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Chronic myeloproliferative neoplasms encompass the BCR-ABL1-negative

neoplasms polycythemia vera (PV), essential thrombocythemia (ET), and

primary myelofibrosis (PMF). These are characterized by calreticulin (CALR),

myeloproliferative leukemia virus proto-oncogene (MPL) and the tyrosine

kinase Janus kinase 2 (JAK2) mutations, eventually establishing a

hyperinflammatory tumor microenvironment (TME). Several reports have come

to describe how constitutive activation of JAK-STAT and NFkB signaling

pathways lead to uncontrolled myeloproliferation and pro-inflammatory

cytokines secretion. In such a highly oxidative TME, the balance between

Hematopoietic Stem Cells (HSCs) and Mesenchymal Stromal Cells (MSCs) has

a crucial role in MPN development. For this reason, we sought to review the

current literature concerning the interplay between HSCs and MSCs. The latter

have been reported to play an outstanding role in establishing of the typical bone

marrow (BM) fibrotic TME as a consequence of the upregulation of different

fibrosis-associated genes including PDGF- b upon their exposure to the

hyperoxidative TME characterizing MPNs. Therefore, MSCs might turn to be

valuable candidates for niche-targeted targeting the synthesis of cytokines and

oxidative stress in association with drugs eradicating the hematopoietic clone.
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1 Introduction

Chronic myeloproliferative neoplasms (MPNs) might be defined

as clonal hematopoietic stem cell (HSC) disorders characterized by an

aberrant proliferation of myeloid lineages (1). Furthermore,

according to the 2008 World Health Organization Classification

Scheme, MPNs are classified by as BCR-ABL1-negative neoplasms

(2–5). MPNs encompass a spectrum of clonal hematological

disorders, including three main clinical entities: polycythemia vera

(PV), essential thrombocythemia (ET), and primary myelofibrosis

(PMF) (6). These myeloid malignancies arise due to acquired somatic

stem cell lesions affecting calreticulin (CALR), myeloproliferative

leukemia virus proto-oncogene (MPL), and the tyrosine kinase

Janus kinase 2 (JAK2), usually displaying a valine-to-phenylalanine

mutation at 617 (JAK2V617F) (7). This turns to be the most

prevalent mutation associated with 95% of PV, 60% of ET and

PMF, while CALR andMPLmutations are mainly associated with ET

and MF (about the 50% of patients) (8–11). Even though the 10% of

MPNs patients are triple negative for these mutations, ET and MF

patients may harbor a noncanonical mutations in JAK2 or MPL with

its subsequent clonal evolution (12). CALR plays an essential role in

programmed cell death induced by oxidative stress (13–16). It is an

endoplasmic reticulum chaperone acting in the regulation of protein

folding and Ca2+ homeostasis (17) by controlling cellular stress

responses (18–20). Increased CALR levels enhance cell sensitivity

to hydrogen peroxide (H2O2)-mediated cytotoxicity (21). Although

the mechanism of action triggered by mutated CALR has not been

elucidated yet, its role in inflammation has been associated with its

oncogenic action, since it works as an autocrine growth factor in

synergy with MPL. Corroborating this scenario, several studies

showed that CALR mutations drive oncogenic transformation in a

MPL-dependent manner, eventually stimulating JAK-STAT signaling

(22–25). For these reasons, CALR, MPL and JAK2V617F, despite

they are usually mutually exclusive, have been defined as “driving

mutations”. “Founding mutation”, on the other hand, are still

unknown (26). Several studies reported MPNs propensity to

progress through different disease stages starting from PV or ET

towards an aggressive secondary myelofibrosis (MF), finally leading

to fibrosis, osteosclerosis, and extramedullary hematopoiesis (27–29).

