory/effector T cells that
have undergone repeated cell division cycles 4. Natural killer group 2D (NKG2D) and CD244, which are normally NK
receptors, are expressed on MDS T cells and render effector capacity while HSCs express the CD244 ligand, CD48 28],
[Figure 1]. Diminished expression of the lymph node homing receptors C-C chemokine receptor 7 (CCR7) and L-Selectin



(CD62L), also found on clonal MDS T cells, coincides with lymphocyte expansion in the bone marrow (8. CD48
expression on MDS HSCs is further augmented following lenalinomide treatment, which may represent a mechanism of
induction of apoptosis by this agent 42, Deprivation of CD8+CD57+ T cells in vitro triggers colony formation of BM
mononuclear cells in a subset of MDS cases. In the cases with abnormal karyotypes (+8, 20g-, 59-) the proportion of
clonal cells increases significantly 23!, These findings support the inhibitory effect of CD8+ cells on the neoplastic cells of
MDS.

Potential epitopes on MDS stem cells that activate anti-tumoral CD8+ T cells include Wilms tumor 1 protein (WT1),
cancer-testis antigens (CTAs), proteinase 3, and Major Histocompatibility Complex class | (MHC 1) 44l45][46] - Alongside
malignant stem cells, CD8+ T cells target non-malignant hematopoietic cells and inhibit hematopoiesis in MDS. CD34+
cells and mononuclear cells of trisomy 8 MDS patients overexpress WT-1, which triggers the clonal expansion of WT1-
specific CD8+ cells that contribute to myelosuppression. These findings are consistent with the increased efficacy of
immunosuppressive therapy in trisomy 8 MDS patients 42, Hypomethylating agents (HMASs) significantly upregulate the
expression of CTAs on AML leukemic cells, which correlates with the enhanced recognition of tumor cells by T cells &7,

The absolute number of CD4+ T cells is decreased in MDS patients compared to healthy controls and results in a
reduction in the CD4/CD8 ratio 28], The abnormal CD4/CDS8 ratio in young MDS patients further correlates with response
to immunosuppressive therapy and probably reflects the loss of the regulatory T cell (Treg) compartment of CD4+ cells. A
higher proliferative T cell index in these patients may reflect activation of “homeostatic proliferation”, mediated by
Interleukin 2 receptor gamma (IL-2Ry), leading to non-specific T cell expansion, including self-reactive T-cells 22, This
model serves as a potential alternative mechanism of CD8+ expansion, besides antigen-specific responses, and may
explain the autoimmunity-associated features of MDS 4930 Moreover, in low-risk MDS patients Th17 cells are increased
and Tregs are inversely decreased and functionally impaired X8, In high-risk MDS patients, Tregs are expanded while
CD8+ T cells and NK cells are decreased BLB2I53] Symeonidis et al. have associated CD3+ and CD8+ cell lymphopenia
with increased risk of infections, transformation to AML, as well as decreased overall survival. According to this theory,
although in MDS recognition of autologous antigens is impaired favoring autoimmunity, the immune reaction against
CD34+ cells is increased, as compared to normal subjects. Thus this in vitro finding, together with the increase in
suppressive CD8+ cells, might be considered as a defensive mechanism of the host against the expanding MDS clonal
cells, which ultimately is abrogated during disease progression to higher-risk disease or AML, generating immune
tolerance against the expanding population of blast cells 4],

