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Myelodysplastic neoplasms (MDS) are clonal disorders of the myeloid lineage leading
to peripheral blood cytopenias. Dysregulation of innate immunity is hypothesized to
be a potent driver of MDS. A recent study revealed increased thrombomodulin (TM)
expression on classical monocytes in MDS, which was associated with prolonged
survival. TM is a receptor with immunoregulatory capacities, however, its exact role
in MDS development remains to be elucidated. In this review we focus on normal
monocyte biology and report on the involvement of monocytes in myeloid disease
entities with a special focus on MDS. Furthermore, we delve into the current
knowledge on TM and its function in monocytes in health and disease and
explore the role of TM-expressing monocytes as driver, supporter or
epiphenomenon in the MDS bone marrow environment.
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1 Introduction

Myelodysplastic neoplasms (MDS) are a group of clonal myeloid stem and progenitor
cell disorders, characterized by bone marrow (BM) failure resulting in cytopenias and a
propensity to progress to acute myeloid leukemia (AML) (1, 2). Patients present mostly
with fatigue, infections and/or bleeding disorders dependent on type and number of
affected cell lineages. Also, autoimmune features may be observed, since there is an
increased incidence of systemic inflammatory and autoimmune disorders (3). The higher
prevalence of autoimmune diseases within MDS patients is correlated with a higher median
overall survival (4, 5), suggesting superior immune surveillance. Furthermore, patients with
a history of autoimmune disease have an increased risk of developing MDS (3). Therefore,
immune dysregulation is hypothesized to be a potent driver in the pathogenesis of MDS (6).
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Monocytes fulfill a crucial role in the immune system and their
presence in MDS has been correlated to leukemic transformation
(7). Interestingly, our group observed an increased percentage of
thrombomodulin (TM)-expressing classical monocytes in BM as
well as in peripheral blood (PB) (8). No differences were found
regarding TM expression on intermediate and non-classical
monocytes in MDS. TM-expressing classical monocytes were
predominantly observed in low-risk MDS and correlated to a
better overall and leukemia-free survival of MDS patients. These
TM-expressing monocytes seemed to induce T cells with a more
tolerogenic phenotype. Since TM has been linked to anti-
inflammatory properties previously, we hypothesized that
these TM-expressing monocytes could play an essential role in
MDS pathogenesis and leukemic progression by regulating
disproportional inflammatory responses (8). However, the exact
mechanism remains to be elucidated.

To date, reviews on TM expression comprise mostly
endothelial-TM (9, 10). Contradictions on function between TM-
expressing monocytes and TM-expressing endothelial cells have
been described (9), which underscores the importance of
discriminating the cell type in which TM is expressed. In this
review, we first describe current knowledge on monocyte biology in
healthy aging individuals. Second, we elaborate on the role of
monocytes in MDS. Third, we focus on studies that have
described TM expression by monocytes and functional
consequences thereof. Finally, we formulate hypotheses on the
role of TM-expressing monocytes in MDS pathogenesis and
progression as well as options for therapeutic intervention.
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2 Monocyte biology in healthy,
aging individuals

2.1 Monocyte ontogeny, subsets,
and heterogeneity

Monocytes are named after their morphology: cells with a single
nucleus. Human peripheral blood monocytes underwent their
developmental stages starting from the myeloid stem/progenitor
cell within the BM or spleen to a mature form that enters the
bloodstream (11). In the peripheral blood of a healthy individual a
normal absolute monocyte cell count (AMC) is 2-8% of white blood
cell count; or 200-800 monocytes per microliter of blood. Monocyte
numbers may increase (monocytosis) or decrease (monocytopenia)
in response to various conditions, such as infection, trauma,
systemic inflammatory disorders, autoimmune diseases, (toxic)
drug reactions and early BM recovery (12). An underlying
neoplastic disorder may be present and therefore when no
obvious cause is apparent, a thorough workup and close clinical
follow-up is required (13).

Three monocyte subsets have been recognized based on the
surface expression of CD14 (co-receptor of Toll-Like Receptors)
and CD16 (Fc gamma receptor III), shown in Figure 1. The
distribution of these monocyte subsets in peripheral blood is: ~
85% classical monocytes (CD14+CD16-), ~5% intermediate
monocytes (CD14+CD16dim) and ~7% non-classical monocytes
(CD14dimCD16+) (11, 14). Classical monocytes are reported to
survive for approximately 24h, while intermediate and non-classical
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FIGURE 1

Monocyte subsets and their function. This figure illustrates the monocyte subsets that have been recognized based on the surface expression of
CD14 (co-receptor of Toll-Like Receptors) and CD16 (Fc gamma receptor ll1): classical monocytes (CD14+CD16-), intermediate monocytes (CD14
+CD16dim), and non-classical monocytes(CD14dimCD16+). Intermediate and non-classical monocytes may develop from classical monocytes. Each
monocyte subset has distinct gene expression and DNA methylation profiles, phagocytic activity, and chemokine receptor expression, resulting in

different functions and tissue localization. Created with BioRender.com.
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monocytes are reported to survive for approximately 4 and 7 days,
respectively. A sequential trajectory of monocyte subsets is
suggested, where intermediate- and non-classical monocytes are
the more mature monocytes that arise from classical monocytes
(15-18). With new high-dimensional technologies, such as mass
cytometry, more refined subsets may be defined by expression of
increased numbers of proteins (19). For example, 6-sulfo LacNac
(SLAN) expression was previously used as discriminating marker to
define a new monocyte subset. Indeed, heterogeneity at the protein
level is observed between the different monocyte subsets. However,
there is homogeneity between SLAN+ and SLAN- non-classical
monocytes at the transcriptional level. Also, all SLAN+ cells have
been shown to be non-classical monocytes. Therefore, SLAN does
not show the specificity required to define monocyte cell type
or subset (20, 21). While it is important for scientists to adhere to
a standardized nomenclature for monocytes to facilitate
communication, it is vital to recognize that this framework is
subject to evolution. Still, a comprehensive understanding of at
times ambiguous protein expression patterns by monocytes
remains elusive. Additional research, incorporating epigenetic and
metabolomics data, has the potential to enhance our understanding
of monocyte function and phenotype, adding additional
dimensions to the existing framework.

2.2 Monocyte function & erythropoiesis

Each monocyte subset has its own gene expression and DNA
methylation profiles, with varying phagocytic activity and chemokine
receptor expression patterns (14, 15, 22-24). This results in distinct
functions and tissue localization patterns between monocyte subsets.
Monocytes have multiple functional properties, such as phagocytosis,
antigen presentation, adhesion, cell migration, and production of
inflammatory mediators such as cytokines and reactive oxygen
species (ROS). All these functions play a role in mediating
antitumor, environmental-, and inflammatory responses.