Besides any classification, accumulating evidence suggests that MPNs

may be considered as a valid “human inflammation model” for

cancer development due to JAK-STAT and NFkB hyperactivation,

eventually leading to uncontrolled myeloproliferation and pro-

inflammatory cytokines secretion. The most abundant pro-

inflammatory cytokines involved in the alteration of hematopoietic

TME include platelets-derived growth factor (PDGF), interleukin-1

(IL-1), lipocalin and fibrogenic transforming growth factor-beta

(TGF-b). The latter plays a multitude of roles in osteosclerosis and

myeloproliferation, promoting Bone Marrow (BM) fibrosis,

microvessel density and suppressing physiological blood cell

development (30–32). The JAK2V617F mutation has been

correlated with a prominent redox alteration since the huge

amount of reactive oxygen species (ROS) levels, resulting from an

unbalanced H2O2 ratio following misbalanced catalase concentration

(33). The genesis of a steady inflammatory stream ultimately induces

a chronic oxidative stress state with elevated ROS levels in the BM
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niche (34). In such highly oxidative environment, cellular and extra-

cellular components need to form a continuum to maintain the

balance between biological processes involving HSCs and

Mesenchymal Stromal Cells (MSCs). While BM-HSCs are mostly

kept in a quiescent state, MSCs differentiate into several cell

subpopulation of mesodermal origin, such as adipocytes,

chondroblasts, and osteoblasts (OBs) (35, 36). Anatomically, MSCs

may be found in various structures, including BM, adipose tissue, and

umbilical cord. Inside BM-TME, MSCs are mainly involved in

intercellular crosstalk and proliferation (37). As precursors of BM

stromal cells, they are thought to play a pivotal role in the

pathophysiology of hematological diseases including MPNs. Within

this pathological condition, a significant difference between patient-

derived and donor-derived MSCs has been described (38). The

interplay between MSCs and HSCs in conditioning each other also

concerns HSCs-MSCs-lineage (39). Thus, during ROS accumulation,

the balance between the two populations is impaired, and it

eventually sets the stage for HSCs to evolve

perpetuating vicious circle generates ROS, in turn establishing a

prooxidative and inflammatory microenvironment. To escape from

these non-permissive conditions, the Suppressors of Cytokine

Signaling (SOCS) is activated and binds JAKs and ensures an

arrest of the whole inflammatory process (40–42). Another

intriguing survival pathway in MPNs has been described by Forte

and coworkers, suggesting the contribution of Nestin+ BM-MSCs in

acute myeloid leukemia (AML) development and chemoresistance

in vivo (43). In particular, it has been found that GSH-dependent

antioxidant pathways hold as key role in the BM-MSCs crosstalk

and represents a potential target for adjuvant therapies in MPNs. It

has been also found that Nestin+ niches are reduced in humans or

mice with MPNs (43). Despite the existence of different

pharmacological strategies against MPNs, including interferon-

alpha2 hydroxyurea and statins, patients have higher probability

to experience autoimmune issues or the risk of Acute Myeloid

Leukemia transformation (44). With the introduction of JAK1/2

inhibitors, such as Ruxolitinib, immune system is potently

suppressed, constitutional symptoms are decreased together with

pro-inflammatory cytokines burden in BM-TME (45). Nowadays,

the main issue with JAK-STAT inhibition is related to the poor

Ruxolitinib antioxidant capacity (46). Bjørn et al., evaluated the

effect of Ruxolitinib in producing superoxide radicals and H2O2 by

HSCs-derived monocytes in blood samples from patients with MF

together with DNA damage. The production of superoxide was

significantly decreased during treatment, but no influence on the

generation of H2O2 or the global level of oxidatively altered DNA

was found. As the pro-inflammatory cytokine TGF-b plays a central
role in MF genesis, and the effect of TGF-b on ROS concentrations

