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Abstract

Primary myelofibrosis is a clonal hematopoietic disorder characterized by marked degrees of
systemic inflammation. The release of pro-inflammatory factors by clonal hematopoietic cell
populations cause the remodeling of a specialized microenvironment, defined niche, in which the
hematopoietic stem cells reside. The main source of pro-inflammatory cytokines is represented by
malignant megakaryocytes. The bone marrow and spleen from myelofibrosis patients, as well as those
from the Gatal™ mouse model of the disease, contain increased number of abnormal
megakaryocytes. These cells express on their surface high levels of the adhesion receptor P-selectin
that, by triggering a pathological megakaryocyte-neutrophil emperipolesis, lead to increased
bioavailability of TGF-B1 in the microenvironment and disease progression. Gatal'®™ mice develop
with age a phenotype similar to that of patients with myelofibrosis. We previously demonstrated that
deletion of the P-selectin gene in Gatal'" mice prevented the development of the myelofibrotic
phenotype in these mice. In the current study, we tested the hypothesis that pharmacological
inhibition of P-selectin may rescue the fibrotic phenotype of Gatal'°" mice. To test this hypothesis,
we have investigated the phenotype expressed by old Gatal'®” mice treated with the anti-mouse
monoclonal antibody against P-selectin RB40.34, alone or in combination with the JAK?2 inhibitor
Ruxolitinib. The results showed that the combined therapy normalized the phenotype of Gatal'®¥
mice with limited toxicity by reducing fibrosis, TGF-f1 and CXCLI content in the BM and spleen
and by restoring hematopoiesis in the bone marrow and the normal architecture of the spleen. In
conclusion, pharmacological inhibition of P-selectin was effective in targeting malignant
megakaryocytes and the microenvironmental abnormalities that affect the hematopoietic stem cell
compartment in this model. These results suggest that P-selectin and JAKI1/2 inhibitors in

combination may represent a valid therapeutic option for patients with myelofibrosis.
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1. Introduction
1.1  Primary Mielofibrosis

1.1.1 Pathogenetic Insights

Primary Myelofibrosis (PMF) is the most severe of Philadelphia chromosome negative
myeloproliferative neoplasms (MPN), a group of hematological disorders correlated by
morphological and molecular genetic features that includes also Polycythemia Vera (PV) and
Essential Trombocytemia (ET) [1]. They are all clonal disorders characterized by an excessive
proliferation of myeloid progenitors, resulting in an aberrant production of mature functional blood
cells [2]. In 2005 several studies shed the light on the genetic landscape of MPN by the discovery of
a Janus kinase 2 (JAK2, located on chromosome 9p24) gain of-function mutation (JAK2"6'7F) at the
stem cell compartment, resulting in aberrant clonal myeloproliferation [3—6]. JAK2 is a tyrosine
kinase that participates in the signal transduction of all the hematopoietic superfamily receptors such
as the IL-3 receptor family (IL-3R, IL-5R, and GM-CSF receptor), and single-chain receptors such
as erythropoietin receptor (EPO) and thrombopoietin (TPO) receptor [7].

The JAK2"577F is a point mutation located at the JH2 pseudokinase domain (exon 14) and occurs in
PV, ET and PMF with frequencies of ~98%, 50% and 60%, respectively [8]. The mutation results in
the loss of the inhibitory effect of the JH2 domain on the kinase activity and consequently in the
constitutive activation of JAK2 and downstream signaling cascades, including molecules such as
STATS (signal transducer and activator of transcription 5) and ERK (extracellular signal-regulated
kinase) [4]. Additional MPN driver mutations include MPL (Myeloproliferative Leukemia Protein)
and CARL (Calreticulin) mutations, which also lead to constitutive activation of the JAK2/STAT
pathway, but through different mechanisms.

Regardless of the driver mutation, PMF is characterized by the coexistence of an inflammatory state
with aberrant cytokine production and megakaryocytes (MKs) proliferation and it is currently
established that these factors contribute to bone marrow (BM) and splenic stromal reaction (including
reticulin/collagen fibrosis and neoangiogensis), ineffective erythropoiesis with extramedullary
hematopoiesis (EMH) and constitutional symptoms [1,9,10]. Moreover, the concurrence of these
phenomena in the pathogenesis of the disease can explain the ineffectiveness of pharmacologic
therapy with JAK1/2 inhibitors in eradicating the neoplastic clone in myelofibrosis (MF). Indeed,
current drug therapy, including the use of JAK1/2 inhibitors, is mostly palliative and has not been

shown to modify the natural course of the disease or prolong survival.



In this regard, it is currently assumed that the complex phenotype and phenotypic differences among
patients are also related to other co-occurring mutations, including those of epigenetic regulators, that
cooperate with driver mutations to facilitate disease progression and leukemic transformation. These
mutations occur with frequency of 10% or higher and include ASXL/ (additional sex combs-like 1),
TET2 (TET oncogene family member 2) and DNMT3A4 (DNA cytosine methyltransferase 3a) [11—
13]. More recent observations include impaired MKs maturation associated with reduced GATA1
expression that might arise from ribosomal deficiency [14].

At present, the only cure for PMF remains allogeneic hematopoietic stem cell transplant (AHSCT), a
therapeutic option limited to a small number of patients and associated with high mortality and
morbidity. Thus, PMF is still an unmet clinical need and the current studies are focusing on finding
new therapeutic strategies targeting the malignant clone and the microenvironmental abnormalities

that contribute to fibrosis and disease progression.

1.1.2 Disease Manifestations

The complex phenotype of PMF includes fibrosis and hematopoietic failure in BM, stem and
progenitor cells mobilization, development of EMH with splenomegaly and its clinical course is
associated with an increased risk of thrombosis, bleeding and evolution to acute leukemia that occurs
in approximately 20% of patients. Prominent clinical features include anemia due to ineffective
erythropoiesis, those associated with splenomegaly such as abdominal distention and pain, early
satiety, dyspnea, and diarrhea and constitutional symptoms including fatigue, low-grade fever and
cachexia. Most patients die from the disease with a median survival ranging between 5 and 7 years
[15].

In 2016, the World Health Organization (WHO) provided the diagnostic criteria for PMF that include
a combination of clinical, morphological and molecular genetic features [16]. The WHO subclassifies
PMF into prefibrofic/early PMF (pre-PMF) and overt PMF stages. Diagnosis of pre-PMF, as well as

overt PMF, requires meeting all three major criteria and at least one minor criterion (Table 1).



Table 1. WHO diagnostic criteria for PMF. Table adapted from Barbui T et al. Blood Cancer J. 2018 Feb
9;8(2):15 [16]

PMF
Pre-PMF Overt PMF
Major criteria Major criteria

Megakaryocytic proliferation and atypia,
without reticulin fibrosis grade 1,
accompanied by increased age-adjusted
BM cellularity, granulocytic proliferation,
and often decreased erythropoiesis

Not meeting the WHO criteria for BCR-
ABL1+, chronic myeloid leukemia (CML),
PV, ET, myelodysplastic syndromes, or
other myeloid neoplasms

Presence of JAK2, CALR, or MPL mutation
or in the absence of these mutations,

Presence of megakaryocytic proliferation
and atypia, accompanied by either reticulin
and/or collagen fibrosis grades 2 or 3

Not meeting WHO criteria for BCR-ABL1+,
chronic myeloid leukemia (CML), PV, ET
myelodysplastic syndromes, or other
myeloid neoplasms

Presence of JAK2, CALR, or MPL mutation
or in the absence of these mutations,
presence of another clonal marker, or
absence of reactive myelofibrosis

presence of another clonal marker or
absence of minor reactive BM reticulin

fibrosis
Minor criteria Minor criteria
e Anemia not attributed to a comorbid e Anemia not attributed to a comorbid
condition condition
e Leukocytosis 211000/pL e Leukocytosis 211000/uL
e Palpable splenomegaly e Palpable splenomegaly
e LDH increased to above upper normal limit e LDH increased to above upper normal limit

of institutional reference range of institutional reference range

e Leukoerythroblastosis

1.1.3 Conventional Symptomatic Therapies for PMF

As already mentioned, AHSCT currently remains the only treatment modality to cure PMF. However,
transplant-related complications are not trivial and are associated with high morbidity and mortality
[17]. At present, choice of drug strategies for PMF is mostly based on managing anemia,
splenomegaly and constitutional symptoms. For anemia, the drugs of choice are androgens,
prednisone, danazol or immunomodulatory drugs such as thalidomide. For splenomegaly, clinicians
opt for hydroxyurea [18]. Ruxolitinib (Rux) and fedratinib are JAK2 inhibitors approved by the Food
and Drug Administration (FDA) for their use in PMF and are considered effective treatment options
for countering splenomegaly and constitutional symptoms in hydoxyurea-refractory patients, with
response rates of 30% to 50%. However, treatment with this drugs is associated with treatment-
emergent anemia and thrombocytopenia [19]. Moreover, long-term treatment with Rux is associated

with high rate of treatment discontinuation, withdrawal syndrome during treatment discontinuation



that is characterized by acute relapse of constitutional symptoms, rapid worsening of splenomegaly
and cytopenias [20-22]. Several reports associated the use of Rux with the onset of opportunistic
infections and poor response to COVID vaccines. Recently introduced JAK1/2 inhibitors, such as
pacritinib and momelotinib, have markedly different toxicity profiles and momelotinib have also
shown erythropoietic benefits [23].