Under steady state, classical monocytes are retained in the BM
and spleen and are only dispatched to inflamed tissues when
triggered by chemokines. On the other hand, non-classical
monocytes are directed to noninflamed tissues as well. While
classical and intermediate monocytes rely on CCR2 and their
ligands for homing, non-classical monocytes achieve this through
CX3CRI (25). Classical monocytes show superior phagocytic and
migratory abilities. In addition, they are characterized by the
secretion of high levels of certain cytokines (e.g. IL-6, IL-10, G-
CSF and CCL-2) upon LPS stimulation. They are a vital subset with
the ability to differentiate into monocyte-derived dendritic cells and
macrophages and thereby play an important role in shaping
immune responses in peripheral tissues (26). Monocytes transfer
their activation state to their progeny which will lead to macrophage
polarization towards a pro-inflammatory (M1) or an immune
suppressive (M2) profile. Intermediate monocytes, also referred to
as the “inflammatory monocytes”, are the only subset that expresses
chemokine receptor CCR5. They are specialized in antigen
presentation, pro-inflammatory cytokine secretion (e.g. TNF-o,
IL-1B, IL-6) and apoptosis regulation. Non-classical monocytes,
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the “patrolling monocytes”, are known for their adhesive abilities,
complement activation and Fc-gamma-mediated phagocytosis (14—
18, 22-24, 26).

Under stress, monocytes can exhibit a plasticity that extends
beyond their traditional immune functions. For example,
monocytes play a remarkable role in stress erythropoiesis, a
process crucial for the rapid generation of red blood cells (27).
Monocytes are recruited to the spleen, where they contribute to the
formation of a specialized niche that supports the expansion and
maturation of erythroid progenitor cells. Moreover, the phagocytic
capabilities of monocytes clear aging or damaged red blood cells, a
process essential for maintaining erythrocyte homeostasis (27). The
involvement of monocytes in stress erythropoiesis highlights
their versatility.

2.3 Monocytes & immune regulation

Monocytes are subject to tight regulation to maintain immune
homeostasis (27). Monocytes can adopt diverse functional
phenotypes in response to microenvironmental changes,
transitioning between pro-inflammatory and anti-inflammatory
states. Monocyte plasticity is finely tuned by a complex network of
signaling molecules and interactions with other immune cells and is
niche-specific. Regulatory mechanisms involve cytokines, such as
interferons, interleukins, and chemokines, which influence monocyte
recruitment, differentiation and activation. Additionally, toll-like
receptors on monocytes recognize pathogen-associated molecular
patterns (PAMPs) leading to immune responses. The immune
system strives to balance the inflammatory potential of monocytes
with mechanisms that prevent excessive tissue damage. The dynamic
regulation of monocytes ensures their appropriate involvement in
immune defense, tissue repair, and the resolution of inflammation,
contributing to the overall effectiveness and balance of the
immune system.

2.4 Monocytes in healthy, aging individuals

Upon aging, the immune homeostasis changes. Aging is
associated with a gradual shift towards a state of persistent, low-
grade inflammation, otherwise referred to as ‘inflammaging’ (28).
This sustained inflammation may function protectively by
increasing immune surveillance to prevent outgrowth of mutated
cells. However, it may also have detrimental effects on tissues and
organs, contributing to age-related diseases and frailty. Monocytes
may add to this process by releasing pro-inflammatory cytokines.
Furthermore, mitochondrial dysfunction within monocytes may
cause an increase in the release of ROS, further damaging tissues.

Upon inflammaging, sexual disparities become more
pronounced. Increased monocyte activity and a more pro-
inflammatory state are enriched in elderly males (29-31). This may
partially explain why elderly male individuals are more prevalent in
the MDS population (32). This emphasizes the importance of the role
of monocyte dysfunction in MDS pathogenesis, the need for tailored
therapy and the importance of selecting age- and sex- matched
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healthy controls when investigating the role of monocytes in MDS
pathogenesis and leukemic progression.

Inflammation in the hematopoietic niche causes a skewing
towards myelopoiesis (33). Persistent inflammation provides a
beneficial environment for the outgrowth of malignant myeloid
clones due to a higher risk of genotoxic DNA damage (34-37).
Several somatic mutations (e.g. DNMT3a, TET2, ASXL1) have been
discovered in monocyte stem- and progenitor cells in individuals
upon aging. These loss-of-function mutations are associated with
clonal hematopoiesis (CH). CH is linked to an increased risk for
progression to MDS and AML (2).

3 Monocytes in MDS
3.1 MDS development and progression

Several models have been developed on the pathogenesis of
MDS and its potential transformation into AML. Research on MDS
pathogenesis and progression may be roughly divided in two
aspects: (1) cell intrinsic changes, including genetic abnormalities;
(2) cell extrinsic changes, including changes in immune- and
microenvironmental cells and mediators and involves 1) genomic
and 2) immunological aspects, respectively. As previously
acknowledged, inflammaging encompasses both immune
dysregulation and the formation of mutations, which may lead to
CH. Additionally, acquired somatic mutations can further influence
the skewing of hematopoiesis towards the myelomonocytic lineage
or initiate a differentiation block. The hematopoietic cells fail to
differentiate adequately, and are prone to die due to their genetic
instability, which may be the start of BM failure. The increased
production of numerous pro-apoptotic and pro-inflammatory
mediators may simultaneously lead to increased apoptosis and
pyroptosis of hematopoietic cells. The release of damage
associated molecular patterns (DAMPs) upon cell death, together
with the release of reactive oxygen species (ROS) in oxidative bursts,
further amplifies genotoxic cell stress (34). Acquired loss-of-
function or gain-of-function mutations may trigger unrestrained
cell growth. The outgrowing clone may be able to create an immune
suppressive BM environment, contributing to its superior growth
compared to other hematopoietic cells. Accumulation of these
events may then result in immune escape and, consequently,
leukemic progression (38). A cyclical model of MDS pathogenesis
and progression, including both genomic and immunological
aspects, is shown in Figure 2.

3.2 MDS-associated genetic abnormalities
and myelomonocytic lineage

Currently, in 80-90% of MDS, mutations are detected by
targeted sequencing. Somatic mutations known to cause MDS are
mutations in epigenetic regulators, (TET2, DNMT3A, ASXLI,
EZH2), RNA spliceosome components (SF3B1, SRSF2, U2AF1),
transcription factors (RUNX1, TP53), signal transduction pathways
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(KRAS, NRAS, JAK2), and the cohesion complex (SMC3, SMCI1A,
RAD21, STAG2) (39, 40).

