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Abstract

Primary Myelofibrosis (PMF) is the end-stage of Philadelphia-negative myeloproliferative neoplasms
(MPN) and is characterized by fibrosis and hematopoietic failure in bone marrow, with a consequential
migration of the malignant hematopoietic stem cells (HSC) in the spleen where they induce ineffective
haematopoiesis. To date, available therapies for PMF are still palliative and do not halt the progression
of this neoplasm.

During my PhD years, our laboratory investigated the factors promoting the onset and progression of
PMF. In our PMF mice model, Gatal'®" mouse, we studied the role of the interaction of HSC niche
with megakaryocytes and HSC localization in the bone marrow during their division and cycle. We
observed the inflammation and the main protagonists (LNC-2, CXCL1, and TGF-B) of this process
and how their level changes before and after the onset of the disease. We investigated the different
megakaryocyte populations in the fibrotic environment in different organs (lung and bone marrow) to
define the megakaryocytes implicated in this process. In human samples, we described different
ultrastructural abnormalities of megakaryocytes from the bone marrow and the spleen, identifying a
possible different metabolism in those two populations.

In conclusion, we highlighted the intricated crosstalk between the megakaryocytes, the niche and HSC
in PMF. We identified megakaryocytes-dependent cytokines altering the homeostasis of the niche and
HSC. Those cytokines could be used as alternative therapeutic targets. Furthermore, we observed
different megakaryocytic populations in different organs, providing new prospective on the role of

megakaryocytes in different microenvironments.



Introduction

Primary Myelofibrosis

Philadelphia-negative myeloproliferative neoplasms (MPN) are a group of heterogeneous clonal
disease derived from a malignant hematopoietic stem cells (HSC) including Polycythemia Vera (PV),
Essential Thrombocythemia (ET) and pre-fibrotic MF (pre-MF) and Myelofibrosis (MF). The onset of
MF could occur spontaneously, without previous condition (Primary Myelofibrosis, PMF), or could be
the end-stage of other MPN, such as PV or ET 2. PMF is characterized by the presence of abnormal
megakaryocytes in the bone marrow, driving the progression of the diseases, the presence of fibrotic
tissue, leading to the destruction of the bone marrow environment, and the consequential hematopoietic
failure, increasing the migration of progenitor cells in the spleen as an extramedullary hematopoietic

sited.

Genetic Landscape of Primary Myelofibrosis

ET, PV and PMF have been widely investigated in the last decades and, to date, three principal mutual
exclusive mutations were recognized: Janus kinase 2 (JAK2), Calreticulin (CALR), and
Myeloproliferative Leukemia Virus Oncogene (MPL) mutations. The percentage of those three
mutated genes is different for each neoplasm. Mutation in JAK2 gene is the most common in MPN:
~98% in PV, ~in 50% in ET and in PMF 50-60% patients**. CALR mutation is under 1% in PV, 20-
25% in the ET and 25-30% in PMF #. The other more common and important mutation MPL is still
less than 1% in PV, 6-7% in ET and 7-10% in MPN #. About the 10% of the PMF and 5% of ET

patients do not express those mutation and are defined as triple negative®2,

In the JAK2 exon 14 a G>T base substitution in 1869 position lead to an amino-acid substitution of a
valine in 617 position with a phenylalanine (JAK2V6F) ®  This gain of function mutation causes a
constitutively activation of JAK2. This tyrosine kinase receptor is constantly phosphorylated and
transducing JAK/STAT signal that increase the cytokines production, promotes the
myeloproliferation, inhibits apoptosis and de-regulate all signaling from other receptor implicated in
megakaryocytic or erythroid differentiation *t. CD34P° from PMF peripheral blood with JAK2V617F
mutation increased the production of immunoproteasome genes, INF-y(interferon gamma) pathway
and other immune protein respect to healthy control or PMF patients without the JAK2V6L7F 8.12
Mutation on the exon 12 of JAK2 is just a small percentage of the PMF patients (2/3%) % and the
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mutated cells are more skewed towards erythrocyte phenotype, with upregulation JAK2-STAT1
signaling instead of JAK2-STAT3%,

CALR most common mutations are in exon 9: a deletion of 52 bp (p.L367fs*46, type-1) and a insertion
of 5 bp (p.K385fs*47, type 2) ¥ . The result of these mutations is C terminus with the deletion of all
or half of the negative ammino-acids (Type-1 mutation and Type-2 mutation respectively) ¢ . This C
terminus presents Calcium binding function and an endoplasmic reticulum retaining signal (KDEL
motif), the loss of this disrupts the Calcium binding and its mobilization from the endoplasmic
reticulum which regulate the megakaryocytic functions!’!8, Interestingly, mice with the deletion

mutation, Type-1, progress towards MF more frequently than the insert mutation®2°,

MPL gene encodes for the thrombopoietin (TPO) receptor and its mutation in exon 10 sustains the
uncontrolled proliferation of hematopoietic cell lineages, in particular the megakaryocytic lineage. The
thrombopoietin axis is not just sustained by the mutation in its receptor, but both the JAK2 and the

CALR mutations can upregulate MPL, resulting into hyperproliferation of the malignant cells?*.

Further studies on the triple negative patients highlighted the presence of other mutation which
influence their prognosis 8. TET2 (member of the ten-eleven-translocation 2) 2 gene was still under
observation for evaluating its contribution on the prognosis of MPN patients, while ASXL1
(Additional sex combs like 1)%, SRSF22! (Serine/arginine-rich splicing facto) or U2AF1%2 (U2 small

nuclear RNA cofactor) genes are known to correlate with a poor prognosis.

Pathophysiology and Diagnosis of Primary Myelofibrosis

The main features of PMF are the presence of a large amount of cluster of abnormal
megakaryocytes and the deposit of fibers of reticulin and/or collagen that distinguish the PMF from
the pre-MF %223, The fibrotic tissue can be divided in different grades. In PMF patients, the fibrosis of
grade 2 (dense fiber of reticulin diffuse, sparce focal bundles of thick fibers composed by collage
deposit and focal osteosclerosis) or grade 3 (increase in the presence of extensive intersections and
course bundles of thick fibers of reticulin and collagen and focal osteosclerosis)?-% can be observed.
The presence of the fibrotic deposit and the upregulation of pro-inflammatory cytokines deplete the
bone marrow of the erythropoietic tissue driving the onset of the anemic state in those patients?. To
compensate, the erythropoietic progenitor cells migrate in others organ, such as the spleen, that do not
present the optimal environment for erythropoiesis. The relocation of those cells and the request



for counterbalance the loss of the erythropoiesis lead to enlargement of the spleen ?”. Consequential to
the splenomegaly, the spleen fails to produce functional and mature erythrocytes. Furthermore,
amplyfied erythrocyte turn-over and the increase of the volume of produced plasma aggravate the
anemic state. Another common (26%) feature in the PMF patients is thrombocytopenia. As the anemia,
the factors of this phenomena are similar, and it can be related to some treatment too. It was observed
that some mutation (for example in the U2AF1) are present in patients developing thrombocytopenia,
but those genetic mutation are not necessarily correlated 2. In PMF patients, thrombotic events are
observed, though until now the mechanism is not clear. Those thrombotic events can be associated
with the high activation of the patients’ platelets, indicated by an elevated P-Selectin expression on
their surface and to a greater interaction between the megakaryocytes with the leukocytes enhancing
the production and activation of the platelets 22-*°, The thrombopenia and thrombosis can lead to a high
risk of bleeding of those patients 3132 . Correlated with the high inflammatory environment of the bone
marrow by the amount of pro-inflammatory cytokines, the production of white blood cells increases
and the presence of neutrophil leukocytosis or monocitosis can be observed in those patients 133334 In
the peripheral blood of PMF patients, the presence of immature myeloid cells is due to the inefficient
hematopoiesis from the extramedullary organs. The presence of those blast cells, with the onset of the

fibrosis in the bone marrow, indicates the progression and aggravation of the PMF.