However, Rux nor the other JAK1/2 inhibitors currently available for PMF have antitumor activity
and none of them has been proven to reverse BM fibrosis or induce complete or partial remissions.
In addition, long-term follow-up of patients treated with JAK1/2 inhibitors showed no evidence of
survival advantage. At present, new agents targeting outside of the JAK-STAT pathway, alone or in
combination with Rux, are currently under investigation to optimize clinical response of PMF

patients.

1.2 The Pathogenetic Role of Megakaryocytes in Myelofibrosis

1.2.1 Normal Megakaryopoiesis

MKSs are large polyploid cells (50—-100 um) with polylobulated nuclei and represent the 0.05% of the
total BM population. Traditionally, MKs are produced from hematopoietic stem cells (HSCs) under
the control of TPO signaling and have the major function to produce and release platelets into the
circulation. Megakaryopoiesis initiates with HSCs giving rise to multipotent progenitors (MPP),
which generate the common myeloid progenitor (CMP). CMP then produce the megakaryocyte
erythrocyte progenitor (MEP), which gives rise to both erythroid cells and MKs [24,25]. Beyond the
TPO signaling, megakaryopoiesis is controlled by several transcription factors, including RUNX1,
GATAI, GFIIB and several ETS factors [26,27].

On the basis of ultrastructural features, MKs precursors can be divided into four classes: the
promegakaryoblast, a small mononuclear cell; the megakaryoblast (stage I MK), a cell with oval or
kidney-shaped nucleus and several nucleoli; the promegakaryocyte (stage II MK), a cell with an
irregularly shaped nucleus and abundant cytoplasm; and mature MK (stage III MK) that contain a
multilobed nucleus with abundant cytoplasm [28].

Upon stimulation, immature MKs undergo multiple endomitotic cycles and cytoskeletal
rearrangements to generate proplatelets, which enter the peripheral blood and produce platelets.
During the final stage of maturation, the MKs cytoplasm develops a complex system of membranes,
defined the demarcation membrane system (DMS), and different types of granules including
lysosomes, dense granules and a-granules [29]. MKs a-granules are the most abundant and contain

several types of adhesive proteins, such as B-thromboglobulin, CXCL4 (platelet factor 4, PF4),



thrombospondin, fibronectin, von Willebrand factor (vWF) and P-selectin (P-sel). Moreover, a-
granules contain growth factors including Platelet Derived Growth Factor (PDGF), Transforming

Growth Factor-f1 (TGF-B1), Epidermal Growth Factor (EGF) and Insulin Growth Factor (IGF) [30].

1.2.2 Megakaryopoiesis in PMF is Abnormal

Regardless of the driver mutation, the BM and spleen from PMF patients contain a high number of
atypical MKs that display morphological abnormalities such as hypo-lobulated nuclei and clustering.
Previous studies demonstrated that CD34pos cells from PMF patients had an increased capacity to
generate MKs in culture. In particular, these MKs are immature with reduced ploidy and have higher
proliferative rate [31-33]. These observations were further supported by single cell studies
demonstrating that HSCs from PMF patients express MKs-specific genes, suggesting their bias
toward this lineage [34,35].

In normal megakaryopoiesis, TPO binds to its receptor MPL and induces JAK/STAT, MAPK/ERK
and PI3K/AKT activation in HSCs, MKs and platelets [36]. Mice lacking TPO or MPL are
thrombocytopenic with decreased number of MKs and progenitors [37,38]. Numerous reports have
defined the role of enhanced TPO-MPL signaling in PMF by demonstrating that the serum from PMF
contains elevate levels of TPO and overexpression of TPO in the BM induce fibrosis in mice [39,40].
Beyond the abnormalities in the TPO signaling, in 2005 Vannucchi et al., reported that malignant
MKs showed an impaired maturation that was associated with low levels of the transcription factor
GATALI [41,42]. In PMF, the loss of GATA1 protein is a post-transcriptional event since the GATA 1
mRNA levels are modestly elevated or unchanged relative to control MKs [14]. Indeed, by gene-
expression analysis Gilles et al., revealed the presence of a ribosomal protein S14 (RPS14)-deficient
gene signature (RPS14 DN.V1 UP), which is associated with defective ribosomal protein function,

suggesting that ribosomal deficiency contributes to impaired megakaryopoiesis in PMF [14].

1.2.3 The Malignant Megakaryocytes as Drivers of PMF

The crucial of role of MKSs in the pathogenesis of the disease was proven by several studies on PMF
patients and murine models indicating that: i) all driver mutations in MPN result in abnormal
proliferation of malignant MKs [43]; ii) the MKs-restricted expression of J4K2"6/7F mutation is
sufficient to induce MF in mice [44]; iii) patients and rats treated with TPO mimetics develop BM
fibrosis [45]; iv) high TPO production by transduced hematopoietic cells, as well as impaired
expression of the transcription factor GATAI, result in the development of MF in mice [46,47]; v)

patients with Grey Platelet Syndrome, a rare inherited bleeding disorder characterized by



macrothrombocytopenia and agranular MKs and platelets, manifest myelofibrosis and splenomegaly
[48].

In PMF, MKs are supposed to be the main source of pro-inflammatory cytokines that contribute to
fibroblast proliferation, fibrotic evolution, neoangiogensis and osteosclerosis [31]. Among these
cytokines, TGF-B1 plays a crucial role in the development of BM fibrosis. Once activated, TGF-1
initiates the fibrosis by increasing the synthesis of types I, III and IV collagen, fibronectin,
proteoglycans and tenascin, and by decreasing extracellular matrix (ECM) degradation through
down-regulation of metalloproteinases (MMPs) and up-regulation of tissue MMPs inhibitors [49,50].
Moreover, previous studies demonstrated that TGF-B1 restrained HSCs proliferation and induced
endothelial to mesenchymal transition in fibrotic diseases [51].

Ofnote, TGF-B1 and its receptors are abnormally expressed in MKs, platelet and CD34pos cells from
PMF patients. In addition, Ciaffoni et al., reported an activation of the non-canonical TGF-1
signaling in the BM and spleen from PMF patients [52]. The contribution of TGF-B1 in the
pathogenesis of PMF was supported by observations indicating that genetic ablation of the gene or
treatment with the TGF-f receptor-1(R1) kinase inhibitor SB43154 cure several mouse models of the
disease [52-56].

Other MKs-derived cytokines/chemokines potentially involved in fibrosis progression in the BM are
CXCL4, PDGF, Fibroblast Growth Factor (FGF), Vascular Endothelial Growth Factor (VEGF) and
Interleukin-8 (IL-8). In particular, IL-8 binds to CXC chemokine receptor 1 (CXCR1) and 2 (CXCR2)
and exhibits many biological functions in inflammation by stimulating neutrophils chemotaxis, HSCs
proliferation and neoangiogensis. High levels of circulating IL-8 were found in the plasma and serum
from PMF patients [57]. In addition, Dunbar et al., demonstrated that the malignant CD34pos clones
from a subset of PMF patients secreted high levels of IL-8 in vitro which was associated with adverse
clinical outcome and increased marrow fibrosis [58].

The potential mechanisms underlying the aberrant release of MKs content in BM fibrosis have been
previously described and may be related to: 1) an aberrant assembly and secretion of granules stored
within the MKs; ii) an aberrant release of microvescicles; iii) a pathological cell-cell interaction
between MKs and polymorphonuclear (PMN) cells that lead to the death of MKs by para-apoptosis

and to the consequent release of the MKs content [59].



1.2.4 Megakaryocytes as Inducers of the Microenvironmental Abnormalities in PMF
Recent advances by single cell expression profiling showed that, in addition to traditional MKs
committed to generate platelets, there are at least three other MKs subpopulations, each one exerting
different functions: the niche-poised MKs, which are responsible for producing the ECM; the
immune-poised MKs, which can be activated in response to inflammatory signals and exert immune
functions by secreting effectors molecules such as IL-8; the HSCs-supporting MKs, which reside in
the BM in close proximity to the vascular niches and regulate HCSs quiescence and proliferation
during both steady-state and stress hematopoiesis [60-63].

The role of MKs as shapers of hematopoietic niches has been proven by the fact that conditional
ablation of MKs in murine models resulted in increased HSCs frequency and cycling in the BM,
suggesting that MKs normally regulate HSCs quiescence through the production of CXCL4 and TGF-
B1 [64,65]. MKs also participate in HSCs niche remodeling by promoting osteoblast expansion
[66,67] and activate HSCs proliferation under stress conditions by releasing fibroblast growth factor
1 (FGF1), PDGF-B, and TGF-B1 [65,68].

In light of these recent discoveries indicating that MKs are an heterogeneous population exerting
several functions beyond platelet production, it has been suggested that, in pathologic conditions,
malignant MKs are responsible to induce microenvironment dysfunctions which sustain hematologic
malignancies, including MPN [69].

Firstly, it is widely recognized that PMF-MKSs support and regulate the malignant HSCs-supporting
microenvironment by secreting several pro-inflammatory cytokines, including TGF-B1, and forcing
fibroblasts to produce ECM in the disease. Indeed, patients with MF have dramatically increased
levels of TGF-B1 from plasma and MKs cultures in comparison to the healthy donors, and this
condition supports the prevalence of MF-HSCs by altering the hematopoietic microenvironment and
inducing the quiescence of a reservoir of normal HSCs [70,71].