has been evaluated in recent studies (47, 48). Results demonstrated

that TGF-b administration increases expression levels of a specific

miRNA, decreasing SOD2 action, and eventually promoting ROS

increase. The recent employment of galunisertib, a small molecule

antagonist of the TGF-b receptor type 1 (TGF-bR1) with possible

antineoplastic action decreased miRNA expression and ROS

increase while resulting in re-established SOD2 activity decreasing

the altered oxidative stress state (49). Considering the vicious cycle

between chronic inflammation and ROS overproduction, we herein
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will discuss the role of ROS in MPNs pathogenesis, together with

the role of JAK2V617F+ neighboring BM healthy MSCs, as tumor

own ability to adapt to BM-TME to manage chronic

oxidative stress.
2 Role of MSCs in fibrosis

The plethora of stromal cells in a normal BM niche suggests that

distinct stromal subtypes have specific roles, not only in normal

hematopoiesis but also in fibrosis (50, 51). MF was thought to be a

reactive phenomenon caused by the interaction between malignant

hematopoiesis and BM-TME mediated by profibrotic cytokines (52).

In this context a breakthrough work has been recently published by

Schneider’s group. Here, the authors performed a spatial RNA-seq

analysis to depict a scenario in which two distinct MSC populations

(MSC-1 and MSC-2) are the main drivers of BM fibrosis. The

progression towards this phenotype was marked by overexpression

of the alarmin complex S100A8/S100A9, which once targeted by a

specific inhibitor improved the overall MPN and fibrosis status (53).

By the abovementioned genetic fate tracing experiments, together

with single-cell RNA-Seq data of the BMniche cell populations, it was

possible to identify five major fibrosis-driving MSCs populations: i)

GLI1+ myofibroblasts; ii) Leptin receptor (LepR)-; iii) platelet-

derived growth factor receptor a (PDGFR-a)-; iv) vascular cellular
Frontiers in Oncology 03
adhesion molecule 1 (VCAM1)- and v) Nestin-expressing MSCs.

Besides their role in fibrosis, these populations also downregulated

the expression of key HSC-supporting factors while they upregulated

fibrosis-related genes (54). GLI1+ myofibroblasts together with

activated cancer-associated fibroblasts (CAFs), play an important

role in BM fibrosis genesis (55) and are assumed to be the major

sources of new matrix components as well as to reorganize the

extracellular matrix (Figure 1) (56). This population is characterized

by the expression of cell surface antigens typical of the hematopoietic

lineage, such as CD45 and CD11b, and also matrix proteins as type I-

III collagen and fibronectin. in this context, recent evidence depicted

the involvement of IGFBP6/sonic hedgehog (SHH)/Toll-like receptor

4 (TLR4) axis in the TME alterations (57). This cascade has been

reported to promote MSCs CAF transition upon IGFBP-6 signaling

stimulation (58). Despite high levels of collagen expressed by

activated fibrocytes, the extracellular space in their immediate

proximity contains few collagen particles and no collagen fibers,

thus suggesting that collagen fibers in MF are not polymerized by

megakaryocytes’ LOX2 (59). To further investigate possible player

within this context, several mice model have been established, which

however usually lack in mirroring patients’ condition (32). ASXL

mutations, for instance, accelerate BM fibrosis by reprograming the

fibrosis-driving potential of hematopoietic cells to fibrocytes, and

further confirm that neoplastic fibrocytes are the major contributors

to BM fibrosis. Regarding BM fibrosis, GLI1+ myofibroblasts are
FIGURE 1

Schematic representation of BM niche fibrosis-driving cell populations and their involvement in extracellular matrix deposition. Arrows indicate the
influence of megakaryocytes, fibrocytes and GLI1+ myofibroblasts in conditioning ECM in BM niches. TGF-b accumulation induces MSC differentiation
into osteoblast and its overall accumulation within the ECM induces ROS production and bone remodeling. HSC: hematopoietic stem cell; MSC:
mesenchymal stromal cell; ECM: extracellular matrix; TGF-b: transforming growth factor-beta.
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highly active and contractile cells, characterized by dense rough ER,

collagen secretion granules, and a-smooth muscle actin (a-SMA)

expression (60). Differential gene expression analysis demonstrated

that megakaryocyte-associated genes were significantly up-regulated

by these cells. Interestingly, among them CXCL4, cytokine-cytokine

receptor interaction pathway, has been depicted as crucial in

establishing a fibrotic state (61) and in regulating HSCs (60).