The diagnosis of PMF is based on the presence of three major criteria and at least one of the minor,
that need to be confirmed in two separate consecutive determinationst. The major criteria are:
1) histologic analysis of bone marrow: presence of cluster of megakaryocytes with abnormal structure
(different size with abnormal nuclear/cytoplasmic ratio, hyperchromatic and poorly developed nuclei),
increase granulocytic population and cellularity but decreased erythropoietic tissue, paired with fiber
of collagen and reticulin; 2) genetic analysis for the most common mutations (JAK2, CALR, or MPL)
or other clonal marker for clonal hematopoietic neoplasms 3) no presence of WHO criteria for other

MPNs, myelodysplastic syndromes or myeloid malignancy?.

The minor criteria that need to be investigated are: leukocytosis (> 11x10%L). leukoerythroblastosis,
anemia not related to previous condition, increased LDH levels and palpable splenomegaly.
Available Therapies

PMF present an incidence of 0.49/100,000 person-years -3 with a slight prevalence in the males

and a median age of prognosis at 65 years®. In the case of elderly patients, the median overall
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survival is 5 years, while for patients with the estimated prognosis before the 60 years of age the
survive rates can reach 15 years after the diagnosis 223, The primary causes of death in PMF are the
progression from PMF to leukemia, the high risk of cardiovascular complication or infection and
bleeding events due to cytopenia #%3. To date, PMF is an unmet clinical need, and the only effective
treatment is the allogeneic stem cell transplantation 23%4°, Unfortunately, just the 20% of PMF patients
present the right criteria (less than 75 years of age, proper available donors, absence of additional
clinical conditions and other factors) to undergo the stem cells transplant procedure 23°4°, Most of the
patients are enrolled in clinical trials for new therapy treatments 23°. The employment of JAK
inhibitors, such as Ruxolitinib (Jakafi, Incyte, Wilmington, DE, USA), even though as a palliative
cure, was proved to decrease the spleen size and permits to bypass the splenectomy. Ruxolitinib was
approved by FDA (Food and Drug Administration) in 2011 for the PMF 443 | The effects of this JAK
inhibitor comprehend the reduction of clonal proliferation and the inflammation environment. It is
often delivered in association with Hydroxyurea to improve the anemic state of this patients 23944,
Ruxolitinib is not the only JAK inhibitors approved: Fedratinib (Inrebic, Bristol- Myers Squibb, New
York, NY, USA)* and Pacritinib (Vonjo, CTI Biopharma, WA, USA)*4" show also good results in
the management of PMF. Currently one other Jak inhibitor treatment is under evaluation:
Momelotinib* is currently on the Ill phase clinical trial (NCT02124746) to test its safety and
tolerability.

Due to the palliative nature of those treatments and limited number of options after the failure of
these first line drugs, the research for more and different therapeutic targets is still growing. At
present, a phase 11/111 study (BOREAS, NCT03662126) is recruiting PMF patients with failure JAK
inhibitor therapy to evaluate the efficacy of KRT-232, the inhibitor of MDM2, that is high expressed
in circulation malignant CD34+ in PMF patients and acts on the apoptosis signaling of those cells®.
Other clinical trials are searching for a target in the epigenetic modification: CP1-0610 (Constellation
Pharmaceuticals, Cambridge, MA) is currently in a phase Il clinical trial in combination with
Ruxolitinib or placebo (NCT04603495) in patients that were not been treated with JAK inhibitor
before. This drug targets the epigenetic modifiers the bromodomain and extra-terminal domain (BET)
protein to decrease the expression of inflammatory molecules, such as NF-kB, or inflammatory
cytokine, known to implement the progression of PMF*. More cytokines are under clinical trials. In
mice models Gatal'®¥, Reparixin, a small-molecule inhibitor of the interleukin 8 (IL-8) receptors,
considerable results in ameliorating the bone marrow fibrosis of the mice by blocking the production
of the transforming growth factor — beta 1 (TGF-1), collagen I1l and promoting the maturation with

the increase of GATAL expression®!. To date, Reparixin is under a phase Il study for MPN patients
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(NCTO05835466). Interesting, the TGF- 1 signaling pathway was studied as a possible therapeutic
target. TGF- 3 1 is produced by the PMF megakaryocytes in the bone marrow and in the serum of those
patients its levels is elevated respect to the control °2°3 . Furthermore, TGF- B 1 induces a quiescent
state in normal stem cells 4*°. AVID200 (Forbius, Austin, TX, USA) is a TGF-B1/3 trap molecule
pre-clinically tested in the PMF murine model, Gatal'™ with excellent result (increase in the bone
marrow cellularity, decreased of fibrosis and spleen size and number of splenic malignant
hematopoietic cells) % . AVID200 has been explored in a phase Ib with promising results % . Of
mention, our laboratory has provided insight on the role of P-Selectin in PMF 285! and its inhibitor,
Crizanlizumab, is currently under Phase I/11 study in combination with Ruxolitinib (ADORE clinical
trial, by Novartis)®’.

Megakaryocytes

The production of platelets is the first and most known function of megakaryocytes. The main site
of those large cells is the bone marrow. The process of maturation of those cells from the HSC in the
endosteal niche of the bone marrow is denominated megakaryocytopoiesis, while the last stage of
maturation and the consequential release of the active platelets is termed as thrombocytopoiesis.
Distinctive features of this maturation process are the increase of the megakaryocytes size, the
compartmentalization of the cytoplasm and the poly-lobulated nucleus 58%° . Decades ago, Zucker
Franklin firstly described the four stages of the maturation of the megakaryocytes by ultrastructural
criteria: Stage 0 or pro-megakaryoblast (< 15um of diameter), Stage | or pro-megakaryocyte (15— 50
um of diameter, high presence of ribosomes in the cytoplasm, well-developed rough endoplasmic
reticulum, increase in nuclear size and expression of specific megakaryocytes markers as CD41), Stage
Il or pro-megakaryocyte (50 - 80 u m of diameter, appearance of a demarcation membrane system
(DMS) and of platelet territories with granules), and Stage Il1, the mature megakaryocyte (>
80 u m of diameter, polylobate nucleus and distinctive DMS with platelets territories and the
expression of typical megakaryocytic markers, such as CD61 and CD42b) 86062 Starting from the
megakaryoblasts stages, the cell duplicates their DNA without cellular division (a process called
endoreplication) that lead to the typical nuclear polyploidization of the mature megakaryocytes, with
a set of chromosomes up to 64N®2. Previous study has highlighted how the number of chromosome
copy is correlated with the size of the mature cell and the capacity of forming platelets 6263, In the pro-
megakaryocyte stage, another typical megakaryocyte features appears: the DMS and granulocytes. The
DMS is an invagination of the plasma membrane of the cell delimiting areas, named pro-platelets

territories, with the presence of granules, endosome vesicles containing specific



platelet proteins and growth factor 4. In particular, the a-granules (about 500 nm in size) are divided
in stimulatory granules (with growth factor such as Vascular Endothelial Growth Factor (VEGF) or
TGF-B1) and inhibitory granule (with endostatin and thrombospondin). Instead, the dense granules

(about 300 nm in size) contain ADP and other molecules implicating in the coagulation process®-.