Finally, abnormal MKs interactions with other cell types have been described in PMF: 1) Zhan et al.,
reported that mice expressing the JAK2"®'’F mutation specifically in endothelial cells exhibit
thrombocytosis and clusters of MKs preferentially located near sinusoids, associated with reticulin
fibrosis [44]; i1) Karagianni et al., extensively described the role of MKs on bone homeostasis,
suggesting that these cells promote osteosclerosis by activating osteoblasts proliferation while

inhibiting the development and the activity of osteoclasts [76].



1.3 The Gatal® Mouse Model of PMF

Regardless of the driver mutation, the PMF has a unique cellular signature: the BM and spleen of
PMF patients, as well as those from murine models of the disease, contain a great number of defective
MKSs carrying several abnormalities including an increased proliferation with delayed maturation
[28,77]. The driver role of malignant MKs in the pathogenesis of the disease has been proven by the
fact that MKs-restricted expression of JAK2"%!7 mutation in mice is sufficient to induce enhanced
erythropoiesis and promote fibrosis, leading to a myeloproliferative state with expansion of mutant
and non-mutant hematopoietic cells [44]. It is well established that impaired MKs maturation in PMF
is associated with reduced expression of GATA1, whose downregulation has been associated to
ribosomal deficiency for defective RPS14 gene signature [14,41].

GATAI1 is a transcription factor that exerts a key role in erythroid and megakaryocytic cell
differentiation and its importance in hematopoiesis has been proven by the fact that mice lacking the
gene by targeted mutation die in utero of severe anemia [78,79]. The clinical relevance of this
transcription factor has been characterized several years after the discovery of the gene, when GATA I
mutations has been associated with inherited human disorders characterized by MKs abnormalities
such as dyserythropoietic anemia, X-linked thrombocytopenia, and thalassemia [80—83].

In particular, the role of GATAI in megakaryopoiesis has been demonstrated by the observation that
transgenic mice expressing reduced levels of this transcription factor or lacking for the GATA1
partner FOG-1 are thrombocytopenic [84-86]. Indeed, GATA deficiency leads to a marked increase
of small and immature MKs that fail to complete the differentiation program and this results in a
lower number of circulating platelets with structural and functional abnormalities. Morphologically,
platelets from mice expressing low levels of GATA1 are bigger and spherical with low density of a-
granules. Moreover, impaired platelet activation and prolonged bleeding times has been reported.
Low levels of GATAI lead to an hyperproliferation of MKs precursors, reduced expression of
lineage-specific genes (e.g. Pf4, Mpl) and ultrastructural abnormalities including presence of
excessive rough endoplasmic reticulum RER and disorganized DMS [84,86].

In 2002, the Migliaccio’s laboratory was the first to describe the transgenic Gatal’” mice lacking of
the first enhancer (DNase hypersensitive site I) and the Gatal distal promoter as a suitable model for
PMF [47]. These mice were originally generated by McDevitt et al., to define the mechanisms that
govern the transcriptional regulation of Gatal. The upstream region of the Gatal locus comprises
two short nonconding 5’-exons and their promoters, and a DNase I hypersensitive site (HS) region.
By homologous recombination, the =8 kb upstream region including the DNase I HS was replaced

by a loxP-flanked neomycin-resistance cassette. The disruption of the region of interest was obtained



by using a targeting vector containing a loxP site-flanked neomycin resistant gene driven by the
mouse phosphoglycerate kinase promoter and herpes simplex virus thymidine kinase gene. The
construct was electroporated into 129S4/SvJae-derived J1 embryonic stem cells which were
themselves injected into C57BL/6 blastocysts [87].

The resulting hypomorphic mutation leads to anemia due to an impairment in erythroid maturation.
Moreover, Gatal®” mice are severely thrombocytopenic because MKs remain immature and release
few abnormally large platelets. At the ultrastructural level, the MKs maturation is blocked between
the stage I and II, the a-granules show a reduced expression of several proteins including the vVWF
and an atypical localization of the adhesion molecule P-sel that is found on DMS rather than within
the a-granules. The proliferative rate of Gatal” MKs is increased, while their expression of lineage-
specific genes (e.g. Tpo, Mpl) is reduced.

In the C57BL/6 strain the mortality was above the 90% of mutants around birth; when the mutation
was introduced in the CD1 background by the Migliaccio’s laboratory, most of the mice reached
adulthood and recovered from the severe anemia within the first month but remained
thrombocytopenic.

Mice harboring the Gatal" mutation develop with age all the pathological features of human PMF
including anemia, progenitor cells in the peripheral blood (stem and progenitor cells mobilization),
collagen and reticulin deposition in the BM and in the spleen and splenic EMH with consequent
splenomegaly [47]. The major difference between this model and other murine models developed for
the study of PMF is represented by the slow rate of progression of the disease in the Gatal"" mice,
which resembles the natural history of human PMF [47].

During their first 12 months, Gatal’* mice exhibit only thrombocytopenia and splenomegaly due to
the expansion of MKs lineage. After the first month, they recover from anemia but the high rate of
erythroid progenitor cell apoptosis persists. Gatal’®” mice manifest the first symptoms at 8 to 12
months of age, whereas a complete myelofibrotic phenotype is not observed until 15 months of age.
The first signs of the myelofibrotic phase are: reticulin deposition in the BM with medullary aplasia,
splenomegaly, EMH in the liver, moderate leukocytosis and immature myeloid cells in the peripheral
blood [47]. However, few of the Gatal’ mice survive more than 2 to 4 months after the
manifestation of first symptoms. Similarly, human PMF is usually diagnosed in the second half of

life with the final exitus within 4.5 years.



1.4 Role of P-selectin/TGF-p Circuit in the Progression of PMF

1.4.1 Role of TGF-f1 in PMF
As already mentioned, TGF-B1 contributes to the pathogenesis of the PMF by promoting

collagen/reticulin deposition and fibrosis. TGF-B1 is a cytokine involved in tissue development and
repair and its dysregulation has been observed in several forms of cancer. Expression of TGF-B1 is
regulated by TGF-B1 itself, while its activity is promoted by proteases that convert the latent complex
into its active form. Active forms of TGF-B1 bind to a membrane receptor serine/threonine kinase
complex that phosphorylates SMAD2 and SMAD3, which translocate in the nucleus where they form
a complex with SMAD4 to regulate target gene expression [88]. TGF-B1 can also signal through non-
canonical pathways, including ERK, p-38, MAPK and JNK activation [89,90].

This growth factor maintains tissue homeostasis and exhibits tumor-suppressive effects by regulating
not only cellular proliferation, differentiation, survival, and adhesion but also the cellular
microenvironment. On the other hand, pathological alterations of the TGF-B1 signaling pathway
promote cell invasion, immune regulation, and microenvironment modification that malignant cells
may exploit to their advantage [88]. In this regard, several studies reported that serum, CD34pos cells,
and MKs from PMF patients contain levels of total and bioactive TGF-f1 2-fold higher than normal.
As well as human patients, Gatal'" mice express normal levels of total TGF-B1 in plasma and 2-fold
higher than normal in the BM. Of note, Zingariello et al., demonstrated that the TGF-f1 content of
MKs from the BM and spleen from PMF patients and from Gatal®” mice was 5- to 10 fold higher
than normal [52]. In the same study, they observed that the BM and spleen from Gatal" mice
expressed distinctive alterations in TGF-B1 signaling profile with up- or down-regulation of genes
involved in hematopoietic functions [52]. In particular, David-assisted pathway analysis of the two
altered signatures predicted osteopetrosis and hematopoietic failure in the BM and activation of
hematopoiesis in the spleen, a pattern that reflected the phenotype of Gata 1/ mice. The contribution
of this cytokine in the development of myelofibrosis in Gatal’ mice was further supported by
observations indicating that treatment with the TGF-f receptor-1(R1) kinase inhibitor SB43154
prevented the development of the myelofibrotic phenotype in this murine model. In particular, the
SB43154-treatment in Gatal’" mice normalized the TGF-B1 signaling, restoring the hematopoiesis
and reducing the fibrosis, osteogenesis and neoangiogensis in the BM while reducing EMH in the
spleen [52]. Moreover, Varricchio et al., demonstrated that the TGF-B1 protein trap AVID200
beneficially affected hematopoiesis and BM fibrosis in PMF. In this study, they demonstrated that
this drug reduced the proliferation of human mesenchymal stromal cells (MSCs), decreased

phosphorylation of SMAD?2, and inhibited the ability of TGF-B1 to induce collagen expression. The
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in vivo effects of AVID200 were tested on Gatal” mice and resulted in a reduction of BM fibrosis
and an increase in BM cellularity and in the frequency and numbers of murine progenitor cells as
well as short-term and long-term HSCs [70]. Collectively, these data strongly support the prominent
role of TGF-f in the pathogenesis of the disease and encourage the use of therapeutic agents targeting

the TGF-B1 and/or elements involved in its release for the cure of PMF.

1.4.2 P-selectin as a Driver of the Pathological Megakaryocyte-Neutrophil
Emperipolesis Observed in PMF

Several studies have described the pathological mechanisms underlying the massive release of TGF-
B1 by malignant MKs. In particular, by using mice overexpressing TPO, which develop a disease
resembling human PMF, Schmitt et al., were the first to demonstrate that the aberrant release of
growth factors stored in the MKs granules, including TGF-B1, was promoted by a pathological
emperipolesis between MKs and neutrophilic and eosinophilic PMN cells [77].