The new WHO 2022 criteria have divided MDS entities in two
groups, those defined by genetic abnormalities and those defined by
morphology (2). All the subtypes within these groups are clinically
relevant for prognosis and therapeutic considerations. At present,
three types of MDS defined by genetic abnormalities are recognized:
MDS with low blasts and isolated 5q deletion (MDS-5q); MDS with
low blasts and SF3B1 mutation (SF3B1-MDS); and MDS with
biallelic TP53 inactivation (MDS-biTP53). Since not all MDS
patients can be classified according to genetic abnormalities yet, the
remainder of MDS patients are defined by morphology: MDS with
low blast rates (MDS-LB); MDS with fibrosis (MDS-f); MDS with
increased blast rates (MDS-IB); and hypoplastic MDS (MDS-h). The
latter subtypes are less specific and show the most overlap with other
myeloid diseases (41). For example, MDS-IB may be treated
according to AML treatment protocols and MDS-h show overlap
with other BM failure disorders such as acquired aplastic anemia
(AA). In all MDS subtypes, risk assessment is performed, classifying
MDS into lower or higher risk of leukemic progression. Recently, the
Revised International Prognostic Scoring System for MDS (IPSS-R)
has been adapted and now includes molecular information (IPSS-M)
(42). The disease outcome in MDS is significantly linked to both the
quantity and types of mutations. Multiple mutations are correlated
with shorter OS, whereas SF3BI mutations are specifically associated
with a longer overall survival (OS) (43-45). The integration of
molecular data has enhanced the prognostic accuracy of existing
risk-stratification schemes in MDS (42).

Currently, prognostic models in MDS do not incorporate
immune factors, despite the growing realization of the role of
inflammation in CH and MDS development, and the ongoing
recognition of immunotherapies as curative treatment option.
This gap may be attributed, at least in part, to the observed
transcriptional similarities between MDS cancer cells and normal
immune cells. Therefore, approaches that quantify the anti-tumor
immune response in solid tumors may not be directly applicable in
MDS (46) Various strategies and programs have been reported and
proposed to bridge this gap (47, 48). The ongoing improvement of
technologies, such as single-cell sequencing, in combination with
multi-parameter immunophenotyping is essential. Future studies
that aim to study inter-tumor heterogeneity in the MDS immune
landscape may facilitate a better risk stratification.

3.3 Absolute monocyte counts and subsets
in MDS

The diagnostic criteria for MDS dictate that the absolute number
of PB monocytes should not exceed 0.5x1079/L, as surpassing this
threshold would classify it as chronic myelomonocytic leukemia
(CMML) (2). However, within the realm of MDS, the quantity of
monocytes, within PB and BM, remains an intriguing biomarker for
predicting prognosis and the potential for leukemic transformation.

A lower absolute monocyte count in PB and a higher
lymphocyte-to-monocyte ratio (LMR) in PB are both linked to
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The impact of inflammation on clonal hematopoiesis, myelodysplasia and leukemic transformation. This cyclical model describes how inflammation
may contribute to the development of clonal hematopoiesis and its progression to myelodysplasia and leukemia. (1A) Somatic mutations can occur
in hematopoietic stem and progenitor cells (HSPCs) by chance, especially as people age, bypassing the DNA repair mechanisms. (2) Some of these
mutations may directly lead to leukemic transformation. (3) In other cases, the mutated HSPCs may disrupt inflammatory signaling in the bone
marrow (BM), favoring the production of myeloid cells, which enhances the inflammatory response. (4) Systemic inflammation, caused by aging,
autoimmune or auto-inflammatory disorders, or chronic infections, increases pro-inflammatory proteins such as cytokines, further driving this cycle.
(1B) This may also be the initiating stage of the cyclical model. (5) Mutant HSPCs may respond differently to inflammation, gaining a survival
advantage over normal HSPCs, which are suppressed by the inflammatory environment. (6) Cells derived from these mutant HSPCs may be unstable,
leading to high cell death rates and the release of stress proteins such as HMGB1 and reactive oxygen species (ROS). This cellular stress can cause
additional mutations. (7) New mutations can halt HSPC differentiation, extend their lifespan, or stimulate their growth giving them an even greater
competitive advantage and further inhibiting normal HSPC growth and differentiation. (8) The bone marrow becomes ineffective at producing blood
cells, leading to cytopenias and dysplasia. The interaction between mutant HSPCs and the immune environment may persist, and about 30% of
cases of myelodysplastic syndromes (MDS) eventually progress to leukemia. HSPCs, hematopoietic stem- and progenitor cells; ROS, reactive oxygen
species; FLT3, fms-related receptor tyrosine kinase 3, an internal tandem duplication of this gene (FL73-itd) is among the most frequently occurring
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leukemic mutations; NPM1, nucleophosmin-1, a mutation in this gene is among the most common genetic alterations in acute myeloid leukemia.
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poor survival outcomes (49). However, in a separate study focused
on BM monocytes, an observed increase in the percentage of mature
monocytes (>6%) in BM correlated with elevated PB monocyte
count, a higher IPSS-R score, and a higher BM blast percentage at
diagnosis (50). Recently, the apparent contradiction in these data
was resolved. It was revealed that the presence of monocytes in
MDS follows a U-shaped curve in relation to risk (51). The lowest
hazard was observed at around 0.3x1079/L in PB. MDS with
monocytes >0.4x1079/L was associated with reduced OS,
independent of IPSS-R, but not with the risk of transformation to
AML. Also, MDS with monocytes <0.2x1079/L was associated with
several adverse disease features, including lower hemoglobin levels,
decreased neutrophil and platelet counts, and a higher percentage of
BM blasts. Interestingly, this latter group of MDS patients showed a
significantly higher risk of progression to AML (51). These data
could provide support for a more aggressive therapeutic strategy in
patients not identified as clear candidates according to current
prognostic scoring systems or recommendations.

The general distribution of monocyte subsets in PB and BM is
similar in MDS and healthy conditions (52). Furthermore, matched
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PB and BM samples demonstrated that the composition of
monocytes in the BM was mirrored in PB (8). However, in higher
risk MDS with increased blasts, non-classical monocytes were found
to be reduced in MDS BM compared to healthy donor BM (53).
Furthermore, an accumulation of classical monocytes in PB
distinguishes a subgroup of MDS patients prone to progress
towards CMML (7). Likewise, it was observed that MDS patients
with BM monocytic proliferation often exhibit CMML-like
characteristics (54). In contrast, a link between classical
monocytosis in MDS and positive prognostic factors was observed,
including elevated white blood cell counts and absolute neutrophil
counts (55). Consequently, discerning monocyte subsets is imperative
for accurately interpreting the involvement of monocytes in MDS
and possible risk assessment (shown in Figure 3). A higher percentage
of monocytes was associated with lower-risk MDS groups and
favorable cytogenetics. An elevated frequency of SF3B1 mutations
was present in this MDS subgroup and a tendency towards improved
OS was observed (55). Of note, these studies did not include the latest
WHO 2022 classification, which may have caused the discrepancies
in the observed correlations.
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3.4 Monocytes and immunophenotypic
changes in MDS

In healthy BM with normal hematopoiesis, maturation of the
erythroid, megakaryocytic and myelomonocytic lineages follow a
certain preserved pattern. This includes an orderly gain and/or
subsequent disappearance of cell surface antigens befitting the stage
of cell maturation. However, in MDS, hematopoiesis is disturbed in
one or more lineages. In addition to numerical changes, aberrancies
in the phenotype of monocytes are connected to dysplasia of the
maturing myelomonocytic lineage. Lack of or abnormal expression
of CD11b, CD13, CD14, CD16, CD33, CD36, HLA-DR and CD56
have been reported (shown in Figure 3) (56). These markers are
included in a flow cytometric score that has shown to distinguish
low-risk MDS from other causes of cytopenias (56). Recently, a
positive correlation between the number of aberrantly expressed
(dysplasia-associated) surface antigens by monocytes and IPSS-R
score was noticed (57). This may indicate that the atypical
maturation of monocytes worsens upon disease progression and
may be predictive for leukemic transformation.