Intrinsic factors, such as GATAL and GATA2 transcription factors, precisely regulates the maturation
of the megakaryocytes. GATAL is necessary for the correct maturation of the megakaryocytes, while
GATA2 guides the HSC commitment to the erythroid-megakaryocytic lineage % . In particular,
GATA1L mutation is proved both by in vivo and in vitro studies to lead to thrombocytopenia, inhibition
of megakaryocytic maturation and altered expression of megakaryocytic-specific genes (such as PF4,
platelets factor 4, or CD41, o chain of glycoprotein 11B)®"~"°, This process is regulated by extrinsic
factors too and the most important one is the glycoprotein hormone, TPO™. The binding of TPO with
its receptor, MPL, activates a sequence of transduction signals (JAK/STAT, MAPK/ERK and
PI3K/AKT pathways) regulating the megakaryocytes-specific genes expression’*-"3, Furthermore, in c-
mpl-deficient mice a reduced number of megakaryocytes and thrombocytopenia was reported "+, TPO
influence is present during the whole maturation process and the MPL is always expressed’* during
this process, from the plasma membrane of the progenitor cells to the ones of the platelets. The
microenvironment of the bone marrow exerts an important role on the megakaryocytopoiesis
regulation. In cells cultured, it was demonstrated that factor as the interleukin 6 (IL-6) 757, from the
liver, and the interleukin 3 (IL-3) 7" and granulocyte-macrophage colony- stimulating factor (GM-
CSF) ’® enhance the effects on the megakaryocytopoiesis of TPO. To exert their primary function, the
release of platelets, and complete their maturation, the megakaryocytes need to migrate from the
endosteal niche to the perivascular niche. This process is regulated by the interaction CXCR4/CXCL12.
The CXCRA4 is highly produced by the megakaryocyte progenitors and is progressively downregulated
during the maturation, losing the bonding to the CXCL12 produced by the endosteal niche cells and

promoting the migration and final maturation of the megakaryocytes’®-2.

In the last years, multiple studies have undercover the heterogenicity of megakaryocytes and those
transcriptomic analyses have improved our knowledge on the function and different megakaryocytic
subpopulations. In addition to the conventional population of megakaryocyte deputed to the production
of platelets (platelets-poised), a population that exerts the important function of regulate the HSC niche
(niche-poised) and a third population with the immuno-expression signature (immuno-poised). In

physiologic condition, a small percentage of megakaryocyte are present in the



lung, where they exert their function as platelets reservoir 884, |efrancais ® described, with RNA-
Sequencing (RNA-seq) analysis, the interesting immuno-signature in lung megakaryocytes, opening
the road for a more complex and exciting view of their function. With single cell RNA-seq resolution,
megakaryocytes from the lung and the bone marrow were compared, discovering antigen- presentation
like and/or immune-signature in the lung population -8 This immuno-population of megakaryocytes
in the lung unfold the possibility of understanding the mechanism and outcome of pulmonary
pathology such as idiopathic pulmonary fibrosis or asthma and lead to new possible therapy targets for
those diseases. The niche-poised megakaryocytes express an extracellular matrix signature (i.e.
collagen genes) and TGF-B1 responsive genes, indicating their role in the remodeling of the niche’s

structure®s.

Several studies indicate that during the maturation, probably at the Stage | or at the hematopoietic,
stem cells can differentiate towards one of the three megakaryocytic sub-populations and that the
microenvironment can influence that outcome 8- - Unfortunately, the megakaryocytic sub-
populations do not present a distinctive morphology that can be used for identifying them. These
expression profile studies were paired with a ploidy analysis that may indicates that a lower ploidy is
correlated with the function of the population 8 . Immuno-poised megakaryocytes present a lower
ploidy (2N-8N), pointing to a more immature stage, while the platelets-poised population present the
32N-64N ploidy typical of a mature and active megakaryocyte & . Interestingly, the balanced
expression of GATAL and GATAZ2 (from low to high expression and vice versa, respectively) in the
platelets- and immuno-poised regulate the maturation of those population, while in the niche poised

the expression of those intrinsic factor seems to be reverse®%,

Role of the Megakaryocytes in the progression of Myelofibrosis

In the °70, Zucker Franklin was the first to report abnormal megakaryocytes in the bone marrow of
PMF patients and to identify those cluster of abnormal megakaryocytes as hallmark for PMF ¢, The
PMF megakaryocytes present immature abnormal ultrastructural feature indicating a halt in the
progression from the pro-megakaryocyte to the mature megakaryocytes . PMF stem cells are bias
towards the megakaryocytic lineage and PMF megakaryocytes are characterized by a defective
polyploidization, resulting in a hypo polyploid nuclei, absent or reduced DMS, few atypical granules,
high proliferation rate and resistance to the apoptosis signaling %°°* . In accord with the delayed
maturation phenotype of PMF megakaryocytes, studies have reported a low expression of the
transcription factor GATAL in the megakaryocytes from PMF bone marrow and how its restoration can

rescue the immature phenotype %%, Both in PMF patients®® and Gatal'®” mice (murine model



for myelofibrosis that express a low level of Gatal)®® the reduced protein levels of GATAL seems to
be connected to a defective ribosome signature.

PMF megakaryocytes drive of the progression of bone marrow fibrosis by secreting a great number of
molecules 19191 TGF- B 1, Platelet Derived Growth Factor (PDGF), Fibroblast Growth Factor (FGF),
VEGF, TPO, PF4, IL-6 and IL-8, Secreted phosphoproteinl (SPP1), Bone morphogenic proteins
(BMPs), Oncostatin M are some of the most interesting megakaryocyte-derived cytokine and growth

factors?00,

PMF megakaryocytes express high levels of extracellular matrix component such as fibronectin, type
IV collagen and laminin 1°2, The production of this components can be direct 12 or indirect. Most of
these megakaryocyte-depending factors, such as FGF 101103 pDGF104105 Spp1106107 and Oncostatin
M?108.109 act on the fibroblast stimulating their activation and the production of collagen and reticulin
fibers. PF4 did not directly stimulate the fibroblast but trigger the stromal cells to differentiate in
myofibroblast °. Even though in PMF patients” high levels of PF4 was not detected !, in mice model

its ablation ameliorate the bone marrow fibrosis!!?.