The term emperipolesis was originally used to define a random passage of one cell through the
cytoplasm of another one with no physiologic consequences for either of them [91]. Normally this
process occurs in MKs with a frequency of 5% and an increase of this frequency was observed in
patients with severe thrombocytosis, whether myeloproliferative or reactive, and was not necessarily
associated with marrow fibrosis. /n vitro modeling and in vivo studies have proven that emperipolesis
is a distinctive form of cell-cell interaction different from phagocytosis, entosis or transcellular
migration and involves the active cytoskeletal engagement by both cell types. By electron microscopy
and immunofluorescence studies, Cunin et al., proposed a multi-steps process of MK-neutrophil
emperipolesis: (1) neutrophils expressing 2 integrin binds to ICAM-1 expressed by MKs, inducing
the translocation and clustering of ICAM-1 and ezrin; (2) neutrophils enter into MKs vacuole, called
emperisome, in an actin-dependent manner; (3) the emperisome contracts and neutrophil and
emperisomes membranes enter in close contact; (4) the emperisome membrane disappear and
neutrophils translocate to the DMS where membrane fusion occurs; (5) after a period of residence,
neutrophils exit the host cell without evident harm to either cell [92].

In the above-mentioned study, Schimitt et al., provided evidences of extensive emperipolesis in BM
biopsy specimens from PMF patients as well as in TPO mice. The rate of emperipolesis in PMF
patients was correlated with the amount of reticulin deposition and thus associated with the severity
of the disease and with poor prognosis. Ultrastructural studies on BM samples from TPO mice
showed a marked alteration of both the host MKs and the engulfed PMN cells. PMN cells had

apoptotic-like nuclei and disrupted plasma membranes. MKs had myeloperoxidase-positive granules
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scattered in their cytoplasm, associated with cytoplasmic alterations, vacuoles, dystrophic DMS, and
ruptured a-granule. Of note, the resulting morphologic alterations detected in MKs and PMN cells
were observed in parallel with abnormal P-sel expression and subcellular distribution, in particular
on the DMS near engulfed PMN cells [77]. Since PMN cells express the P-sel ligand PSLG-1 on their
surface [93,94], the authors suggested that the binding of this receptor to the P-sel expressed on the
DMS of MKs might be responsible for the pathological emperipolesis between these cells. This
destructive mutual cell interaction may result in the pathological release of TGF-fl1 in
microenvironment, leading to fibroblast activation and collagen deposition in the BM. According
with this hypothesis, the same abnormalities in P-sel localization were observed in the BM from
patients with idiopathic MF.

According to these observations, Centuriore et al., detected an increased rate of emperipolesis also in
the BM and spleen from Gatal'®¥ mice [28]. The authors observed that mutant MKs were surrounded
by myeloperoxidase-positive neutrophils, some of which had their membranes in close contact with
those of the DMS. Although apoptotic MKs were not found in Gatal'" myelofibrotic tissues, the
50% of MKs had a shrunken and damaged morphology and the 16% (in the spleen) to 34% (in the
BM) of them contained 1 to 3 degranulated neutrophils embedded in a vacuolated cytoplasm. In
parallel, the authors observed an abnormal distribution of P-sel. Indeed, low levels of GATA1 block
the MKs maturation between stage I and II and halt proper assembly of a-granules [28]. This was
demonstrated by immunolabeling studies showing that vVWF was barely detectable in Gatal™ MKs,
whereas P-sel, although normally expressed, was mostly delocalized to the DMS. Moreover, vWF
and P-sel were barely detectable in Gatal'®" platelets [95].

Collectively, these observations suggest that P-sel distribution to the DMS may represent an element
upstream to TGF-B1 in the pathobiology of PMF.

To further support this hypothesis, Spangrude et al., evaluated the consequences of P-sel deficiency
by using Gatal'®¥ mice carrying a deletion of the P-sel gene (Gatal'"/P-sel™") and comparing their
phenotype with that of Gatal'" single mutants as they aged [96]. First, BM of Gatal"/P-sel™" did
not present fibrosis and the degree of osteosclerosis was inferior of that expressed by Gatal'°¥ mice.
Spleen from double mutant mice did not appear enlarged and showed reduced fibrosis. Deletion of
the P-sel gene increased the survival of double mutants, extending their lives approximately 3 months
longer than their Gatal® littermates. Moreover, most Gatal'V/P-se[™! mutants survived
splenectomy while 75% of Gatal" mice died of profound anemia. In agreement with the observation
that splenic hematopoiesis is dispensable for survival of Gatal'®" /P-se[™ mice, the P-sel deletion

restored the abnormal distribution of Gata 1 HSCs and their ability to mature in BM.
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As expected, loss-of-funtction of P-sel disrupted emperipolesis between MKs and neutrophils and
prevented TGF-B1 accumulation in the microenvironment. Interestingly, MKs from Gata 1'*"/P-sel™"
mice remained higher than normal and with an immature morphology, suggesting that, since the
myelofibrotic phenotype is rescued in these mice, the P-sel/TGF-B1 circuitry may initiate the fibrotic
progression. In conclusion, this study provided genetic evidence that disease progression is sustained
by P-sel/TGF-Bl axis that increase TGF-B1 content in MKs and favor establishment of a

microenvironment that supports MF-related HSCs niches in spleen.

1.4.3 Role of CXCLI1 in Neutrophils Chemotaxis

Most of the scientific literature concerning emperipolesis was the result of transmission electron
microscopy studies, but until then mechanisms that drive this process in MF remained poorly
understood. The main limitation of transmission electron microscopy in studying this phenomenon is
that this technique requires the use of thin sections (3 um) whereas the diameter of MKs and
neutrophils is 50-100 um and 10-20 um, respectively, and thus this method does not allow to
unequivocally confirm the presence of engulfed neutrophils within MKs. With the recent
development of confocal microscopy, which allows three-dimensional reconstruction of cells, Cunin
et al., provided new insights about the mechanism underlying this process. Of note, they discovered
that emperipolesis occurs in fast and slow forms that differ morphologically: approximately half of
neutrophils exited the MKs rapidly, displaying amoeboid morphology as they passed through the host
cell (fast emperipolesis), while the remaining neutrophils assumed a sessile morphology, remaining
within the MKs for at least 60 minutes (slow emperipolesis). However, in both processes, the cell
membranes of the MKs and neutrophils remain intact [92].

Recently, encouraged by this recent study, we revisited the pathological emperipolesis occurring in
Gatal™ murine model of MF. First, we validated confocal microscopy observations with antibodies
specific for the MKs and the neutrophils as a method to detect emperipolesis in the BM. As expected,
BM sections from Gatal' mice, as well as those from PMF patients, contained a high number of
MKs and neutrophils that were preferentially located around or within MKs [97].

Then, we assessed whether the treatment with Reparixin, an allosteric inhibitor of CXCR1/R2, was
effective in reducing this pathological cell interaction between MKs and neutrophils. The rationale
for this study was provided by previous studies demonstrating that the levels of CXCL1, the murine
equivalent of IL-8, and its ligands CXCR1/R2, were elevated in MKs from Gatal™" mice, according

to recent findings indicating that high levels of circulating IL-8 are predictive of poor prognosis in
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patients with PMF [58,98]. Moreover, it is well known that CXCL1 signaling triggers neutrophils
chemotaxis, a process that reasonably precedes the emperipolesis between MKs and neutrophils.
Treatment with Reparixin did not affect the frequency of MKs in the BM from Gatal'®" mice but
significantly decreased that of neutrophils, including that around or within MKs [97].

In conclusion, these data suggested that CXCL1 may be responsible for the massive neutrophil
infiltration and the consequent emperipolesis with malignant MKs, leading to the mutual destruction
of these cells and the release of TGF-B1 in the microenvironment. This hypothesis was further
supported by the fact that treatment with Reparixin was also able to reduce the TGF-B1 content and

the degree of fibrosis in Gatal'" mice.
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2. Aim of the study

At present, the only cure for PMF is represented by AHSCT since conventional therapies ameliorate
constitutional symptoms but do not significantly impact disease progression. Several studies
demonstrated that microenvironmental abnormalities and high levels of pro-inflammatory cytokines
contribute to the BM stromal reaction and the progression of the disease, paving the way for novel
therapeutic agents that may target these abnormalities.

Recent studies have suggested that the adhesion receptor P-sel may represent an element upstream to
TGF-B1 pathway in the pathobiological mechanism underlying myelofibrosis. This hypothesis has
been mechanistically demonstrated by the observation that the TGF-B1 content in the BM of Gata 1'%
mice lacking the P-sel gene was normal and that the double mutants Gata1'°"/P-sel™" did not develop
a myelofibrotic phenotype and showed an increased survival compared to their Gatal'" littermates.

Recently, the P-sel inhibitor crizanlizumab (SEG101) has been demonstrated to reduce the frequency
of vaso-occlusive crises in patients with sickle cell disease with a low incidence of adverse events
and in 2019 was approved by the FDA for clinical use.