The conversion to an immune evasive microenvironment in advanced MDS is facilitated by the overexpression of immune
checkpoint molecules, including the programmed cell death of protein 1 (PD-1), its ligand PD-L1, and cytotoxic T
lymphocyte-associated protein 4 (CTLA-4), leading to T cell exhaustion 551, [Figure 2]. The interaction of PD-1 and PD-L1
suppresses TCR-mediated proliferation and cytokine expression B8, High-risk MDS patients show increased PD-L1
expression on blast cells, compared to healthy controls B4, Yang et al. observed at least a two-fold upregulation of PD-L1
on BM CD34+ cells in 36% of studied samples from MDS patients and an enhanced expression of PD-L1, PD-1 and
CTLA-4 after HMA treatment (58], Secreted factors in the microenvironment, such as IFN-y and TNF-a, upregulate PD-L1
expression B8 and recently, the role of S100A9, a central molecule in the MDS pathophysiology, as an inducer of PD-1
and PD-L1, has been detected 1. Contrary to former knowledge, recently, Ferrari et al. did not observe an inhibition of
cytotoxicity after de novo PD-L1 expression on MDS cells 82 Additional inhibitory signals originating from the innate
immune system may interfere with anti-tumor immunity.

Macrophages

Macrophage-mediated apoptosis in low-risk MDS affects myeloid progenitor cells expressing the prophagocytic receptor
calretinin (CRT) rather than HSCs, which lack CRT expression and are rescued from apoptosis €3, [Figure 1]. Myeloid
progenitor cells from high-risk MDS patients additionally overexpress CD47, which is a surface anti-phagocytic molecule
abnormally expressed on tumor cells that binds to its receptor Signal regulatory protein alpha (SIRPa) on macrophages
and inhibits phagocytosis, counteracting CRT 3], [Figure 2]. Despite the increase in monocyte cells in the peripheral
blood of MDS patients, decreased differentiation into macrophages and attenuated phagocytic capacity of macrophages
are reported [64],

Aside from the impaired recognition and phagocytosis of MDS cells by macrophages 4], Zhang et al. found an abnormal
polarization of macrophages with decreased M1:M2 ratio in high-risk MDS patients 2. M1 macrophages participate in
antitumor immune response via secretion of pro-inflammatory factors and recognition of tumor-associated antigens
(TAAs) B8l However, M1 macrophages derived from MDS patients show decreased expression of IL-1B and TNF-a €2,
Tumor-associated macrophages (TAMS) in late-stage cancer are characterized by an M2-like phenotype (low IL-12 and
high IL-10 expression) and potentiate tumor progression through decreased tumoricidal activity, angiogenesis, and matrix



remodeling [84. The increase in the M2 macrophages in high-risk MDS patients may therefore contribute to impaired
immunosurveillance and clonal expansion, in line with studies highlighting the role of TAMs in AML progression B89 ang
the promising results of macrophage repolarization 9,

NK Cells

The cytolytic function of NK cells is compromised in MDS patients ZX, partly due to the reduced expression of the
stimulating receptors DNAX accessory molecule 1 (DNAM-1) and NKG2D on the surface of NK cells, while their
expression is inversely correlated to the BM blast counts Z2. Hejazi et al. observed a significant reduction in NK cell
numbers preferentially in high-risk MDS patients and correlated their functional deficiency to low levels of granzyme B and
perforin as well as the NK cells’ immaturity in MDS 23!, [Figure 2]. The inability of NK cells to fully mature may stem from
their ineffective support from MDS mesenchymal stromal cells (MSCs) 74, since stromal support is a prerequisite for the
development of mature, Killer-cell immunoglobulin-like receptor (KIR)-expressing NK cells 2. Partial clonal involvement
of NK cells [Z8 and certain congenital mutations that link MDS predisposition and NK cell alterations [ZZZ8I79 highlight the
contribution of potential intrinsic defects to NK cell impairment.