The stimulation of TGF- B 1 on fibroblast and other cells to produce extracellular matrix is well
documented 52113116 TGF- B 1 is primally produced by PMF megakaryocytes and both in PMF
patients and murine models is present in high levels 117-120 Furthermore, defective expression of TGF-
B 1in mice model rescue the TPO-induced fibrosis in the bone marrow of those animals 2. TGF- p1
creates a malignant feedback loop increasing the production of other factors, for example, VEGF%2123
or BMP106:124125 "\yorsening the clinical situation. To highlight the importance of TGF-

B1, this growth factor coordinates the fate of HSC, balancing their quiescent or self-renewal 12° . As
mentioned above, for its importance in the augment of fibrosis and progression of PMF, TGF-B1 was

used a possible target in a phase Ib clinical trial®.

The pivotal role of the axis TPO/MPL is enhanced in the megakaryocytes from PMF. The level of
MPL expression on the surface of the PMF megakaryocytes membrane is decreased. Moreover,
JAK2VEF mutation megakaryocytes, with constitutive active JAK2, present an enhanced degradation
and reduced the recycling of MPL. This mechanism leads to the increasing of TPO levels, and in a

boost of the availability for the HSC that are induced to proliferate 729121,

The inflammation plays an important role in the progression of PMF%’. PMF patients present a high

level of IL-6 and in Pf4-cre/JAK2VeIF mice animal model IL-6 increment promotes
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erythropoiesis 1281% | Megakaryocytes expression of IL-6 is promoted by the accumulation of
fibronectin, rich in PMF patients 13!, Unfortunately, IL-6 was proved a poor target in the therapy of
myeloproliferative neoplasms*?8-130_ Of interest, IL-8 plays a significant role in PMF and could be a
possible therapeutic target. Megakaryocytes produce 1L-8'%? whose level in PMF patients is elevated
both in serum and plasma'®. IL-8 and its receptor (CXCR1 and CXCR2 - CXC chemokine receptor
land 2 -) are directly implicated in the megakaryocyte proliferation and maturation ** . LCN-2 plasma
levels are elevated and its high production from the megakaryocytes was proved to build the abnormal

microenvironment typical of MPN patients!%,

PMF megakaryocytes deeply manipulate the neoplastic microenvironment % . The interaction with
the fibroblasts is not the only worth mentioning. In this inflammatory background, the mesenchymal
stromal cells of the HSC niche are highly disturbed and leads to more clinical alteration33127,

The crosstalk with inflammatory cells is of great interest. Macrophages/monocytes were found in great
number in the bone marrow of PMF, deepening the inflammatory microenvironment and promoting
its progression 3713  The strong interaction between PMF megakaryocytes and neutrophils seems to
be connected to the outcome of this neoplasm. The process of the passage of neutrophils through the
megakaryocytes (the emperipolesis) is increased in PMF, which may lead to an increase in the
secretion of a granules from those megakaryocytes 9139140 QOsteoblasts proliferation is influenced by
the secretion of megakaryocytes, leading to a process of osteosclerosis encountered in PMF patients

and some murine models41-143,

Distinctive functional populations of megakaryocytes were explored in the PMF framework. In their
remarkable paper, Psaila and coworkers ¥** compared HSC from peripheral blood of JAK2V®1’F of
PMF patients and matched healthy control. In particular, they investigated the sub-fraction CD38P
and CD38™9 of CD34 P cells expressing the CD41 megakaryocytic marker to identify the
megakaryocyte progenitors. After the demonstration that the HSC JAK2V6'’F are skewed toward the
megakaryocytic lineage, they identify an aberrant megakaryocytic population with a high
inflammatory and fibrotic gene signature respect to the control 44 . The altered production of collagen
and other bone marrow-matrix molecules from PMF megakaryocytes 12145 may suggest a high

presence of the niche-poised population in the bone marrow of those patients.

Hematopoietic Stem Cells and their niches in the bone marrow

HSC are the backbone for all the hematopoietic populations. These pluripotential stem cells

can maintain their pluripotency with a self-renewal process or differentiate in every functional
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hematopoietic cell, from the erythrocytes and megakaryocytes to the immune system populations.
Studies demonstrated that HSC are present in the first haematopoiesis (primitive haematopoiesis) at
the embryonic stage, in the aorto-gonado-mesonephric region, and then became the only source of new
hematopoietic cells in the definitive haematopoiesis in the fetal liver and then in the bone marrow?46:14,
The fate of the HSC, quiescence, self-renewal or differentiation, is finely regulated by intrinsic*® or
extrinsic factors'#°. Intrinsic factors are mostly implicated in the regulation of the cells cycle, such as
the retinoblastoma protein (RB) family genes, in the quiescent state!® or in D-cyclins family and
CDK4/6%51152, Extrinsic factors derived from the extracellular matrix or the bone marrow niche can be
also influence the fate of the HSC 49, Interestingly, aged-related alteration of the bone marrow niche
population influences the fate of HSC 4°. Aged niche cell population express high levels of pro-
inflammatory cytokines and the chronicle exposure to inflammation drives the loss of HSC self-

renewal ability and impairs their function 52,

Inflammation in the bone marrow is a known major stimulus to promotes the aged phenotype of the
HSC and the myeloid differentiation **1° . Furthermore, the role of the mesenchymal stem cells,
differentiating into the adipocytic population, increases the secretion of pro-inflammatory cytokine in
the bone marrow niche microenvironment and contributes to this senescent phenotype of the HSC
16,157 The aged HSC increased the risk of malignant transformation, in particular due to the age-
related clonal hematopoiesis, the expansion of HSC clones presenting genetic mutation that can lead

to the malignant transformation®4.

The bone marrow niche is a unique microenvironment composed by a variegated number of cell
populations. The niche support and promotes the hematopoiesis, regulating the state of HSC and their
progenies. In particular, two functional anatomical niches in the bone marrow were identified: the
endosteal and the vascular niche®®1%, The endosteal niche, localized in between the endocortical and
trabecular surfaces of the bone, maintains the quiescence of the HSC *5%-162 while the vascular niche,
in the extravascular space between the sinusoids or around the different vessels, promotes the
proliferation and the differentiation of those stem cells 15160163 The aging process affects the niche
microenvironment %3164 and, with the increase on the secretion of pro-inflammatory cytokine, may
influence the reduction of the regenerative ability of the HSC% and plays a role in the progression or

outcome of different hematopoietic diseases such as leukemia or myelodysplastic syndromes6-168,

Deepening the understanding of the complex connection between HSC and the niche and how the

aging and inflammation can influence the fate of those important cells present a pivotal role in the
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new discovery of the etiology of malignant cells and, consequentially, the onset of hematopoietic

syndromes.