The rationale for the clinical use of crizanlizumab has been provided by a preclinical study that
evaluated the effects of the commercially available monoclonal antibody RB40.34 against the murine
P-sel as an antithrombotic agent in a murine model of sickle cell disease. The aim of this study was
to test the hypothesis that pharmacologic inhibition of P-sel, alone or in combination with Rux, might
be more effective than Rux alone in reverting the myelofibrotic phenotype expressed by Gatal™"
mice. First, we evaluated the ability of the antibody to reach the myelofibrotic tissues from Gatal'"
mice and to target the malignant MKs that contain abnormal levels of P-sel. Then, by histological,
flow cytometry and biochemical analyses we determined the short-term and long-term effects of the
treatments. The results obtained indicated that the two drugs in combination reduced fibrosis, bone
deposition and neoangiogensis while restoring hematopoiesis in BM and reducing hematopoiesis in

spleen more effectively than the single agents.
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3. Results

3.1. “Preclinical studies on the use of a P-selectin-blocking monoclonal antibody
to halt progression of myelofibrosis in the GataI'" mouse model”

The results of this study were published: Verachi P, Gobbo F, Martelli F, et al. Preclinical studies
on the use of a P-selectin-blocking monoclonal antibody to halt progression of myelofibrosis in the

Gatal mouse model. Exp Hematol. 2023;117:43-61. doi:10.1016/j.exphem.2022.09.004

The PDF of the published article is below.
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ARTICLE

Preclinical studies on the use of a P-selectin-blocking
monoclonal antibody to halt progression of
myelofibrosis in the Gata1* mouse model

Paola Verachi®, Francesca Gobbo™", Fabrizio Martelli®, Mario Falchi?, Antonio di Virgilio®,
Giuseppe Sarli®, Celine Wilke', Andreas Bruederle', Anirudh Prahallad’, Francesca Arciprete®,
Maria Zingariello®, and Anna Rita Migliaccio®"*

Department of Biomedical and Neuromotor Sciences, University of Bologna, Ttaly; " Department of Veteri-
nary Medical Sciences, University of Bologna, Italy; “National Center for Preclinical and Clinical Research
and Evaluation of Pharmaceutical Drugs, Istituto Superiore di Sanitis, Rome, Italy; * National Center for
HIV/AIDS Research, Istituto Superiore di Sanitir, Rome, Italy; *Center for Animal Experimentation and
Well-being, Istituto Superiore di Santit, Rome, Ttaly;” Novartis (United States), East Hanover, NJ, USA;
TUnit of Microscopic and Ultrastructural Anatomy, University Campus Bio-Medico, Rome, Traly; " Altius
Institute for Biomedical Sciences, Seattle, WA, USA

The bone marrow (BM) and spleen from patients with myelofibrosis (MF), as well as those from the Gata1'®"
mouse model of the disease contain increased number of abnormal megakaryocytes. These cells express high
levels of the adhesion receptor P-selectin on their surface, which triggers a pathologic neutrophil emperipole-
sis, leading to increased bioavailability of transforming growth factor-g (TGF-p) in the microenvironment and
disease progression. With age, Gata?™" mice develop a phenotype similar to that of patients with MF, which
is the most severe of the Philadelphia-negative myeloproliferative neoplasms. We previously demonstrated
that Gata7’" mice lacking the P-selectin gene do not develop MF. In the current study, we tested the hypothe-
sis that pharmacologic inhibition of P-selectin may normalize the phenotype of Gata1®" mice that have already
developed MF. To test this hypothesis, we have investigated the phenotype expressed by aged Gata?®" mice
treated with the antimouse monoclonal antibody RB40.34, alone and also in combination with ruxolitinib. The
results indicated that RB40.34 in combination with ruxolitinib normalizes the phenotype of Gata1® mice with
limited toxicity by reducing fibrosis and the content of TGF-8 and CXCL1 (two drivers of fibrosis in this model)
in the BM and spleen and by restoring hematopoiesis in the BM and the architecture of the spleen. In conclu-
sion, we provide preclinical evidence that treatment with an antibody against P-selectin in combination with
ruxolitinib may be more effective than ruxolitinio alone to treat MF in patients. © 2022 ISEH - Society for

m

Check for
updates

Hematology and Stem Cells. Published by Elsevier Inc. All rights reserved.

* Treatment with RB40.34 targeting murine P-selectin and ruxoliti-
nib, in combination, is more effective than either drug alone in res-
cuing myelofibrosis in Gata1low mice.

¢ This drug combination reduced fibrosis, bone deposition and
neoangiogenesis while restoring hematopoiesis in bone marrow
and reducing hematopoiesis in spleen.

Mechanistically, the drug combination may have exerted their
effects by reducing the TGF-g and CXCL1 content of the bone
marrow.

* These data provide pre-clinical evidence that P-selectin antibod-
ies and Ruxolitinib in combination may be more effective than
Ruxulotinib alone to treat myelofibrosis.

Myelofibrosis (MF) is the most severe of Philadelphia chromosome
—negative myeloproliferative neoplasms (MPN). The complex phe-
notype of patients with MF includes fibrosis and hematopoietic fail-
ure in bone marrow (BM), stem/progenitor cell mobilization, and
development of extramedullary hematopoiesis with splenomegaly,
and their clinical course is associated with an increased risk of throm-
bosis, bleeding, and evolution to acute leukemia [1—4]. MF may be
driven by gain of function mutations in several genes of the thrombo-
poietin axes, such as MPL, the thrombopoietin receptor; JAK2, the
first element of the MPL signaling; and calreticulin, a chaperon pro-
tein, which when mutated binds MPL on the cell surface, inducing
conformational changes, leading to ligand-independent constitutive
activation of the receptor [5]. Regardless of the driver mutation, it has
been recognized that MF has a distinctive cellular signature. In fact,

Offprint requests to: Anna Rita Migliaccio, Altius Institute for Biomedical Sciences,
2211 Elliott Avenue, 6th Floor, Suite 410, Seattle, WA 98121,
E-mail: amigliaccio@altius.org.
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both the BM and spleen of such patients contain numerous clusters
of morphologically immature megakaryocytes (MKs) [6] endowed
with great proliferation potential [7,8]. In MF, MKs are retained
immature by a mutation-driven RSP14 ribosomopathy that impairs
the translation of the mRNA for GATA1 [9,10], the transcription fac-
tor that plays a pivotal role in the progression of MK maturation [11].
The causative role of the resulting abnormal MKs in the pathogenesis
of this disease is strongly supported by experiments in mice, indicating
that those carrying a hypomorphic mutation, which selectively
reduces GATA1 in MKs (Gatal™ mice), develop MF with age [12],
whereas transgenic mice expressing JAKZVO6I7F, one of the driver
mutations of the disease [ 1 —4], only in MKs develop MF even if their
hematopoietic stem cells (HSCs) are normal [13,141. As first hypothe-
sized by Schmitt et al. [7], mechanistically, malignant MKs are
thought to drive MF by engaging in a pathologic process of
emperipolesis with the neutrophils, increasing the bioavailability of
transforming growth factor-8 (TGF-8) and possibly other proinflam-
matory cytokines in the BM of patients with MF and animal
models [8,15—17]. The pathobiological role of TGF-8 in the
development of MF has been further confirmed by the observa-
tion that in animal models, the development of MF is prevented
by genetic ablation of the TGF-g gene [17,18] and reverted by
treating MF mice with small TGF-8 receptor-1 kinase inhibitors
[19] or with the TGF-g trap AVID200 [20]. The TGF-8 trap
AVID200 is currently in phase /11 clinical trials for patients with
MF who are resistant to therapy with the JAK1/2 inhibitor ruxoli-
tinib (Rux) [211.

Later studies have indicated that the adhesion receptor P-selectin
(P-SEL) may represent an element upstream to TGF-g in the patho-
biological pathway leading to ME In fact, the MK abnormalities
observed in this disease include abnormal cytoplasmic trafficking of
P-SEL, which was displayed on the cell surface instead of being parti-
tioned into granules [22]. It has been hypothesized that P-SEL, which
is found in high levels on the cell surface, interacting with its ligand P-
selectin glycoprotein ligand-1 (PSGL-1) expressed by the neutrophils
[23,24], drives a process of pathologic emperipolesis between the
neutrophils and the MKs, which leads to the death of the MKs by
para-apoptosis and release of TGF-g in the microenvironment
[25,26].This hypothesis has been mechanistically demonstrated by
the observation that the TGF-g bioavailability in the BM of Gata 1'%
mice lacking the P-sel gene is normal and that these mice do not
develop MF with age and live on average 2 months longer than their
Gatal' littermates [271. These findings support the hypothesis that
in MF, the disease is established, and it progresses because of a patho-
logic P-SEL/TGF-8 circuit established by the malignant MKs [28].
Whether inhibition of P-SEL would also be effective in reverting to
normal MF once the disease is established has not been demon-
strated as yet.

Recently, the P-SEL inhibitor crizanlizumab (SEGIO0I) has been
demonstrated to reduce the frequency of vaso-occlusive crises in
patients with sickle cell disease with limited toxicity [29]. Based on
these observations, in November 2019, the Federal Drug Administra-
tion approved the use of crizanlizumab for the treatment of pain cri-
ses in sickle cell disease. The rationale for the clinical study with
crizanlizumab had been provided by a preclinical study that evaluated
the effects of the commercially available monoclonal antibody
RB40.34 targeting the murine P-SEL as an antithrombotic agent in a
mouse model of sickle cell disease [30]. Because crizanlizumab had
already been approved for clinical use and conditions for effective
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treatment of mice with RB40.34 had already been described, in
this study, we tested the hypothesis that pharmacologic inhibition
of P-SEL with RB40.34, alone and in combination with Rux, is
effective in reverting the myelofibrotic phenotype expressed by
Gata '™ mice.

METHODS

Mice

Gata I mice were bred in the animal facility of Istituto Superiore di
Sanita as previously described [311. Littermates were genotyped at
birth by polymerase chain reaction, and those who were found not
to carry the mutation were used as wild type (WT) controls. All the
experiments, including the size of the experimental groups, were per-
formed according to the protocols (D9997.121) approved by the Ital-
ian Ministry of Health on September 2, 2021, and according to the
European Directive 86/609/EEC.