Approximatively half of all myofibroblasts derive from the GLI1

migrate into the hematopoietic marrow and differentiate into matrix-

producing cells (60). Data indicate that targeting GLI proteins

inhibits GLI1+ cell proliferation and myofibroblast differentiation,

which results in reduced fibrosis and improved organ function (62).

Intriguingly, GLI1+ and LepR+ cells are CD45– non-hematopoietic

cells, which indicates that their differentiation into myofibroblasts is a

distinct process and is independent of monocyte-derived fibrocytes

(55). Arranz et al., showed that BM Nestin+ MSCs, which are

innervated by sympathetic nerve fibers, regulate normal HSCs and

that abrogation of this regulatory circuit is essential for MPN

pathogenesis. It has been demonstrated in MPN and also in other

tumors, that MSCs expressing the marker Nestin directly support

cell survival and chemoresistance by increasing oxidative

phosphorylation (OXPHOS) and simultaneously provide with key

antioxidant tools necessary to balance ROS levels during

chemotherapy (63–65).
3 The role of MSCs in osteosclerosis

In addition to BM fibrosis, up to 70% of MF patients develop

osteosclerosis, a well-established indicator of poor prognosis.

Recently, Avanzini and colleagues reported genetic and functional

aberrations of BM-MSCs in MPNs and showed that MSCs exhibit

decreased proliferative abilities as well as decreased osteogenic

capacities also confirmed through in vitro ed in vivo experiments

(32). The direct effect of these alterations is a shift in the balance

between osteoblastogenesis and osteoclastogenesis, creating an

osteosclerotic state (66). Bone modifications are hallmark of PMF

since they represent one of the direct results of BM disruption.

Osteosclerosis remains the most common bone change, which

represents a pathological event characterized by increased bone

density and abnormal hardening (66), and its pathogenesis is still

largely unknown. In recent years, an increasing number of studies

point towards an important involvement of the MSCs niche in

osteosclerosis. Firstly, osteosclerotic regions are produced by the

irregular thickening of bone trabeculae, new bone shaping and

consequent bone volume growth, secondly, increased BM activity in

some regions, such as the vertebral column, pelvis or proximal

segments of long bones, remain the most affected by such

alterations (67). The physiological bone morphology and

functionality are strictly dependent on the accurate setting of the

marrow osteoblastic niche as well as the balance between mature

bone tissue, endosteum and central BM (68). As part of the BM

niche, MSCs support hematopoiesis and restore the differentiated

compartment of OBs during tissue growth and turnover (69–71).

Tumoral hematopoietic cells stimulate MSCs to proliferate and to

adopt an abnormal differentiation program that results in the
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overproduction of functionally altered OBs lineage cells, which