Animal models of Primary Myelofibrosis

Animal models are of vital importance for understanding the mechanism of pathological
conditions. Different murine models are used to study PMF®°. Reproducing the JAK2V®1"F mutation
in mice was one of the approaches: transgenic, retroviral overexpression and knock-in mice with this
mutation exhibit a PMN phenotype after few months. With the insight on the genetic landscape of
PMF and MPN, more mice models with a second mutation paired with JAK2V61F were generated. For
example, the murine model with JAK2Ve1"F mutation paired with the loss of the Lymphocyte Adaptor
Protein (Lnk), obtained with the retroviral technique, accelerate the passage from ET to MF 170,
indicating the important role of the secondary mutation in the modulation of the MPNs. Transgenic
mice without the expression of Enhancer of Zeste 2 Polycomb Repressive Complex 2 (Ezh2), cross-
inbred with JAK2V6LF ' show similar results: the combination of these mutations acerbate the
myelofibrotic background!™. Even though JAK2 is the most common mutation in more than half of
PMF patients 24, MPL and CALR mutations occupy an important percentage of those patients (7-10%
and 25-30%, respectively) 2. Mice model expressing MPLW515L CALR®52 and CALR™> mutations

were proved to be an important asset in recapitulating the myelofibrotic phenotype!’2173,

To study the MPNs the most prominent and known mutations are not the only approaches used. Of
note, murine model with TPO over-expression, retrovirus'’* and transgenic models'”, reproduce the
fibrosis in the bone marrow and other clinical feature of MF. Mice with trisomy 21 or ablation of Ab1-

1 (Abelson interactor 1) are useful systems to study the MPNs*,

Gatal'" mice is a model for Myelofibrosis

As mentioned before, GATAL is a pivotal regulator of the differentiation from the
megakaryocytic-erythroid progenitors (MEP) to the megakaryocytic lineage ¢ . GATAL is a zinc
finger DNA-binding transcription factor and its locus is on the short arm of the X chromosome
(Xp11.23). GATAL is composed by 6 exons and present two isoform: the full length and the short
isoform (GATALs), missing the N-terminal portion ¥'7. GATAL expression is necessary from the first
steps of the megakaryocytic and erythroid differentiation. In the first step from the HSC, with GATAZ2,
skew the differentiation towards MEP, but its expression increases in the last phase of the

megakaryocyte maturation, downregulating GATA2, by interacting with FOG-1 (Friend Of Gata
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protein 1)176178.17° A great number of hematologic diseases, such Diamond-Blackfan anemia or acute
megakaryoblastic leukemia (AML), are consequence of a dysfunctional GATAL. Noteworthy, a low
expression of GATAL, due to RSP14 ribosomopathy, was detected in PMF patients, leading to a defect

maturation of the megakaryocytes®’.

The first tryout in 1996 for a transgenic mouse with loss of Gatal locus on the X chromosome, resulted
in anemic male mice that died during the gestation period. Some of the heterozygous female survived
after birth and rescued partially their anemic state, probably due to some residual Gatal positive
progenitors 8 . Orkin laboratory identified a cis-acting enhancer upstream of the Gatal promoter
(DNase | hypersensitive region (HS)). In the embryonic stem cells the HS region was replaced this
8kb enhancer with a neomycin cassette 8182 The low expression of Gatal permitted the survival of
those mice. Interesting Gatal'®@ mice reflect all the clinical aspect of PMF patient. Gatal'®’ mice
present in the bone marrow a higher number of megakaryocytes respect to the control but are
thrombocytopenic 8 . Gatal'® megakaryocytes present the typical ultrastructural abnormalities and
delay in the maturation of the PMF payients’ megakaryocytes #4183  This murin model develops
anemia at 5 months of age and the fibrosis in the bone marrow around 8 months. At the elderly age
(around 12 months) the extramedullary hematopoiesis, with the consequential splenomegaly and high
number of megakaryocytes, is present in those animals 818 | Furthermore, high levels of TGF-B1
were detected in those mice as well as PMF patients!*”120, TGF-B1 is not the only molecules that
Gatal'™v, PDGF, VEGF and osteocalcin were present in high levels 183, High expression of PDGF-B,
mainly secreted by megakaryocytes, and a different signaling pathway was found in Gatal'®” mice,
identifying another player in bone marrow fibrosis!®4. TPO and its receptor, MPL, are more expressed
respect to the control. In the liver and plasma, Tpo mRNA and its protein is ~2 times more expressed
in the Gatal'®” than in the control. Counterintuitively, MPL mRNA levels are increased in Gatal'°
LSK cells (Lin"™9Scal1P>KitP>s), but the protein levels are lower, as shown in PMF patients too%:185,
With TPO addition, the levels of the MPL protein match the mRNA levels in LSK cells, indicating a
hyperactive MPL signaling  .Furtehrmore, spleen cells express a higher JAK-STAT signals TPO
dependent and the Gatal'®” splenomegaly can be reduce through Ruxolitinib treatment % . In Gatal'*"
bone marrow, the deficit in the RSP14 signature and the development of rough endoplasmic reticulum,
with fewer ribosome, decrease the Gatal content in megakaryocytes * . As mentioned before, in
patients, the interaction with immune cells is of great interest 91.13°140  P-Selectin seems to have a
decisive role in this interaction and is abnormally distributed in Gatal'®” megakaryocytes, absent in
the o granules but present on vesicles on DMS 3. In PMF patients, P-Selectin is highly expressed

in platelets ' | which can be linked with the
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increased emperipolesis observed 1132140 Fyrthermore, its expression sustains the extramedullary
hematopoiesis and its ablation (in mouse model Gatal'®" /psel™") rescues the thrombotic event 29187,
In a recent study, RB40.34 (BD Pharmigen, San Diego, CA, USA), a monoclonal antibody against P-
Selectin, reduce the bone marrow fibrosis, spleen size and architecture, TGF-f1 and CXCL1 level and

restore the Gata1'°“ bone marrow hematopoiesis in combination with Ruxolitinib?®.

This slow outcome of the disease mirrors the development of PMF in elder patient, paving the way for

a deeper understanding of the progression mechanisms.
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Literature produced during the PhD course

Peer reviewed publications

- "Resident Self-Tissue of Proinflammatory Cytokines Rather Than Their Systemic Levels Correlates
with Development of Myelofibrosis in Gatal'® Mice."

Maria Zingariello, Paola Verachi, Francesca Gobbo, Fabrizio Martelli, Mario Falchi, Maria
Mazzarini et al. Biomolecules, 2022, 12(2):234. doi: 10.3390/biom12020234. PMID: 35204735;
PMCID: PMC8961549.

Link to the published paper:

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8961549/

Brief Summary:

To explore the possibility of inflammatory cytokines in the serum of PMF as diagnostic markers, we
tested their serum levels in our PMF animal model, Gatal'®". We used different techniques to asset the
cytokine landscape in Gatal'®" (compared to age-matched wild type littermates) before and after the
onset of the disease. To compare the levels of the serum in Gatal'®” we used Luminex-bead- assay and
ELISA analysis and immunohistochemistry. Flow Cytometry gave us insight on the cytokine content
and frequency of stromal cells. We even investigated, by confocal microscopy, the localization of
GFP-tagged HSC. Even though we didn’t notice great difference between Gatal'® and control in the
inflammatory-cytokines analyzed both in pre-fibrotic and fibrotic state, we observed elevated levels
of LNC2, CXCL1, and TGF-B1 in the fibrotic bone marrow of Gatal'®", especially in malignant
megakaryocytes. This alteration on the pro-inflammatory cytokine bone marrow levels, disrupt the
niche of HSC cells and a compromising of their localization in Gatal'®" has been observed. Gatal'®"
HSC cells were restricted to areas of femur diaphysis, in areas with microvessels, neo-bones and
megakaryocytes, instead of been surrounded by adipocytes in the femur epiphysis as in the control.
This study highlights the important of megakaryocytes-derived cytokines into the disruption of the

microenvironment for HSC, promoting the myelofibrotic environment. u
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- “Single cell analysis of the localization of the hematopoietic stem cells within the bone marrow
architecture identifies niche-specific proliferation dynamics.”