The expression of various antigens, including the previously
mentioned TM, may be up- or down-regulated, influencing the
functional state of monocytes. Alternatively, an elevated number of
monocytes displaying these antigens potentially influences their
microenvironment. In MDS, a rise in markers indicative of
activated monocytes has been observed, including CD40, CD80,
and CD86 (58). Also, the early upregulation of differentiation
markers, such as CD163 and DC-SIGN, has been observed.
Notably, an association was found between heightened CD40
expression on monocytes in BM and patients aged below 60
years, as well as those with the cytogenetic abnormality trisomy 8
(58). These markers are considered as predictors for the response to
immune suppressive therapy in MDS. The authors hypothesized
that CD40 could potentially mirror immunological activity and play
a role in guiding therapeutic decisions for these patients (58-60).
Some markers have been shown to be co-upregulated on
monocytes, like CD40 and CD80 (58). However, activation
markers have not been investigated together with markers
associated with monocyte dysplasia, consequently no correlations
could be made. Future studies are needed to be able to adequately
describe how multiple monocyte markers are linked and how they
are related to environmental or genomic aberrancies.

MDS subtypes defined by genetic aberrancies have shown to
correlate to certain altered immunophenotypes of hematopoietic
cells, including monocytes. In SF3B1-MDS, monocytes showed
lower expression levels of CD11b, CD36 and CD64 (61). The
additional presence of other mutations did not alter the
phenotypic features of these monocytes, with exception of a more
pronounced decrease in CD64 expression when only SF3BI was
mutated. Furthermore, the decrease in expression of CD11b and
CD36 was more pronounced in cases with the most common SF3BI
mutation type, K700E, compared to other SF3BI mutations (61).

Interestingly, the decrease in CD11b expression by monocytes
in SF3B1-MDS correlated to a lower neutrophil count. This is in line
with data from a previous study, which showed this for both CD11b
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and triggering receptor expressed on myeloid cells-1 (TREM-1) on
monocytes and neutrophils (62). Hence, the regulatory mechanism
of expression of these surface antigens may be similar between
monocytes and neutrophils. For example, overexpression of CD56
may be the result of an activated or regenerated BM. Also, CD40
expression may be increased in patients with severe sepsis (63). In
addition, it is hypothesized that the alteration in immunophenotype
could result directly from a genetic aberrancy in monocytes. In case
of an SF3BI mutation, it may be the result of alterations in the
splicing of surface proteins (61). Alternatively, it may also be
triggered by environmental factors associated with SF3BI, like the
presence of certain inflammatory cytokines (64). Recently,
mutations in SF3BI1 have shown to enhance a proinflammatory
gene expression profile in blasts (65), confirming the potential
relevance of both hypotheses. Further research is needed to
elucidate the impact of genetic alterations on monocytic
immunophenotype (and function) and the implications for MDS
pathogenesis as well as therapeutic strategies.

3.5 Monocyte function in MDS

Various monocytic functions related to the inflammatory response
triggered by endotoxins have been investigated in MDS. The
production of cytokines upon LPS stimulation (e.g. IL-6, TNF-0, IL-
10) measured by ELISA and qPCR showed no significant differences
compared to healthy controls. Also, phagocytic abilities seemed to be
preserved in MDS monocytes, since the phagocytosis of E.Coli particles
as assessed by flow cytometry was similar to controls. Monocyte
function negatively correlated with blast count, monocyte count and
IPSS-R, implying that MDS disease severity affects monocyte function
(52). Seemingly in contrast, another study revealed MDS derived
monocytes to have reduced phagocytosis activity and low expression
of genes involved in immune response triggering, regulation of
immune and inflammatory signaling pathways, and a lower response
to LPS (66). However, the latter study investigated monocytes derived
from 5 patients with CMML or MDS with an excess of blasts according
to the WHO 2016. Overall, data from these studies imply that at least
part of monocyte functionalities may be retained in low-risk MDS.

The increased expression of MHC-class IT (HLA-DR) observed
in monocytes in MDS PB and BM (8, 52) may enhance antigen
presentation capabilities and subsequent T cell activation. Also, the
increased expression of co-stimulatory molecules CD80 and CD86
may enhance the activation of T cells through binding of CD28,
which is crucial for the priming of an effective immune response. In
addition, CD86 can bind to checkpoint receptor CTLA-4, thereby
dampening the immune response and contributing to immune
regulation and tolerance. By upregulating specific antigens,
monocytes might compensate for immune deficits, such as
neutropenia resulting from diseases or as a side effect of
treatments like hypomethylating agents and lenalidomide. This
compensation may serve as a response to maintain immune
functionality. Prospective clinical studies investigating the
correlation between monocyte number and/or function and
infectious complications are of clinical interest.
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FIGURE 3

Differences between monocytes in healthy bone marrow and MDS bone marrow. This figure highlights differences that may be observed between
monocytes in the bone marrow environment of healthy individuals (A) and MDS patients (B). (1) Different monocyte subsets are shown (classical
monocytes [orange], intermediate monocytes [green] and non-classical monocytes [blue). In general, frequencies of monocytes are reduced in MDS
bone marrow compared to healthy controls. In addition, a disturbance in the distribution of monocyte subsets is observed, favoring classical
monocytes. (2) In MDS, monocytes are clonally involved and may harbor mutations similar to those present in the myeloid progenitor cells.
Frequently occuring MDS-associated mutations are shown, such as TP53, SF3B1, ASXL1 and TETZ2. (3). In the schematic example of MDS BM,

10.3389/fonc.2024.1414102

MDS bone marrow

(4B)

potential aberrancies in differentiation marker expression are highlighted in red. Furthermore, activation markers that can show elevated expression
on monocytes in MDS BM are depicted, such as CD86, CD80 and CD40. Also, TM was observed to be elevated on classical monocytes in MDS. (4)
In addition, monocytes may be functionally impaired and/or show increased inflammatory signaling. Here, an increased cytokine production in MDS
BM compared to healthy BM is shown as example. BM, bone marrow, CD, clusters of differentiation marker; MDS, myelodysplastic neoplasms; TM,

thrombomodulin. Created with BioRender.com.