accumulate in the BM cavity as inflammatory myelofibrotic cells

(Figure 2) (72). Park et al. (73), showed that a subset of Nestin+

MSCs found in vivo are able to replace short-lived mature OBs to

maintain homeostasis and respond to bone injury. MF

osteosclerosis is thought to be induced by overstimulated MSC-

derived OBs or impaired bone resorption. While OBs differentiation

is also due to TGF-b1 release, in turn inducing the expression of

bone morphogenetic protein (BMP), osteoclasts (OCs) are

increased and they show an impaired osteolytic activity,

eventually distorting bone remodeling and contributing to the

induction of osteosclerosis (74). The development of OCs is

highly skewed towards proliferation in both primary and

secondary MPN-associated MF. Veletic and coworkers

demonstrated that neoplastic monocytic progenitors retain their

aberrant genetic constitution, even after full differentiation into

mature OCs (74). However, fusion of such progenitors seems to be

profoundly impaired, and MF OCs are unable to fully acquire the

phenotypical features associated with efficient bone resorption,

particularly multinucleation and the development of actin-rich

structures. At least to a certain extent, this process happens

independently of the non-malignant MSCs, although it seems to

be impacting the OBs as well. Evidence demonstrates that even

thoughMF OCs are hyperproliferative, their function is intrinsically

suppressed due to the inherited neoplastic burden, which in turn

contributes to the osteosclerotic dysplasia of the MPN-affected BM

(74). Schepers and coworkers showed that OBCs derived from

multipotent stromal cells, expand in the presence of malignant

hematopoietic cells, which results in matrix production and

trabecular thickening (75). Under osteogenic differentiation

conditions, MSCs from PMF patients showed an increased

capacity to mineralize extracellular bone matrix in vitro and to

form new bone in vivo in immunodeficient mice (32). Furthermore,

novel pharmacological approaches are on their way to improve the

current strategies in fighting MPNs progression. In this context it

has been reported that targeting IL-1b by using a specific antibody

might decrease reticulin fibrosis and osteosclerosis in a preclinical

JAK2-V617F MPN mouse model. For this reason, a combination

therapy with JAK1/2 inhibitor might represent a future direction for

MPN therapeutic approach [86].
4 The role of oxidative stress
in MPN-MSCs

As described above, the perpetual generation of an

inflammatory stressing state, leads to the establishment of an

optimal environment for mutations accumulation, including

MSCs. Allegra et al. reported that by stimulating p38–MAPK,

AKT/mTOR and JAK/STAT in progenitors and leukocytes it

causes a condition of chronic oxidative stress with increased

concentrations of ROS in the BM, eventually triggering germline

mutations (40). Such not permissive condition has been correlated

with MPN onset. Supporting this data, increased ROS levels

produced by TME components the stem cell clone itself
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constantly produces inflammatory components in the BM. These

elements further increase clonal expansion, thus leading to a

positive feedback loop (40). In order to characterize the role of

altered BM-MSCs during inflammation, Desterke et al. collected

information from PubMed and gene databases and crossed these

with the gene expression profile of BM-MSCs performed in PMF

patients (76). Several altered pathways were identified including

oncostatin M and TGF-b signaling triggering misregulated DNA

damage, senescence, and autophagy. This has been also confirmed

in PV and ET where chronic inflammation in BM-TME induces a

hypersensibility of MSCs to inflammatory molecules participating

in creating the previous mentioned vicious circle (77). Since TGF-

b1 and the subsequent oxidative stress are key regulators for DNA

methylation in cancer (78), it has been reported that PDGF-b gene

is hypomethylated, thus correlating with a poor prognosis,

eventually harboring a significant fibrosis grade (76). Halogenated

cytosine residues are indeed one of the most common DNA damage

signature mediated by inflammation (79–81). These inflammation

damage products have been detected in human leukocytes where

the methyl-binding proteins are not able to distinguish methylated

and halogenated DNA; thus, DNA methyltransferase (DNMT) 1

could be deceived and they lead to the accumulation of these

analogues within the genome (82–86). An initial halogenation,

triggered by inflammation, could direct methylation of the

complementary DNA strand, eventually resulting in heritable

alterations in genome methylation pattern.
Frontiers in Oncology 05
5 Conclusions and future directions