Maria Mazzarini, Francesca Arciprete, Orietta Picconi, Mauro Valeri, Paola Verachi, Fabrizio
Martelli, Anna Rita Migliaccio, Mario Falchi, Maria Zingariello. Front Med. 2023, 10:1166758. doi:
10.3389/fmed.2023.1166758. PMID: 37188088; PMCID: PMC10175646.

Link to the published paper:

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10175646/

Brief Summary:

The HSC niche plays a pivotal role in the progression of PMF; due to their importance we investigated
the interaction of HSC niche with those cells entering into cell cycles with their niche, especially at
old age. For this study, we used the hCD34tTA/Tet-O-H2BGFP transgenic mice, in which only
CD34rs cells (indicating the HSC cells population) expressed GFP driven by the TET trans-activator.
Doxycycline treatment blocked TET element, and consequentially, GFP expression in HSC. Each
division of those cells correspond to the loss of half of their GFP labels (hemi- decrement), giving the
possibility of identifying the dynamics of their first 1-4 divisions. To this aim, we first validated user-
friendly confocal microscopy methods to determine HSC divisions by hemi- decrement changes in
levels of GFP expression. We observed by confocal microscopy a localization of HSC in old mice
around vessels. Around arterioles we identify the most fluorescent cells (not dividing cells), indicating
a microenvironment that sustain their quiescent and/or self-replication. On the other hand, the cells
around the venules dropped or complete lose their GFP content (dividing cells), indicating a
microenvironment supporting the differentiation and cells cycle entering. These results reveal that in
old mice, HSC cycle is dynamic and biased toward interactions with the niche that instructs them to

differentiate.
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- “Shared and distinctive ultrastructural abnormalities expressed by megakaryocytes in bone marrow
and spleen from patients with myelofibrosis."

Maria Zingariello, Vittorio Rosti, Alessandro M. Vannucchi, Paola Guglielmelli, Maria Mazzarini,
Giovanni Barosi, Maria Luisa Genova, and Anna Rita Migliaccio. Frontiers in Oncology, 2020,
10:584541, doi: 10.3389/fonc.2020.584541. PMID: 33312951; PMCID: PMC7701330.

Link to the published paper:

https://www.ncbi.nlm.nih.gov/pmc/articlessPMC7701330/

Brief Summary:

To further investigate the abnormalities of malignant megakaryocytes in PMF and their possible
role/function in bone marrow and the spleen, the extramedullary site, we used transmission-electron
microscopy techniques. We analysed megakaryocytes from 5 bone marrow and 10 spleen sections of
PMF patients compared to healthy controls (4 bone marrow and 3 spleen biopsies). Firstly, we
observed an increased number of megakaryocytes in PMF patients compared to the controls both in
the bone marrow and the spleen. As expected, in the PMF bone marrow the megakaryocytes presented
an immature phenotype, blocked at the Stage 11 of maturation. Those megakaryocytes revealed a thick
plasma membrane with abnormal protrusions and a nuclear membrane with large pores, in their
cytoplasm a great number of glycosomes, pointed to a defected metabolism with accumulation of
insoluble polyglucosan. The PMF spleen megakaryocytes are instead fully developed and matured
(defined DMS, platelets territories with platelets) and their plasma and nuclear membranes did not
display any abnormalities. However, their mitochondria showed reduced crests, that may be a sign of
deficient aerobic energy-metabolism. Those different ultrastructural abnormalities of PMF
megakaryocytes from different site, the bone marrow and the spleen, suggests a different metabolism

and different sub-populations that are implicated in the different organs.
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- "GATAL-defective immune-megakaryocytes as possible drivers of idiopathic pulmonary fibrosis."
Francesca Gobbo, Maria Zingariello, Paola Verachi, Mario Falchi, Francesca Arciprete, Fabrizio
Martelli, Angelo Peli, Maria Mazzarini, Jeff Vierstra, Carolyn Mead-Harvey, Amylou C Dueck,
Giuseppe Sarli, Stefano Nava, Giacomo Sgalla, Luca Richeldi, Anna Rita Migliaccio. bioRxiv
[Preprint]. 2023, 19:2023.06.20.542249. doi: 10.1101/2023.06.20.542249. PMID: 37425686;
PMCID: PMC10327123.

Link to the published paper:

https://www.ncbi.nlm.nih.gov/pmc/articlessPMC10327123/

Brief Summary:

To investigate the role of different megakaryocytes population in the fibrotic environment in the lung,
we used Gatal'®" as a model for Idiopathic pulmonary fibrosis (IPF). We observed a deficit in GATA1
expression in megakaryocytes from IPF patients’ lungs and the same result was observed in Gatal'®”
mice. Those immuno-poised megakaryocytes, in the lung of the animal models, presented a defective
RNA expression profile and an increase content of TGF-Bf1, CXCL1 and P-Selectin by
immunohistochemical analysis. Also, the fibrosis in the bone marrow, Gatal'® mice exhibited lung
fibrosis with age, and we observed an amelioration of the fibrotic tissue by the ablation of P-Selectin
and inhibition of the main players in bone marrow fibrosis, such as TGF-f1 or CXCL1. We provided,
not only a novel model for IPF, the Gatal'®" mouse, but we highlighted how different megakaryocytic
populations are present in different organs and how those population are defective in a PMF/IPF

environment.

19


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10327123/

Additional peer reviewed publications published during the PhD course

- “Patients with hypercortisolemic Cushing disease possess a distinct class of hematopoietic
progenitor cells leading to erythrocytosis™. Lilian, Varricchio, Geer Eliza B, Martelli Fabrizio,
Mazzarini Maria, et al. Haematologica. 2023, 108(4):1053-1067.

- “Role of B1 integrin in thrombocytopoiesis”. Mazzarini Maria, Verachi Paola, Martelli Fabrizio
,Migliaccio Anna. Rita Fac Rev. 2021, 10: 68.

- “Evolution and new frontiers of histology in bio-medical research”. Mazzarini Maria, Falchi Mario,
Bani Daniele, Migliaccio Anna Rita. Microsc Res Tech. 2021, 84(2):217-237.