Upregulation of CD40 by monocytes has been suggested to be
important in the suppression of hematopoiesis in MDS (58). Cell-
cell interaction of monocytic CD40 with CD40L on T cells, may
result in the monocytic release of pro-apoptotic (e.g. TNF-o., FasL)
and pro-inflammatory (cytokines IL-1, IL-6, IL-8, IL-10, IL-12 and
chemokine MIP-1a) (co-stimulatory) mediators. In addition, the
reported upregulation of a diversity of surface antigens (CD40,
CD80, CD86, HLA-DR) on monocytes, will further increase its pro-
inflammatory functionality. In PB and BM of low-risk MDS
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patients, a higher percentage of monocytes expressed CD40,
which correlated to a higher percentage of T cells expressing
CD40L. Interestingly, stimulating the CD40 receptor by anti-
human CD40 in combination with IFN-y resulted in a higher
production of TNF-a compared to controls. No differences in
TNF-0. production were observed between MDS monocytes and
controls upon LPS stimulation. Because of the pro-apoptotic
properties of TNF-q, these findings were linked to an increased
death rate of progenitor cells as one of the causes of suppressed
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hematopoiesis in MDS (67). This was evidenced by the fact that
upon co-culture of BM mononuclear cells with a CD40 blocking
antibody (ch5D12), the number of colony forming units
significantly increased (58). These findings suggest that assessing
CDA40 expression on monocytes could delineate a subset of MDS
patients in whom immune-mediated hematopoietic failure is
essential for the disease process. Furthermore, these data imply
that monocytes not simply reflect an ongoing immune attack but
are actively contributing to BM failure. Consequently, targeting
CD40-CD40L-mediated activation, possibly mediated by pro-
inflammatory monocytes, may offer a potential approach to
mitigate MDS-related BM failure.

The CD40-CD40L system has proved to be important in
various autoimmune diseases, such as rheumatoid arthritis and
inflammatory bowel diseases (68-71). Also, in multiple myeloma
and non-Hodgkin lymphoma studies have investigated anti-CD40
treatments (72, 73). However, clinical developments were
terminated due to severe adverse events. More recently, it was
established that exposure to recombinant human soluble
CD40 ligand (rh-sCD40L) significantly increased TNF-o. mRNA
expression and elevated TNF-o. protein levels by BM mononuclear
cells compared to controls (74). These results suggest that sCD40L
plays a role in enhancing TNF-o synthesis at both the mRNA and
protein levels, possibly promoting apoptosis in MDS. These
observations all point to the CD40/CD40L axis as a viable target
for therapeutic intervention in MDS.

Remarkably, the ability to induce macrophages was
compromised in MDS-derived monocytes (75). Macrophages
induced from PB of MDS patients displayed impaired phagocytic
capacity compared to controls. Additionally, macrophages from MDS
patients exhibited lower levels of reorganization receptors (CD206
and SIRPar) and impaired phagocytic function. However, there was
an increase in the levels of inducible nitric oxide synthase secreted by
macrophages in MDS, potentially further contributing to pro-
tumorigenic inflammation. Additionally, dendritic cells derived
from MDS monocytes exhibited impaired development of dendritic
projections and reduced expression of HLA-DR and CD86,
suggesting compromised antigen processing and T cell activation
capabilities (66). Thus, derivatives from MDS monocytes show
impaired function and potentially impaired capabilities to counter
the outgrowth of aberrant hematopoietic cells, while maintaining
MDS-promoting inflammatory characteristics.

Of note, most of the previously described studies have not
distinguished between monocyte subsets. Recently, SLAN+
monocytes demonstrated variations in T-cell skewing in MDS
compared to controls. They showed a preference towards supporting
T helper 2 expansion (53). Transcriptional analysis revealed altered
gene expression, diminished PAMP/DAMP sensing, and defective TLR
signaling. Despite intact cytokine secretion, SLAN+ monocytes showed
reduced ability to induce T-cell proliferation (53). Future studies are
necessary to delineate which monocyte subsets are impaired in MDS
and which can show compensatory behavior. Furthermore, monocytes
should be examined concurrently with other immune cell populations
to be able to understand the cell-cell interactions and to be able to make
suggestions for targeted immunotherapies.
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4 Thrombomodulin expressing
monocytes in relation to
immune regulation

4.1 Thrombomodulin expression
by monocytes

In 1991, McCacchren et al. first described that human peripheral
blood monocytes expressed thrombomodulin (TM) also known as
CD141 or BDCA3 (76). TM is a glycoprotein receptor, transcribed
from the THBD gene. Its primary substrate is thrombin, a pivotal
enzyme in clot formation, which is transformed by TM from
procoagulant to anticoagulant (77). TM expression has been shown
to be of clinical significance in malignancies (9). Various tumor cells
are reported to express TM (78-82). In colorectal and breast cancer,
(elevated) expression of TM on tumor cells is associated with a better
prognosis (79, 83). In contrast, a recent study on soft tissue sarcomas
showed that high levels of TM mRNA were associated with metastasis
and poor outcome (81). These data point to different functions of TM
in distinct environments.

TM is expressed by various hematopoietic cell types, including
myeloid cells such as monocytes, macrophages, dendritic cells,
neutrophils and hematopoietic progenitor cells (76, 84, 85). Also,
lung epithelial cells (86), vascular smooth muscle cells (87),
syncytiotrophoblasts of the placenta (88) and corneal epithelial cells
(89) have been reported to express an intracellular and/or extracellular
form of TM. Flow cytometry assessments revealed that approximately
18% of healthy classical monocytes in peripheral blood express TM on
their surface (8). In the healthy BM, TM expression is relatively low on
classical monocytes (~10%, median fluorescence intensity (MFI) 382 +
65) compared to intermediate (~43%, MFI 1414 + 245) and non-
classical monocytes (~46%, MFI 1279 + 169) (8). Considering that
classical monocytes are the first-stage mature monocyte subset, the
increased TM expression on intermediate and non-classical
monocytes may indicate that TM expression by monocytes is an
acquired phenotypic change upon maturation.