Treatments

A total of 47 Gata1"® mice were implanted with 14-mm microchips
(one chip per mouse) (AVID) and divided into two separate experi-
mental groups (Supplementary Figure E1). In the first experimental
group, 24 1l-month-old mice were randomly divided into four
groups (three males and three females each), which were treated as
follows: Group 1: vehicle (2% v/v Dimethyl sulfoxide by gavage, neg-
ative control for groups 3 and 4); Group 2: biotin-conjugated rat anti-
mouse CD62P (RB40.34, catalog number 553743, BD Pharmigen;
30 pg/mouse/day x 3 days/week by 1V, as described in [30], until
day 45, and then IP); Group 3: Rux (Novartis Pharma AG; 45 mg/kg
twice/day x 5 days a week by gavage as described in [32]); and
Group 4: biotin-labeled RB40.34 and Rux in combination. On Day
5, all the mice were weighed and bled for blood cell count determina-
tion and detection of RB34.40 on platelets. The mice were sacrificed
on day 5 (males) and day 12 (females), and BM and spleen were col-
lected for cell signaling and histopathologic determinations. In the
second experimental group, 23 8-month-old Gata/™" mice were
divided into the same groups described above and treated for 7
weeks. In this experimental group, we used the purified RB40.34
(catalog number 553742, BD Pharmigen). The treatment was inter-
rupted for 2 weeks during the holiday break (from day 24 to day 43).
On day 54, all the mice were weighed, bled for blood count determi-
nation, and sacrificed for histopathology observations of their BM
and spleen.

Blood Count Determination

Mice were topically anesthetized with Novesina (catalog number
s01ha02, Novartis; one drop/eye), and blood was collected from the
retro-orbital plexus into heparinized microcapillary tubes. Blood
counts were evaluated on deidentified samples by an accredited
commercial laboratory, which provides diagnostic services for labora-
tory animals (Plaisant Laboratory).

Flow Cytometry
Binding of RB40.34 to platelets. Platelet-enriched plasma was pre-

pared by centrifugation of 200 uL heparinized blood (10,000 rpm
for 20 min with the Eppendorf Centrifuge 5425/5425 R,
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Eppendorf), and the binding of biotinylated RB40.34 to platelets was
measured by flow cytometry following incubation with PE—Cy7
—streptavidin (catalog number 557598, BD Pharmingen). Platelets
were identified based on size (forward scatter) and internal cell com-
plexity (side scatter), as described previously [22].

MK identification and binding to RB40.34. BM and spleen cells
were resuspended in Ca™ Mg""-free PBS containing 0.5% (v/v)
fetal bovine serum (catalog number F7524, Sigma-Aldrich) and incu-
bated with PE—CD4l, FITC—CD6l, and PE—Cy7—streptavidin.
Cells were then divided by flow cytometry into four populations, cor-
responding to non-MK (CD41"%/CD61"®), immature MK
(CD41™8/CD61"e"), mature MK (CD41M8"/CD61"eM), and very
mature MK (CD41"#"/CD61"®), as described previously [19]1. The
levels of PE-Cy7—streptavidin staining were assessed as a measure of
biotinylated RB40.3 4 binding to the MK.

Hematopoietic stem or progenitor cell determinations. Mononu-
clear BM and spleen suspensions were incubated with a cocktail of
antibodies, including APC-CD117, APC—Cy7-Scal, PE-Cy7
—CD150, biotin-labeled anti-mouse CD48, and biotin-labeled anti-
lineage antibodies. After 30 min of incubation on ice, cells were
washed and incubated with streptavidin—PE—Cy5 (all from BD Phar-
mingen). Hematopoietic progenitor cells were defined as lineage-neg-
ative cells (Lin—). HSCs were defined as LSK (Lin—/CD48"%/c-
Kit"*/Sca-17°*), whereas long-term repopulating HSCs were defined
as SLAM (Lin—/CD48"%/¢c-Kit"**/Sca- 1P*/CD150°%) as described
previously [27,33]. Nonspecific signals and dead cells were excluded,
respectively, by appropriate fluorochrome-conjugated isotype and
propidium iodide staining. All the flow cytometry analyses were
performed using the Gallios analyzer (Beckman Coulter), and the
results were analyzed using the Kaluza analysis program, version
2.1 (Beckman Coulter).

Western Blot Analysis

BM and spleen of Gatal"™ mice treated for 5 days were dissolved in
lysis buffer containing protease and phosphatase inhibitors and stored
at —80°C. Protein extracts were separated by electrophoresis under
denaturing conditions using 7.5%— 10% mini-Protean TGX precasted
gels (Bio-Rad) and transferred to nitrocellulose filters with the Trans-
blot-Turbo system (Bio-Rad). Filters were probed with antibodies
against proteins of the canonical (SMADZ2/3, catalog number 8685,
Cell Signaling), p-SMAD2/3 (catalog number 8828, Cell Signaling),
TGF-BRII (catalog number ab186838, Abcam), and noncanonical
(p38, catalog number 9212; p-p38, catalog number 4511; ERK1/2,
catalog number 9102; and p-ERK 1/2, catalog number 9101; all from
Cell Signaling) TGF-g signaling and JAK2 (catalog number 3230, Cell
Signaling), STATS (catalog number sc-74442), pJAK2 (Phospho-
Tyr1007/1008 JAK2, catalog number 3771, Cell Signaling), and p-
STATS (catalog number 9351, Cell Signaling) of JAK/STAT signaling.
GAPDH (catalog number G9545, Sigma—Aldrich) was used as a
loading control. The bands were quantified using Image] 1.52q soft-
ware (National Institutes of Health) and normalized against GAPDH.
Stoichiometry determinations of phosphoprotein levels were
obtained by normalizing the content of the phosphoprotein with that
of the corresponding total protein.
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Histologic Analyses

Femurs were fixed in formaldehyde (10% v/v with neutral buffer),
treated for | hour with a decalcifying kit (Osteodec; Bio-Optica), and
embedded in paraffin. Spleens were fixed in formaldehyde and then
embedded in paraffin [19]. Paraffin-embedded tissues were cut into
consecutive 3-um sections and stained either with hematoxylin
—eosin (HEE; catalog number OIHEMH2500 and O1EOY 101000,
respectively; Histo-Line Laboratories), Gomori silver, or reticulin stain-
ing and Mallory trichrome staining (catalog numbers 04-040801, 04-
040802, and 04-020802, respectively; Bio-Optica). For immunofluo-
rescence microscopy, BM sections were incubated with anti-CXCL1
(catalog number ab86436, Abcam) and anti-TGF-81 (catalog number
sc-130348, Santa Cruz Biotechnology) antibodies, and reactions were
detected by avidin—biotin immune-peroxidase staining and 3,3’-diami-
nobenzidine (0.05% w/v) (Vectastain Elite ABC Kit, Vector Laborato-
ries). Slides were counterstained with Papanicolaou’s hematoxylin
(Histo-Line Laboratories). Images were acquired with the optical
microscope Eclipse E600 (Nikon) equipped with the Imaging Source
“33" Series USB 3.0 Camera (catalog number DFK 33UX264), and
the signal was quantified acquiring at least five different areas/femur/
mouse from at least four mice per group using Image] program (ver-
sion 1.52t) (National Institutes of Health), as described previously
[34,351. For immunofluorescence microscopy determinations, 3-pum-
thick BM sections were dewaxed in xylene, and antigens were
retrieved by treatment with EDTA buffer (pH = 8 for 20 min in a
pressure cooker (110°C—120°C, high pressure) and incubated with
antibodies against CD42b (catalog number ab183345, Abcam),
GATAI (catalog number sc-265, Santa Cruz), CD3 (catalog number
ab16669, Abcam), and CD45R/B220 (catalog number 553085, BD-
Pharmingen) overnight at 4°C. Primary antibodies were visualized
with the secondary antibody goat anti-rat Alexa Fluor 488 (catalog
number ab 150165, Abcam) or goat anti-rabbit Alexa Fluor 555 (cata-
log number abl150078, Abcam). All sections were counterstained
with 4',6-Diamidino-2-phenylindole (catalog number D9542-5MG,
Sigma—Aldrich), mounted with Fluorshield histology mounting
medium (catalog number F6182-10MG, Sigma—Aldrich), and exam-
ined using a Nikon Eclipse Ni microscope equipped with filters appro-
priate for the fluorochrome to be analyzed. Images were recorded
with a Nikon DS-QilNc digital camera and NIS 190 Elements soft-
ware BR 4.2001 and quantified with Image] program by counting
the number of cells that exceeded the intensity set as the threshold,
as described previously [35]. Reconstruction of the image of all the
femurs was obtained by combining the entire set of stack images (15
images at 20 x or 34 images at 63 x) with the Zen Blue software
(Zeiss). Microvessel density was determined by incubating BM and
spleen sections with anti-CD34 (catalog number MAB7100, AbNova,
primary), Alexa Fluor 568-conjugated donkey anti-rat (Invitrogen, sec-
ondary), and Hoechst 33342 (ThermoFisher Scientific).