- “hGATAL Under the Control of a uLCR/S-Globin Promoter Rescues the Erythroid but Not the

Megakaryocytic Phenotype Induced by the Gatallow Mutation in Mice.” Martelli Fabrizio, Verachi
Paola, Zingariello Maria, Mazzarini Maria, et al. Front Genet. 2021, 11;12:720552.
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Discussion

The basic mechanisms driving the progression of PMF and the onset of clonal malignant HSC
are still unclear. Even though, the role of the relationship between megakaryocytes, HSC and their
niches has a pivotal importance in this degenerative process of diseases, a deeper insight on this
crosstalk is needed. Accordingly to this lack of knowledge, we concentrated our effort to define the
influence of megakaryocytes and their secrete molecules on the HSC and their niches and how they
modify the myelofibrotic environment, investigating the most relevant megakaryocyte—derived
cytokines and their potential as alternative therapeutic targets. In addition, we studied the morphology
of megakaryocytes and their modifications in different microenvironments, the localization of HSC in

the bone marrow and how megakaryocyte-derived cytokine produced can influence the HSC fate.

To investigate new possible therapeutic targets for PMF, we compared pro-inflammatory cytokines

levels in the serum and bone marrow of Gatal and C31 mice. We identified three pro- inflammatory
cytokines (LCN-2, TGF-p1 and CXCL1) implicated in the progression of the disease®. According to

previous studies demonstrating the aging effect on the HSC behaviour and the composition of their

supporting niches!651891% e observed that in elder Gatal®" mice the pro- inflammatory cytokine
burden is less accentuated in serum respect to the bone marrow. Since CD1 murine strain displayed a
higher inflammatory background respect to other murine strains *** | we observed high serum levels of
LCN-2, TGF-B1 and CXCL1(the murine equivalent of 1L-8) respect to strains such as C57BL6 or

DBAZ2. However, CD1 mice did not develop fibrosis in any organs, indicating that in the Gatal'™ mice

the inflammatory background did not trigger the fibrosis and PMF onset. In the bone marrow of
elder Gatal™” mice, the levels of those pro-inflammatory

cytokines were remarkably increased respect to the CD1 littermates and to younger Gatal mice. This
difference was not as appreciable in the serum. Even though the megakaryocytes are the main
population expressing high levels of these cytokines, by immunohistochemical analysis we detected
other cell types producing those molecules. This suggested that malignant cells and microenvironment
are intertwined: the presence of more cell types producing LCN-2, TGF-p1 and CXCL1 increased their

bioavailability, leading to the worsening and progression of PMF.

As mentioned above, megakaryocytes are the main producers of those pro-inflammatory cytokines.
The secretion of those molecules is facilitated by the increased emperipolesis and the trans- membrane

protein, P-Selectin, plays an essential role in this process 9129186187 The Verachi paper
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demonstrated the importance of P-Selectin as a new possible therapeutic target for PMF: the
combination of JAK2 inhibitor, Ruxolitinib, and the P-Selectin monoclonal antibody, RB40.34,
significantly decreased the bone marrow levels of TGF-p and CXCL1%. At later date, after 54 days,
this combination was proved to reduce the bone marrow fibrosis and extramedullary haematopoiesis
and to improve the normal and effective haematopoiesis in the bone marrow. Blocking the P-Selectin
on the megakaryocytes and the over-activation of JAK2 did not reduce the number of megakaryocytes
but improve their maturation stage and GATAL content.

In literature, the effects of those pro-inflammatory cytokines effect on HSC and their nice is well
documented 126192193 " In the bone marrow two different HSC niches are described based on their
anatomical localization*®162183  The HSC with the most self-renewal potential (long term), and in a
quiescent state, are localized in the endothelial niche, while proliferating and differentiating HSC
surround the vessels®*. We studied GFP retention as a tool to observe the dynamics of HSC cycling,
in double huCD34tTA-TetO-H2BGFP mutant mouse wild type. In huCD34tTA-TetO-H2BGFP mice,
the histone H2B gene is fused with GFP gene and the regulatory sequences of human CD34 regulates
their expression. The promoter of those sequences and of GFP is under TET trans-activator element.
When treated with Doxycycline, the TET element is inhibited and consequentially inhibits the GFP
expression itself, and, with no production of GFP protein, in each division GFP content is reduced.
This methods of tracking the retention of GFP, is proved to be a powerful tool to identify the niche of
HSC related to their cycles . In this study %, confocal analysis on those mice highlighted HSC
associated with their nice in a pro-inflammatory background such as the one typical of CD1 stain .
Unfortunately, nor the flow cytometry or the confocal analysis were able to detect more than four
levels of GFP (no more than HSC that divided four times). However, we were able to recognize those
four populations and to examine their localization. In aged mice, after a week of Doxycycline
treatment, most of the HSC underwent one or three division. The high GFP fluorescent cells
distribution in the bone marrow microenvironment before the Doxycycline treatment was near the
vessels, but after the pharmacological treatment mostly HSC lost their fluorescence, indicating a high

rate of cellular division.

Fascinatingly, around the arterioles the HSC retained the most of the GFP expression, indicating a
quiescent state supported by the local niche and the bioavailability of TGF-f similarly high around
those structures 1% . Further analyses with the confocal microscopy will assert the location of GFP-
retained cells in correlation with age, sex and/or time of treatment with Doxycycline, to fully

understand the state of HSC in the bone marrow niches. However, we observed an increase in
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cycling division around the venule. The microenvironment surrounding the venule may promote HSC

differentiation and their mobilization in the blood flow to migrate in other organs.

To observe the localization of HSC in our PMF murine model, we used a triple mutant murine model:
huCD34tTA-TetO-H2BGFP. We surprisingly found that high fluorescent GFP in huCD34tTA-TetO-
H2BGFP /Gatal'® mice were not present around the numerous adipocytes but in medulla near
microvessels structures, bones and megakaryocytes, pointing to the role of malignant megakaryocytes
to drive the HSC towards the differentiation and the blood flow where they can migrate to the spleen.
Of note, adipocytes secrete supportive-niche growth factors®” and, with aging, the majority of HSC
with the higher self-renewal potential surrounded those cells. Elder Gatall®" displayed a great number
of adipocytes, accordingly with report of a specific subtype of MF patients with a fatty bone marrow,

maybe due to a skewed differentiation of malignant HSC towards the adipocytic lineage®®.

Megakaryocytes influence the HSC localization and their niches, but the microenvironment itself can
influence the megakaryocytes phenotype as well. It was already proved the plasticity of
megakaryocytes to change their sub-population phenotypes in response to the environment®:87,

In spleen and in bone marrow of PMF patients (5 and 11 patients respectively), we observed an
increased number of megakaryocytes in both organs, well known characteristic of PMF, and, even
though different, both populations displayed abnormal ultrastructure '*° . Furthermore, these
abnormalities seem to be independent from the type of mutation present (in bone marrow 3 patients
have JAK2 mutations, one MPL mutation and one JAK2Vé''F; in spleen 4 patients have JAK2 mutations,
one CALR mutation, 2 triple negative and 4 JAK2V617F),