4.2 Function of TM receptor on monocytes

Considering the anticoagulant effects of TM, some studies have
suggested that TM might dampen the protective role of
immunothrombosis and worsen the effects of infection.
Immunothrombosis represents a coordinated response of the
innate immune system to combat microbial infections by utilizing
elements of the coagulation cascade (90). Fibrin networks and clot
formation helps to entrap pathogens, limit spread of microbes and
provide immune cell support. To investigate this hypothesis,
a recent study studied recombinant TM in a rat model including
bloodstream infection with methicillin-resistant Staphylococcus
aureus (MRSA) (91). It was observed that rTM did not in fact
promote bacterial burden. Moreover, metabolomics analysis
showed a decrease in levels of oxidized glutathione with reference
to reduced glutathione (91). Thus, TM may be able to alleviate
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oxidative stress. This suggests that the expression of TM may
protect cells in environments with increased ROS production.
One ligand for the C-type lectin domain of TM is HMGBI.
HMGBI is a nuclear protein, either secreted by activated immune
cells (e.g., monocytes and macrophages), or passively released by
necrotic or damaged cells (92). Once released in the extracellular
environment, HMGB1 can bind to cell-surface receptors, such as
receptors for advanced glycation end-products (RAGE) and Toll-like-
receptor 4 (TLR-4) that may lead to pro-inflammatory NF-xf8
pathway activation (92). Furthermore, HMGBI has been linked to
immunothrombosis (90). HMGB1 was shown to trigger the
expression and release of tissue factor (TF), thereby exacerbating
sepsis caused by gram-negative bacteria following LPS interaction.
Additionally, HMGB1 was shown to transport LPS to the cytosol
where pyroptosis was induced through activation of caspase-11 (93).
The immune regulating function of monocytic TM through binding
of HMGBI has been investigated in two mice models by comparison
of primary monocytes to their respective wild-type controls in
myeloid-specific TM-deficient mice (LysMcr/TM™¥%¥) and TM
lectin-like domain deleted mice (TM"P"*P) (94). Extracellular
HMGBI1 accumulation was enhanced in monocytes from both TM-
deficient mice compared to controls (94). These data suggest a role
for monocytic TM, especially the C-type lectin domain, in regulating
immune processes by neutralizing HMGBI1 (shown in Figure 4).
Another interesting ligand for the lectin-like domain of TM, in
light of monocyte function, is Lewis” (95). This is a carbohydrate that
decorates glycoproteins to regulate cellular functions (96). In an
inflammatory condition, monocytes are attracted to the site of
inflammation by chemokines (97). There, they have to slow down
and leave the bloodstream to migrate into tissues, where they can
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mature into intermediate or non-classical monocytes, or differentiate
into dendritic cell populations or macrophages. Monocyte trafficking
is under the control of various mechanisms of which monocyte
adhesion to endothelial cells is one of its crucial steps (97). TM
expressed by monocytic cells from the THP-1 cell line was shown to
polarize on the cell surface of monocytes when bound to endothelial
cells in a laminar shear flow system (96). This may result in improved
migratory capabilities of monocytes. Furthermore, the addition of
soluble Lewis” to a suspension of TM-expressing THP-1 cells
triggered an increase in phosphorylated p38 mitogen-activated
protein kinase (MAPK). Subsequent MAPK signaling may enable
adhesion to intercellular adhesion molecule (ICAM)-1 on endothelial
cells by activated beta-2 integrins. Indeed, comparison of
unmanipulated THP-1 cells with TM knock-down of THP-1 cells
(by shRNAI) revealed that TM expressed by THP-1 cells enhanced
adhesion to endothelial cells by binding Lewis” (96). These data
indicate that TM may influence the immunologic response of
monocytes by enhancing cell-cell adhesion and migration of
monocytes. The reported functions of monocytic TM, both pro- as
well as anti-inflammatory, have been summarized in Table 1.

TM may further contribute to immune-suppressive effects of
tumor-modulated monocytes, that preferentially differentiate into
M2-like macrophages or immature regulatory DCs, through its C-
type Lectin domain. TM has been reported on skin-derived CD14+
DCs that induced inflammation-attenuating Tregs (99). Combined
with its association with the cross-presenting cDC1 subset (100, 101),
this is highly suggestive of a cross-tolerizing ability for TM expressing
cDCs. As yet, the functional significance of TM in either cross-
presentation or immune suppression remains unclear. Its C-type
Lectin domain can down-regulate NF-xB and mitogen-activated
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TABLE 1 Summary of inflammatory roles of TM expressed by mononuclear cells.

Reference Experiment Cell source Functional read-out

Pro-inflammatory role

Ma et al., Knock-down Human PBMCs; human THP-1 cells; human U- Decreased concentrations of TNF-a, IL-1B, and IL-6 were observed in
2012 (98) TM by shRNAi | 937 cells; macrophages from LysMcre/TM supernatants of TM-knock down cells

flox mice
Lin et al., Knock-down Human THP-1 monocytic cells Enhanced adhesion to endothelial cells (by binding to Lewis-Y on inflamed
2017 (96) TM by shRNAi endothelium) was observed by TM-expressing THP-1 cells.

Anti-inflammatory role

Monocytes from LysMcr/TM™/1°% mice & Enhanced accumulation of extracellular HMGB1 was observed in

monocytes from TM"”"*P mice

Knock-down
TM by shRNAi

Cheng et al.,
2016 (94) supernatants of monocytes from both knock-down models compared to

wild-type controls

Van Leeuwen-
Kerkhoff et al.,
2020 (8)

Monocyte and T
cell co-cultures

Healthy peripheral blood T cells and TM-
expressing monocytes from MDS patients

Polarization of T cells towards Th2 cells, Tregs, and PD-1 expressing
clusters of T cells and increased intracellular concentrations of IL-4 and IL-
10 in T cells

The functional role of thrombomodulin (TM) expressed by mononuclear cells on the immune system. Both pro- as well as anti-inflammatory functions have been described for TM. ERK,
extracellular-signal-regulated kinase; HMGB1, high mobility group box 1; IL, interleukin; LPS, lipopolysaccharide; LysMcre/TM™4°% mouse model with TM knock-down; MCP-1, Monocyte
Chemoattractant Protein 1; MDS, myelodysplastic neoplasm; MMP-9, Matrix metalloproteinase-9; PBMC, peripheral blood mononuclear cells; PD-1, programmed cell death 1; ROS, reactive
oxygen species; ShRNAI, short hairpin RNA interference; Th2, T helper 2 cells; THP-1, monocyte cell line isolated from the peripheral blood of an acute monocytic leukemia; TNF-a, tumor
necrosis factor alpha; TM, thrombomodulin; Tregs, T regulatory cells; U937: a human myeloid leukemia cell line exhibiting monocyte morphology that was derived from a patient with

histiocytic lymphoma.

protein kinase (MAPK) pathways and might thus interfere with DC
and macrophage maturation and drive IL-10 release and Th2 skewing
(102, 103). In keeping with this notion, TM expressing blood DCs
promote Th2 skewing (104) and in vitro generated or skin-derived
CD14+TM+ myeloid antigen presenting cells release elevated levels
of TL-10 (99, 105). TM can bind Lewis" glycosylated motifs present
on tumor cells through its C-type Lectin domain (95). Similar binding
of the C-type Lectin DC-SIGN to differentially glycosylated ligands
on cancer cells (e.g. Lewis™ and Lewis” on carcinoembryonic antigen)
has been shown to lead to DC suppression and the release of IL-10
(106). In addition, DC-SIGN can modulate TLR-mediated signaling,
resulting in prolonged and increased IL-10 transcription (107). It is
conceivable that similar processes are at play with TM. Overall, TM
expression on monocytes would seem to lead to immune regulatory
effects, dampening inflammatory responses and maintaining
tolerance and homeostasis.