Data Analysis

Data were analyzed and plotted using GraphPad Prism 8.0.2 software
(GraphPad Software) and presented as mean (£SD) or as box charts,
as more appropriate. All the data had normal distribution, as assessed
using the Shapiro—Wilk t test. Values between two groups were com-
pared using I test, whereas those among multiple groups were com-
pared using Tukey's multiple comparisons test or analysis of variance,
as indicated. Kaplan—Meier survival curves were compared by log-
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rank (Mantel—Cox) test. Differences were considered statistically sig-
nificant at p < 0.05.

RESULTS

The RB40.34 Antibody Readily Binds to Platelets in the Blood
and Reaches the Fibrotic BM of Gata?®" Mice

Because the underlying fibrosis in the BM of Gata1™ mice may

restrain the RB40.34 antibody to reach the BM, we conducted a fea-
sibility study to determine whether the biotinylated-RB40.34 was
detectable in BM sections of mice treated for 5 days. In addition,
because we and others have demonstrated that platelets of Gata 1"
mice express greater levels of P-SEL on their surface [22306], we
determined whether biotinylated-RB40.34 was detectable on plate-
lets present in the blood 5 hours after its administration as control of
the persistence of the antibody in the circulation after its injection

Experimental Hematology
January 2023

(Figure 1). Biotin is produced in the liver and is present, albeit at low
levels, in several cell types [37]. Therefore, it is not surprising that the
APC—Cy7—streptavidin signal was also detected on platelets and
BM sections of mice in the vehicle and Rux groups, which did not
receive biotinylated-RB40.34. However, the signals on platelets and
BM sections of mice that had received biotinylated-RB40.34 was
greater than background levels (Figure 1).

Five-Day Treatment with RB40.34 in Combination with Rux
Reduces TGF-g Signaling in the BM and JAK2/STAT5 Signaling
in the Spleen of Gata1®¥ Mice

To investigate the effects of the treatments on the signaling state of
the BM and spleen of Gatal™ mice, western blot analyses of these
organs from untreated Gatal”" mice and mice treated for 5 days
were performed. These studies used a panel of antibodies that target
SMAD2/3 and TGF-gRII (canonical TGF-g signaling); p38, p-p38,
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Figure 1 On day 5, RB40.34 is readily detected on the platelets present in the blood and on sections of bone marrow (BM) of Gata 1'%
mice. (A) Flow cytometry analyses with APC—Cy7—streptavidin of platelets present in the blood of Gata?'®" mice after 5 days of
treatment. The different groups of mice had been treated 5 hours earlier with the vehicle, biotinylated-RB40.34, Rux, and the two
drugs in combination, as indicated. Platelets are recognized based on size (FS: forward scatter) and internal cell complexity (SS: side
scatter). Representative FS or SS gating and histograms of the APC—Cy7—streptavidin staining are presented on the left. The mean
fluorescence intensity (+SD) of APC—Cy7—streptavidin staining and values in individual mice (each symbol a mouse) are presented
on the right. p values were calculated using Tukey’s multiple comparison test, and significant differences are indicated in the panels.
(B) Representative sections of BM of Gata1'™ mice treated with vehicle (first panel) or biotinylated-RB40.34, Rux, and Rux and bioti-
nylated-RB40.34 incubated with APC—Cy7—streptavidin (top panels). The panel on the bottom shows the computer-generated sig-
nal specific for mAb RB40.34 obtained by subtracting the background from the vehicle using Imaged program. Areas exceeding the
threshold are artificially labeled in red. Details of the ImageJ processing of the images are provided in Supplementary Figure E2.
Magnification, 40 x . The intensities of APC—Cy7 staining as a percentage of areas above the threshold in sections from the BM of
multiple mice are presented on the right.
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Figure 2 Treatment with RB40.34 in combination with Rux restores the abnormal canonical and noncanonical TGF-g signaling
observed in the bone marrow (BM) of Gata?'®" mice. (A-C) Western blot analyses for the content of elements downstream to the
canonical and noncanonical TGF-g signaling of the BM of untreated wild-type (WT) and Gata1"" mice and of Gata1'®" treated with
vehicle, RB40.34, Rux, and the two drugs in combination, as indicated. Blots are presented on the right and quantifications on the
left. Quantitative values are presented as mean (+SD) and as individual values for each mouse. Total protein levels are normalized
toward the corresponding GPDH levels, whereas to take into account differences in total protein, the levels of the phosphoproteins
are expressed stoichiometrically as a ratio to the total level of the corresponding protein. p values were calculated using Tukey's mul-
tiple comparison test, and statistically significant differences are indicated in the panels.

ERK1/2, and p-ERK1/2 (noncanonical TGF-8 signaling); and JAK2
and STATS (JAK/STAT signaling). Untreated WT mice were analyzed
in parallel as control (Figures 2 and 3 and Supplementary Figure E3).
pJAK2 and pSTAT5 were not investigated because the phosphoryla-
tion of these two proteins in extracts from primary tissues was very
sensitive to degradation upon storage (Supplementary Figure E4).
The BM from untreated Gata!” mice expresses levels of TGF-
BRII significantly greater than that in WT mice, which is likely a reflec-
tion of the increased number of MKs present in this organ. Treatment
with RB40.34 or Rux alone had no effect on the levels of SMAD2/3
and TGF-BRII proteins, which remained similar to that of untreated
Gatal"® mice. By contrast, treatment with RB40.34 in combination
with Rux reduced the content of SMAD2/3 and TGF-BRII in the
BM down to levels expressed by BM from WT mice, suggesting that
the treatment reduced canonical TGF- signaling in this organ
(Figure 2A,C). The levels of total ERK and p38, which are two ele-
ments of the mitogen-activated protein kinase-dependent noncanoni-
cal TGF-g signaling [38], and their phosphorylated forms in the BM
of untreated Gata!™ mice were not significantly greater than those
of the normal mice. Although none of the treatments affected the
p38 content/activation state, treatment with RB40.34 in combination
with Rux reduces the activation of p-ERK to barely detectable levels,
an indication that this treatment reduces the noncanonical TGF-8 sig-
naling possibly responsible for fibrosis in the BM (Figure 2B,C). By
contrast, the content and activation state of canonical and

noncanonical TGF-8 signaling in the spleen from untreated Gata ™"

mice are similar to that of the spleen from WT mice and are not signif-
icantly affected by any of the treatments (Supplementary Figure E3).

JAK2 was not detected in the BM of untreated Gata!®” and WT
littermates and, except for two out of three mice in the vehicle and
Rux-alone groups, remained undetectable in the BM of the treated
groups as well. The content of STATS in the BM was instead robust
and not statistically different across all groups (Figure 3A,C). By con-
trast, the content of JAK2 and STATS in the spleen of untreated
Gata 1™ mice was significantly greater than that of the WT littermates
(Figure 3B,D), possibly reflecting the great levels of extramedullary
hematopoiesis occurring in the spleen of the mutant animals [39].
The levels of STATS in the spleen of Gatal 2w mice remained robust
after treatment with either Rux or RB40.34 alone or in combination.
By contrast, the levels of JAK2 in the spleen of the mutant mice were
drastically reduced upon the combined treatment with Rux and
RB40.34 but not with either of the drugs alone. These data suggest
that the combination of Rux and RB40.3 4 targets the extramedullary
hematopoiesis in the spleen.

These data indicate that treatment for only 5 days with Rux and
RB03.34 in combination induces detectable biochemical changes in
the BM and spleen of Gatal™” mice. Additional experiments, associ-
ated with expression profiling of individual cell populations, are nec-
essary to assess whether these biochemical changes are due to
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Figure 3 Treatment with RB40.34 in combination with Rux restores the abnormal JAK2/STATS signaling observed in the spleen of
Gata1°™ mice. Western blot analyses for JAK2, STAT5, and GAPDH (as loading control) of bone marrow (A, C) and spleen (B, D)
from untreated wild-type (WT) and Gata?"®" mice and Gata?'®" mice treated with vehicle, RB40.34, and Rux, alone and in combina-
tion. Blots are presented on the right and quantifications on the left. In (C, D), quantitative values are presented as mean (+SD) and
as individual values for each mouse. p values were calculated using Tukey’s multiple comparison test, and statistically significant dif-

ferences are indicated in the panels.

alterations in cell composition and/or in the signaling cascade of indi-
vidual cell populations in these organs.

All the Treatments Were Well Tolerated, with No Significant
Effects on Survival and Body Weight

Encouraged by the results described above, we performed longer
treatments (day 12 and day 54) to assess whether these drugs may
affect the MF phenotype expressed by Gatal® mice. To determine
safety, all the treated mice were monitored daily by a veterinarian,
who recorded no significant modifications in physical activity and
behavior (no lethargy, no excessive grooming, and no change in coat
luster) during the observation period. None of the treatments
affected the weight of the animals in all the experimental groups
(Supplementary Figure ESA). Although few deaths were recorded
during the treatment period (Supplementary Table E1), the overall
log-rank test of the Kaplan—Meier survival curves of the treated
Gatal'" mice showed no significant difference in the death rate
among groups (Supplementary Figure E5B).

RB40.34, Alone and in Combination with Rux, Reduces
Anisocytosis and Lymphocyte Counts

Hematocrit (%) levels remained within normal ranges in all experi-
mental groups for the duration of the treatments (Table 1). A signifi-
cant increase in red blood cell (RBC) distribution width (RDW) at
levels that meet the criteria for anisocytosis was observed in some of
the mice treated with vehicle and in all those treated with Rux for
54 days, whereas the RDW in the groups treated with RB40.34 alone
and in combination with Rux was within normal ranges (Figure 4A).