Those TEM data indicated the organ microenvironment as an important factor for the maturation
profile. It’s known that malignant stem cells from the bone marrow migrate to the spleen and the spleen
cells themselves harbour the same mutation®?%, but megakaryocytes from this extramedullary
hematopoietic organ present most cells at the Stage IlIl. The localization of those mature
megakaryocytes, with the well development DMS and platelets territories, is near the blood vessels as
expected from mature megakaryocytes ready to release platelets 56201 | Instead, in the bone marrow
megakaryocytes featured an immature morphology. Furthermore, we observed an accumulation of
acid-insoluble polyglucan in numerous cytoplasmic glycosomes, indicating an impaired lipidic
metabolism. Considering that lipids are necessary for the formation of DMS?%?, this impaired lipid

metabolism of bone marrow megakaryocytes may be another key to understand their
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defective mature phenotype. In our paper *°, expression signature analysis of data from the bone
marrow (raw data from 2%) highlighted various glycogen genes differently expressed and implicated
in inhered glycogen storage disorders?%+-21%, Both the ultrastructural and expression analysis point out
to the importance of lipids metabolism in maturation and, therefore, how defect in this pathway may
contribute to progression of PMF. Furthermore, JAK2 mutated animal model for PMF, rescue their
disease phenotype by high fatty acid diet supplementation and/or 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase3 (PFKFB3) inhibitor, in combination with Ruxolitinib?!,

On the other hand, the malignant stem cells migrating in the spleen, encountered a healthier
environment and were able to produce more mature and active megakaryocytes. Unfortunately, the
mutation burden and the inappropriate microenvironment leads to ultrastructural abnormalities even
in the spleen. The reduced crest in the mitochondria that we observed in spleen megakaryocytes may
derived by the elevated levels of ROS in the organ 2!2%1* | ROS overexposure may influence the

mitochondria abnormalities in those cells 212213,

In the last years, studies have demonstrated different functional sub-populations of megakaryocytes
and that the megakaryocytes can change their sub-population based on the microenvironment & . From
single cells RNA-sequencing studies, three sub-population were recognized: the platelets- poised,
expressing genes implicated in the coagulation and platelets formation, the immuno-poised, with an
immune-response gene signature, and the niche-poised megakaryocytes, characterized by genes
involved in the regulation of the HSC niche. Previous studies demonstrated that megakaryocytes from
the PMF bone marrow express genes of the extracellular matrix'°%1%2 and HSC supporting factor, such
as TGF-p1 2'* | suggesting that the differentiation of the niche- poised megakaryocyte is reactivated in
PMF.

To identify the various sub-populations in PMF, we investigated the differential expression in the
megakaryocytes from the bone marrow and/or the lung of Gatal'®’ mice and CD1 mice. As expected,
CD1 lung megakaryocytes signature was similar to the immuno-poised populations, while the bone
marrow megakaryocytes to the platelets-poised one. In the bone marrow, Gatal™ mice were
characterized by a unique signature. Instead, the megakaryocytes from Gatal'® lungs are skewed
towards the immuno sub-population, but their signature expression was defective. Furthermore, in
those lung megakaryocytes, the defective Gatal expression result in immature morphology and
contribute to the formation of fibrosis in the lungs. Interestingly, we observed in three IPF lung biopsy
a low content of GATAL respect to the control. Unfortunately, due to the difficulty to obtain and/or

performed a lung biopsy, the number of patients was limited. Furthermore, we notice that in
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IPF patients the megakaryocytes are localized in the parenchyma near the alveolar epithelium and not
in the blood vessels. Of note, inflammation is not the primary cause of fibrosis in some IPF patients,
and, thanks to the CD1 inflammatory background that do not induce fibrosis, we propose Gatal'*"
mice as an alternative murine model for IPF. In other mice models, for example the bleomycin-treated
animals, the fibrosis is a direct consequence of inflammation 25, In the lungs of Gatal'" mice, we
observed a high expression of pro-inflammatory cytokines (especially TGF-p, CXCL1) in
megakaryocytes and some of those pro-inflammatory cytokines were produced by other cell
populations (macrophages, endothelial and epithelial cells, alveolar type 1) which increased their
bioavailability in the microenvironment. In particular, we noticed the mMRNA expression and protein
content of the main pro-inflammatory cytokines. While protein content of TGF- and CXCR2, the
receptor for CXCL1, detected by immunohistochemical analysis correlated with an increase in the
MRNA level, by contrast, CXCL1 mRNA is downregulated, probably due to the high levels of CXCR2
that internalize its ligand, but do not permit its degradation, and promote the accumulation of CXCL1

protein in the cytoplasm.

We investigated treatments targeting those pro-inflammatory cytokines, already under study for the
bone marrow fibrosis, can affect another organ such as the lung and how those different
megakaryocytic populations respond. We observed in Gatal'® mice that the treatment with P- Selectin
inhibitor could rescue the fibrotic phenotype in the lungs and reduce number of Gatal'®¥
megakaryocytes and TGF-p and CXCL1 content. While P-Selectin inhibitor was the only treatment
that reduce the Gatal'®" megakaryocytic number, TGF-p1 inhibition reduced lung deposit of collagens
fibers and CXCL1 production. Acting on CXCL1 signaling, we investigated the CXCR1/2 inhibitor
and we observed an improvement in the fibrotic tissue with reducing reticulin deposition in lung of
Gatal'™". Those results were confirmed even in other IPF model (bleomycin induce mice model 226 ).
The presence of fibrosis in Gatal'®" lungs, suggested that the population of immuno- megakaryocytes
are abnormal, and probably harboring the same mutation burden as the megakaryocytes in the bone

marrow, and the cytokines produced by this population are pathologically dangerous over time.
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Conclusion

To date, PMF is still an unmet clinical need. Current pharmacological therapies alleviate the
symptoms but do not halt the progression of the neoplasm. The only curative therapy remains allogenic
HSC transplantation, but not all the patients are eligible for this procedure. To answer this clinical
need, during the PhD fellowship, I tried to undercover the pathogenesis of PMF using animal models
in order to identify potential new therapeutic targets. | identified two cytokines, TGF-B1 and CXCL1,
that are of great interest in the contest of possible alternative therapies for PMF. The results obtained
during this PhD fellowship indicate that these pro-inflammatory cytokines are produced by the
abnormal megakaryocytes and demonstrate that they play an active role in the etiology and progression
of PMF by showing that their clinical grade inhibitors are effective in rescuing the phenotype of our
Gatal'®’ mouse model. These pre-clinical validations have led to clinical trials for TGF-B1 (AVI1D200,
phase Ib trial that has given promising results 2*”) and CXCL1 (Reparixin, recruiting for the phase II
of clinical trial), both sponsored by the Icahn School of Medicine at Mount Sinai, New York, NY,
USA. However, the etiology and progression of PMF are complex processes which are likely to be
sustained by additional megakaryocyte abnormalities still to be identified. These abnormalities may
include the altered lipid and glucose metabolism identified by our studies and the possibility that the
driving mutations turn the malignant niche-poised megakaryocytes into cells that support the
malignant instead than the normal HSC. It is very encouraging that the defective metabolism identified
by us is currently exploited to study dietary strategies that may improve the effects of the JAK1/2
inhibitors niche by Dr. Skoda ?** while factors produced by the niche-poised megakaryocytes, to be
identified as part of additional studies that go beyond the purpose of this PhD fellowship, may

represent targets for therapies designed to deplete the malignant HSC.
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