4.3 TM-expressing monocytes in disease

Recently, a relation between TM-expressing monocytes and
severe COVID-19 infection was observed (108). Patients with
severe disease exhibited a larger fraction of TM-expressing
classical monocytes in peripheral blood than controls (flu
symptomatic patients that tested negative for SARS-CoV-2 RT-
PCR). Also, by single-cell RNA-sequencing analysis of monocytes it
was shown that the THBD gene was differentially upregulated in
severe COVID-19 patients compared to monocytes from mild
COVID-19 patients. Pathway analysis of scRNA-seq data
highlighted NF-kB activation as a characteristic of monocytes in
severe disease. In addition, elevated levels of a crucial component of
the canonical NF-kB pathway (phosphorylated transcription factor
RelA/p65) were observed in classical monocytes in patients with
severe disease in comparison to the control group. Furthermore, in
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these severe COVID-19 patients, increased levels of IL-6 and
S100A8/A9 were detected (108), suggestive for their involvement
in the observed upregulation of TM on monocytes. Under these
systemic inflammatory conditions TM might have been upregulated
in an attempt at immune regulatory feedback.

Also, monocytes are thought to play a key role in amplifying
inflammation in patients after cardiac surgery. A higher rate of fever
and longer intensive care stay is observed after conventional
cardiopulmonary bypass compared to more recent techniques (109).
The expression of TM on monocytes was hypothesized to account for
this, since its expression was reduced within 30 minutes after
conventional cardiopulmonary bypass (110). Also the levels of IL-6
and TNF-o. were increased after all cardiac interventions, particularly
after conventional cardiopulmonary bypass. Thus, reduced levels of
TM expression on monocytes under these conditions was correlated to
higher postoperative inflammation, suggesting an anti-inflammatory
role (110). Further studies may reveal whether reduction of TM
expression by monocytes is a bystander effect or a way of managing
the inflammatory environment.

Disseminated intravascular coagulation (DIC) is a disease with
systemic fibrin formation, which co-occurs with other diseases such
as malignancies (111). In DIC, the proportion of blood monocyte
subsets did not show significant differences between overt and non-
overt DIC groups, although the expression level of TM by
intermediate monocytes was significantly increased in overt DIC
patients. Results indicated that a relatively low TM expression by
classical and intermediate monocytes correlated to better survival
(I11). In contrast, a subsequent study by the same group on TM
mRNA levels in monocytes demonstrated that low TM mRNA
levels were correlated to poor survival in DIC (112). TM mRNA
levels were significantly decreased in DIC patients with underlying
malignancy or severe infection compared to hepatic failure (112).
Whether the observed decrease in TM mRNA expression by
monocytes was caused by DIC or the underlying disease
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remained unclear. More research is necessary to confirm these
findings and understand the contrasting survival correlations of TM
expression in DIC patients. Potentially, the protein and gene
expression of TM do not show a linear correlation, which may
explain the contrasting results. Or, the TM receptor shows a delayed
folding, which may affect the binding of antibodies. Future studies
should take both mRNA as well as surface expression of TM

into account.

4.3.1 TM-expressing monocytes in MDS

As previously described, in MDS, an increased percentage of TM-
expressing classical monocytes has been discovered in BM as well as
in PB (8). No differences were observed regarding TM surface
expression by intermediate and non-classical monocytes. Healthy
peripheral blood T cells co-cultured with TM-expressing classical
monocytes derived from MDS patients, were polarized towards
tolerogenic T cells such as T helper 2 cells, T regulatory cells
(Tregs), and PD-1 expressing clusters of T cells. Furthermore, these
T cells showed increased intracellular concentrations of anti-
inflammatory cytokines (IL-4 and IL-10) compared to T cells that
were co-cultured with monocytes lacking TM, which mainly showed
IFN-y expression (8). These data suggest an anti-inflammatory effect
of TM-expressing monocytes derived from MDS patients.

TM-expressing classical monocytes were predominantly found
in low-risk MDS (8). Moreover, TM-positivity (>22.5% surface
expression measured by flow cytometry as compared to normal)
correlated to a better overall and leukemia free survival of MDS
patients (8). The BM microenvironment in MDS, particularly in
low-risk cases, is characterized by inflammation, raising concerns
about immune dysregulation and malignant transformation. When
leukemic transformation does occur in low-risk MDS, it is believed
to be the result of excessive inflammation and genotoxic cell
damage. Since TM-expressing monocytes are correlated to low-
risk MDS with relatively good prognosis, we hypothesize that TM’s
anti-inflammatory potential may help mitigate excessive immune
activation. For example, in some low-risk MDS patients high
HMGBI levels are observed (113), which can induce pro-
inflammatory cytokines, thereby contributing to even more
immune activation. By neutralizing HMGB1, TM-expressing
monocytes may dampen any resulting inflammation and may
thus be an interesting target for therapy development in certain
low-risk MDS cases.

Notably, percentages of TM-expressing classical monocytes
were increased in patients with lower blast counts and in patients
with ring sideroblasts (erythroblasts with mitochondrial iron
accumulation) (8). By deduction, this suggests an indirect
indication of a potential association with a specific MDS subtype,
namely SF3B1-MDS. Since TM-expressing monocytes were shown
to be clonally involved, identified genetic aberrancies may have a
direct effect on monocyte function (8). Studies have shown
significant changes in gene expression (e.g. SI00A8 mediator) and
pre-mRNA splicing in MDS patients with SF3B1-K700E mutations,
resulting in the upregulation of pro-inflammatory signaling
pathways (65). Additionally, SF3BI mutations have been linked to
over-activation of nuclear factor kappa B (NF-kB) signaling and
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increased production of inflammatory cytokines (114). The mRNA
of IL-6, an inflammatory cytokine linked to inflammation-
associated cancers, was found to be elevated in monocytes from
MDS patients with SF3BI mutations (115). Furthermore, SF3BI
mutations can lead to the production of a longer isoform of
interleukin-1 receptor-associated kinase 4 (IRAK4), further
enhancing NF-xB activation (115). Targeting IRAK4 may in fact
offer a potential strategy to alleviate hyperinflammatory features.
Overall, SF3BI mutations play a significant role in shaping the
inflammatory microenvironment in MDS through complex
mechanisms (116). Elevated TM expression on the classical
monocytes under these conditions may represent a feedback loop
and a desperate attempt to combat these mutated SF3B1-associated
inflammatory features. Thus, monocyte immunophenotype and
function may be influenced by both external and internal factors.
Additional research is required to understand the implications of
genetic alterations on monocyte function. Particularly, in SE3B1-MDS,
there is a significant decrease in lymphocyte percentages and an
increase in erythroid percentages. Hence, it would be intriguing to
explore how TM-expressing monocytes affect the BM environment
through cytokine release and cell-cell interactions. Investigating the
factors that induce TM upregulation on monocytes is necessary to
understand the role of cell intrinsic and extrinsic factors in this process.
Moreover, exploring the effects of therapies known to target genetic
aberrations [such as spliceosome inhibitors (114)] or the
microenvironment [such as luspatercept, an inhibitor of
transforming growth factor beta that can neutralize negative
regulators of late-stage erythropoiesis (117)] in SF3B1-mutated MDS
may offer insights into the connection between these factors. Exploring
whether hyper-inflammation might be impacted by the presence of
TM on monocyte surfaces could provide insights into its potential
regulatory role. In conclusion, acquiring additional understanding is
vital to grasp the importance of TM expression by monocytes in the
context of MDS development and possible treatment approaches.