Herein, we reviewed the regulatory properties of MSCs in

immune-mediated or inflammatory conditions, shed light on the

fact that MPNs are diseases sensitive to ROS overload together with

the central role of the innate immune system in the modulatory

effects of MSCs. The pro-inflammatory status induced by oxidative

stress increases the risk of malignant transformation. Many aspects

concerning the relationship between chronic myeloproliferative

diseases, genetic alterations, and inflammation were recently

clarified. MPNs are characterized by increased generation of one

or more forms of myeloid cells, together with the impairment of

neighboring healthy MSCs (40). The excessive ROS accumulation

give rise to overstimulated fibrocytes and OCs leading to the onset

and progression of disease (87). Inflammatory cytokines are also

capable of influencing disease onset as well as its evolution and

prognosis. This altered state is also sustained by platelets and

megakaryocytes which participate in inflammation and immunity

(88). The employment of antioxidants could be advantageous in the

treatment of MPNs, since Ruxolitinib has little antioxidative

capacity. Furthermore, MPNs patients usually undergoes blood

transfusion. The iron overload resulting upon this step might also

enhance ROS accumulation (65, 89). For this reason, in the latest

research lines has been reported that the usage of N-adenyl-cysteine

(NAC) decreases bone marrow fibrosis in patients with MPN and

could potentially aid with HSCT engraftment (90). This work might
FIGURE 2

Schematic representation of MSC proliferation and differentiation abnormalities stimulated by tumoral hematopoietic cells. Aberrant osteolytic
activity mediated by osteoclasts leads to bone remodeling and to altered osteocytes, overall contributing to the induction of osteosclerosis. MSC:
mesenchymal stromal cell; TGF-b: transforming growth factor-beta.
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potentially open the path towards the inclusion of antioxidant drugs

in the fight against MPN progression. Recognizing the genetic and

external elements that participate in the myelofibrotic evolution of

MPNs is of crucial importance for early detection as well as to

initiate therapies inhibiting or reversing disease development in

MPN patients. The fact that genetic ablation of GLI1+ cells abolish

BM fibrosis and restores hematopoiesis indicates that GLI1+ MSCs

are a promising therapeutic target (53, 60). Considering the cross-

influence between the BM extracellular matrix composition and the

proliferation/differentiation capability of HSCs, the stimulating

issue concerning the impact of stromal cell alterations on

hematopoiesis needs to be elucidated. By being “bad stromal

cells”, MSCs take entirely part in the “bad seed in bad soil”

concept and strengthen the importance of stromal cells in the

development of a neoplasia. Therefore, MSCs from patients are

good candidates for niche-targeted therapies that, in association

with drugs eradicating the hematopoietic clone, would improve

patient treatment. In this scenario, novel therapeutic targets are

stepping in front. It has been recently reported that MF patients

overexpress the cyclin dependent kinase 6 (CDK6) which might

turn to be a novel target. Corroborating this idea, the authors show

an enhancement of the Ruxolitinib effect in synergy with CDK6

inhibitor Palbociclib, significantly reducing leukocytosis,

splenomegaly, and bone marrow fibrosis in Jak2V617F and

MPLW515L murine models. However, the improvement of MF-

related animal model is nowadays a crucial step to dissect the effect

of novel approaches on immune cells and the mesenchymal

counterpart in the BM milieu. To develop animal models that

appropriately address the complex interplay among HSCs, MSCs

and immune system in TME where these cells execute their

regulatory function, becomes extremely important. In particular,

it may be helpful to dissect the molecular pathway involved in the

generation of anti-inflammatory cells, in vitro and that result may

help to design relevant immunocompetent animal models in order

to enhance the antioxidant capability of MSCs to positively

counterbalance the negative effect of the oxidative damage. From

the MSCs point of view it could be possible to manage the

mechanisms through which MSCs may promote or suppress

tumor progression and the possible tumor-promoting activity of

MSCs may be useful in choosing the right mesenchymal population

based on the specific cancer type with a successful application in

patients. As the main goal to be achieved is to operate on the

pathways that control the synthesis of cytokines, oxidative stress
Frontiers in Oncology 06
and genome instability as well, it may be suggested that acting on

the inflammatory state as a therapeutic approach in MPNs could be

effective in reducing the possibility of leukemic progression and

onset of complications. Nevertheless, this promising property of

MSCs, independently on their HSC-supporting capacity and the

immunomodulatory effect, warrants extensive and deeper studies.
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