Dendritic Cells

Lower numbers and functional deficiency of DCs in MDS may contribute to immunodeficiency and autoimmunity of MDS.
FISH analysis revealed the origin of MDS DCs from the malignant clones Y. CD34+ progenitor cells from MDS patients
exhibit impaired in vitro generation of DCs 81, Similarly, the differentiation of blood monocytes from MDS patients to DCs
is impaired. Immature monocyte-derived DCs (MoDCs) show diminished expression of surface molecules CD80 and
CD1a, reduced endocytic capacity and ineffective maturation following TNF-a stimulation 2. The ineffective induction of
T-cells [83] and altered cytokine secretion (less IL-12 and more IL-10 expression) B4 are further aspects of DC impairment
in MDS. MDS DCs show downregulation of transcripts involved in pro-inflammatory pathways which may explain their
reduced immune responsiveness 2,

Myeloid-Derived Suppressor Cells

MDSCs are immature immune cells increased in the context of immunosuppression, inflammation, and cancer 881 and
contribute to cancer progression B4, The two-stage model of MDSC involvement in cancer requires firstly the expansion
of myeloid cells under chronic inflammatory stimulation and secondly their activation in the tumor microenvironment [E&l,
Rationally, MDS BM inflammatory microenvironment facilitates MDSC development B2, Elevated numbers of MDSCs are
found in the BM of MDS patients, mostly high risk, and correlate with Treg expansion and disease progression 29,
MDSCs serve as a source of inhibitory cytokines, such as IL-10, TGF-, NO, and arginase [Figure 2] and contribute to the
suppression of hematopoiesis in MDS and the induction of T cell tolerance 2. MDSCs expand also in the bone marrow of
aged healthy individuals, parallel to the rise of inflammatory cytokines in the serum, at least in part due to NF-kB activation
[92193] - However, MDS-derived MDSCs overexpress CD33, and their suppressive function depends upon the binding of
pro-inflammatory molecules, such as S100A9, to the CD33 receptor on MDSCs 21194l [Figure 2]. Forced MDSC
expansion in S100A9 transgenic mice suffices to induce human MDS phenotype, while induced terminal differentiation
eliminated MDSCs and restored hematopoiesis. A mechanism in which CD33 overexpression overrides maturation signals
from Immunoreceptor tyrosine-based activated motifs (ITAM)-associated receptors and retains the expansion of immature
MDSCs was proposed 1. High levels of IL-6 and chemokine (C-C motif) ligand 2 (CCL2) in MDS patients may
additionally induce MDCSs, as these molecules activate the STAT3 pathway, which is crucial for MDSC-mediated
inhibition of CD8+ T cell function 23, Tao et al. found that CD8+ T-cell exhaustion in MDS was partially dependent upon
activation of the T-cell immunoglobulin and mucin-domain containing 3 (TIM3)/Galectin 9 (Gal 9) pathway [Figure 2] and
suggested that Gal 9 upregulation by MDSCs is responsible for this activation 28], TIM3/Carcinoembryonic antigen-related
cell adhesion molecule 1 (CEACAM1) pathway activation may also be an alternative mechanism of MDSC involvement in
T-cell exhaustion B4, Irrespective of the specific mechanisms of MDSC-induced inhibition, MDSCs do not harbor the
same mutations as the dysplastic clones B thus constituting an independent cellular component of the
microenvironment that is actively involved in MDS pathophysiology.

5. Role of Mesenchymal Stromal Cells in the Inflammatory Bone Marrow
Milieu
MSCs are a stromal component of the MDS microenvironment that may be involved in the pathogenesis and evolution of
MDS via inflammatory signaling 8. MSCs functionally decline with age 2. In MDS, MSCs acquire distinct genetic

alterations from the malignant clone 19 and show activation of inflammatory pathways 1OUI02 |mportantly, MSCs
secrete S100A8/9, which generates genotoxic stress in HSCs 223, [Figure 2]. S100A8/9 expression in MSCs, associated



with activation of p53 and TLR pathways, is predictive of leukemic evolution in MDS 1% MSCs have different

immunomodulatory effects depending on the disease stage. They suppress DC maturation and function more potently in
high-risk MDS compared to low-risk MDS, and this suppression is mediated through TGF-31 secretion by MDS MSCs

[204] [Figure 2]. Sarhan et al. attributed the immunosuppressive properties of MDS MSCs, specifically the inhibition of NK

cell function and T-cell proliferation, on the induction of suppressive monocytes 2931,
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