4.4 TM-expressing monocytes as
therapeutic target

When considering TM-expressing monocytes as therapeutic
target in MDS, both the TM receptor itself as well as features from
monocytes could be considered. Recombinant thrombomodulin
(rTM) has been suggested for various systemic inflammatory
diseases, such as sepsis-associated DIC (118, 119). Furthermore, it
has been proposed as a therapeutic strategy for immunothrombosis
by inhibiting HMGBI. Such an approach could also be considered to
combat genotoxic inflammation in MDS.

Monocyte targeting is possible in several ways, for instance
through inhibition of the TNF-0/NF-«f signaling pathways. The
transcription factor NF-kf, alongside its associated upstream and
downstream signaling molecules, play crucial roles in regulating the
inflammatory functions of monocytes and macrophages (120).
Stimuli known to activate NF-xf3 are TNF-o, LPS and IL-1B.
Interestingly, it has been shown that TNF-o and LPS can
downregulate TM expression on monocytes.
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Most studies on human peripheral blood monocytes showed
decreased TM mRNA and surface expression upon LPS stimulation,
similar to endothelial cells (9). Importantly, subsequent studies
showed that this decrease depends on LPS dosage and incubation
time (121). Future studies should therefore consider optimal dosage
and timing of measurements. In monocytes from TM knock-down
models, the production of pro-inflammatory cytokines (TNF-o, IL-
1B, IL-6) was reduced upon LPS stimulation (98). This implies that
under specific conditions TM on monocytes may also exert pro-
inflammatory effects. It was hypothesized that this was the result of
an interaction of TM with the CD14/TLR4/MD-2 LPS-binding
complex, which actually promoted the inflammatory response to
LPS (98). Addition of polymyxin B to inactivate LPS in monocyte
cultures revealed no change in the diminished expression of TM.
However, when the NF-«f3 pathway was obstructed by introduction
of MG132 or aurine tricarboxylic acid to monocyte cultures, there
was an inhibition of the LPS-induced reduction in TM surface
expression (98). These findings imply the involvement of soluble
mediators in TM regulation and underscore the crucial role of NF-
kP as a mediator in the suppression of monocytic TM by LPS.

Studies on the response of monocytic TM to TNF-o. stimulation
show contradictory results. An increase in TM mRNA of peripheral
blood monocytes and stable expression on THP-1 cells was reported
by two studies of Grey et al. (122, 123) In contrast with these findings,
Lin et al. showed that monocytic TM was decreased by TNF-o
stimulation (124). Subsequent studies by Lin et al. provided evidence
that THP-1 cells responded to TNF-o firstly with a rapid and
transient decrease in TM mRNA followed by a sustained and high-
level expression (125). Whether these results can be reproduced on
peripheral blood monocytes derived from healthy controls and/or
patients has yet to be established and might shed light on the
feasibility of this approach for therapeutic intervention in MDS.

In MDS with excessive inflammation it would be interesting to
counteract the downregulation of TM expressed by monocytes.
Therefore, NF-kf3 blockers, such as tacrolimus, could be an
interesting therapeutic option to enhance the anti-inflammatory
potential of TM (126). Additionally, various factors, including TGF-
B, IL-1B and oxidized LDL, have been implicated in the
downregulation of TM expression on endothelial cells (10).
Exploring therapies that counteract (the effect of) these factors
could be considered. While there is currently no available data on
monocytic TM, a similar mechanism in the up- and downregulation
of TM could be assumed for both cell types. In lower-risk MDS, the
TGEF-B inhibitor luspatercept is currently used for the treatment of
severe anemia (127). It promotes erythropoiesis by binding TGF-3
which leads to reduced SMAD signaling. The reduction in SMAD
results in enhanced maturation of erythrocytes. It would be
interesting to investigate whether TM expression on monocytes is
also affected in these patients.

It is crucial to recognize that while the immuneregulatory
function of TM could potentially mitigate excessive inflammation
in low-risk MDS, in high-risk MDS this could lead to an adverse
outcome. Therefore, further understanding of the delicate balance
within the immune dysregulated environment of MDS is essential
for the development of new therapeutic interventions.
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5 Conclusion

Monocytes are important to maintain immune homeostasis.
However, recruited monocytes may also play a role in MDS
pathogenesis and progression. In dysregulated environments,
monocytes may exhibit aberrant activation and differentiation
patterns. Understanding the nuances of monocyte involvement in
immune dysregulation is crucial for developing therapeutic
strategies that aim to restore immune balance and mitigate the
harmful consequences of excessive or impaired immune activity
in MDS.

In this review, we hypothesized that TM-expressing monocytes
can potentially regulate inflammatory responses in MDS. However,
the precise mechanism remains uncertain, requiring further
research. It is important to investigate the relationship between
clonal involvement and the immune regulatory role of TM-
expressing monocytes in MDS. This requires integrating insights
from the BM environment and intrinsic cellular abnormalities.
Future studies should also explore the association of TM with
dysmonopoiesis, co-expression of activation markers, and
monocyte function. Advanced technologies such as single-cell
RNA sequencing or multi-parameter flow cytometry could aid in
achieving these goals and may lead to the identification of novel
actionable therapeutic targets.

In summary, TM-expressing monocytes may have a pivotal role
in modulating immune activation in MDS, as indicated by their
correlation with a subgroup of MDS associated with improved overall
and leukemia free survival. However, prolonged immune suppression
could have negative consequences on effective immune surveillance,
especially in higher-risk MDS cases. Thus, further investigations are
imperative to determine whether TM expression merely reflects a
bystander effect, constitutes a (failing) negative feedback mechanism,
or indeed serves as a potential key regulatory function.
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