None of the treatments rescued the platelet deficiency of Gata '
mice, which remained significantly lower than normal in all the
groups (Table 1).

The difference in white blood cell (WBC) counts between
untreated Gata 1™ and WT littermates was not statistically significant
(Table 1). None of the drugs that were investigated induced signifi-
cant changes in the WBC counts because even the twofold reduc-
tions observed on day 54 in the Rux and RB40.54 plus Rux groups
were not statistically significant, as shown by Tukey’s multiple compar-
ison test, compared with those of untreated mice. However, a com-
parison of the frequencies of the different WBC subpopulations
revealed that RB40.34 in combination with Rux significantly
decreased the lymphocyte counts by day 54 (Figure 4B).

In conclusion, none of the treatments induced anemia nor rescued
thrombocytopenia of Gatal'®™ mice. However, treatment for 54 days
with RB40.34 in combination with Rux reduced anisocytosis and
lymphocyte counts.

Treatment with RB40.34 in Combination with Rux Reduces
Fibrosis and Restores Hematopoiesis in the BM of Gata1*"
Mice

By 8—11 months of age, the femurs of Gatai®" mice are hypo-

cellular and contain great levels of fibrosis (Supplementary Figure
E6). None of the treatments alters the BM cellularity (which
remains lower than normal) and the level of fibrosis observed by
day 5. By day 12, however, although the BM of all the groups
remained hypocellular, the level of fibrosis in the diaphysis of the
femurs of mice treated with RB40.34 and Rux in combination
was reduced (Supplementary Figure E7), suggesting that this com-
bination was starting to be effective. In agreement with this
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Table 1 Hematocrit (%), platelet count, and white blood cell count determinations at days 5, 12, and 54 in Gata1'®" mice treated

with vehicle, RB40.34, Rux, and with a combination of the drugs

Hct (%)

Controls Day 5 Day 12 Day 54
WT 39.65 + 0.49 @
Gata1™" untreated 21.10 £ 6.64 19
Vehicle 33.03+4.23© 4430+ 0.10® 33.52 +3.08 ©
RB40.34 3215+551© 4325+0.21@ 33.47 £0.23@
Rux 38.12+1.46© 4443 +0.81® 29.46 + 5.00
Rux + RB40.34 38.00 + 1.58 © 4407 +£0.58@ 29.194+1.23®
Pt (1 0%/ L) Controls Day 5 Day12 Day 54
WT 775 + 466.69 @

Gata1"" untreated

115.06 + 42.10 19

Vehicle 138.67 £ 40.23 @ 100.67 = 17.67 ® 92.40 + 26.34©
RB40.34 111 + 46.23© 79+ 19.80@ 65.00 + 28.48 ©
Rux 137.83+33.81© 105.33 + 26.41 © 94.60 + 59.32 ©
Rux + RB40.34 142,60 + 26.45 © 123 +31.43%@ 126.33 £34.50@
Pit (10%/1L) Controls Day 5 Day 12 Day 54

WT 775 + 466.69 @

Gata1™" untreated
Vehicle

RB40.34

Rux

Rux + RB40.34

115.06 + 42.10 '

138.67 +40.23©
111 £ 4623 ©

137.83 +33.81@
142.60 +26.45©

100.67 + 17.67 @
794+ 19.80@
105.33 +26.41 ©
123 £31.43@

92.40 + 26.34©
65.00 + 28.48 @
94.60 + 59.32 ®
126.33 £ 34.50 @

Historical values of Gata1’®* untreated mice and WT littermates are reported.

: number of mice.

Values among the treatment groups are not statistically different by Tukey’s multiple comparison test.

Het=hematocrit; Plt=platelets; WT=wild type.

hypothesis, by day 54, the femur of mice of the RB40.36 plus
Rux group appeared reddish, a sign of improved erythropoiesis
(Figure 5A), and contained a significantly greater number of cells
than that of the vehicle group (Figure 5B). This increased cellular-
ity was also evident by H&E staining of the BM sections
(Figure 50). In addition, reticulin staining indicated strong reduc-
tions of fibrosis in the BM of the entire femurs of mice treated
with RB40.34 + Rux for 54 days (Figure 5C,D). By contrast, a
single treatment with RB40.34 significantly reduces fibrosis but
does not increase BM cellularity, whereas, as previously reported
[32], treatment with Rux alone does not increase BM cellularity
and does not reduce fibrosis in Gaial®” mice. The reason why,
in contrast with our data, Rux is effective in reducing fibrosis in
the JAK2"®'""driven mouse model [40] is unclear and deserves
to be investigated further.

The abnormal Gata!™ MKs release several bone morphogenic
proteins that are responsible for increased bone formation starting at
| month of age [12,41,421. Despite the increased collagen deposition,
the bone of Gatal™ mice remained immature with poor Ca**

deposition and, similar to what was observed in patients with MF, the
mice developed osteopetrosis [43,44]. Differences in the integrity of
the femurs of mice treated with the different drug combinations
(Figure 5C) suggest possible differences in the levels of osteopetrosis
expressed in the four experimental groups. To test this hypothesis, we
used Mallory trichrome staining to analyze femurs of untreated WT
and Gatal™ littermates and Gata!®" mice treated with a different
drug combination (Supplementary Figure E8). As expected, the corti-
cal bone of WT mice was characterized by red-mature lamellar bone
with limited blue areas of osteoids rich in collagen fibers but poor in
Ca™™. By contrast, the cortical bone of both the epiphysis and the
diaphysis of Gata I'™ mice contained large blue areas with unmineral-
ized osteoids and limited areas of red-mature lamellar bone. The
diaphysis of the mutant mice also contained large areas of trabecular
unmineralized bone protruding in the medulla. These results are simi-
lar to those published previously [40,411. After 54 days of treatment,
the histopathology of the femur of the vehicle and RB40.34 group
was similar to that of untreated Gatai™ mice of comparable age.
However, the medulla of the femurs of the mice treated with Rux,
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Figure 4 Treatment for 54 days with RB40.34 in combination with Rux reduces the frequency of red blood cell anisocytosis and lym-
phocyte counts in the blood of Gata 1" mice. (A) Red blood cell distribution width (RDW, in %) detected in the blood of Gata7'"
mice treated with vehicle, RB40.34, Rux, and the two drugs in combination for 54 days, as indicated. Data are presented as mean
(+SD) and as individual values for each mouse. The asterisks indicate the groups containing the deidentified samples flagged for ani-
socytosis by the accredited laboratory. (B) Lymphocyte counts observed in the blood of Gata?'®" mice treated with vehicle, RB40.34,
Rux, and the two drugs in combination for 54 days, as indicated. Data are presented as mean (+ SD) and as individual values from
each mouse. p values were calculated using Tukey’s multiple comparison test, and statistically significant differences (p < 0.05) are

indicated in the panels.

alone and in combination with RB40.34, contained significantly
fewer areas of neo-bone formation, whereas the maturation of the
cortical bone from the femurs of mice treated with Rux was normal
(Supplementary Figure E8).

Another of the features associated with MF that is conserved in
animal models is increased neoangiogenesis [121. To assess whether
the treatments had reduced neoangiogenesis in the BM and spleen
of Gatai™ mice, confocal microscopy studies with CD34, which in
mice recognize endothelial cells, and Hoechst, to identify the nucle-
ated cells, were performed (Figure 6). Indeed, by day 54, the vessel
density of all the treatment groups was significantly lower than that in
the vehicle.

The BM hematopoietic failure associated with the myelofibrotic
phenotype of Gatal™ mice includes barely detectable levels of
hematopoietic stem/progenitor cells in this organ [27]. To confirm
that RB40.34 in combination with Rux improves hematopoiesis in
BM, the frequency and total numbers of progenitor (Lin—) and
short-term (LSK) and long-term (SLAM) repopulating stem cells in
the BM of mice treated for 54 days with the various drug combina-
tions were evaluated (Figure 5E and Supplementary Figure E9).
Indeed, the BM of mice treated with RB40.34 in combination with
Rux contains a significantly greater frequency of Lin— and LSK and
greater total numbers of all three populations than that of the vehi-
cle-treated group.

Treatment with RB40.34 in Combination with Rux Reduces
Fibrosis and Extramedullary Hematopoiesis and Restores the
Architecture of the Spleen of Gata1®” Mice

Given the great relevance of JAK2 signaling in hematopoiesis
[45], the observation that treatment with RB40.34 and Rux in
combination greatly reduces the JAK2 content in the spleen

suggests that this treatment decreases hematopoiesis in this
organ. In agreement with this hypothesis, we observed marked
reductions of fibrosis in the spleen of Gatal®® mice treated with
RB40.34 + Rux for only 12 days (Supplementary Figure E7). By
day 54, a trend toward reduction in spleen size (weight, ratio
between spleen weight and body weight, and cell numbers) was
observed in the group treated with RB40.34 |+ Rux (Figure 7A
—QC). Furthermore, a significant reduction in the total number of
hematopoietic progenitor cells (Lin— cells) was observed on day
54 in the spleen of this group (Figure 7D and Supplementary
Figure E9), supporting the hypothesis that RB40.34 and Rux in
combination reduce extramedullary hematopoiesis in this organ.
The architecture of the spleen of Gata!® mice is greatly altered
by fibrosis and underlying extramedullary hematopoiesis
(Figure 8A,B,D). Significant reductions in fibrosis were observed
in mice treated with RB40.34 alone, Rux alone, and RB40.34
and Rux in combination, although greater reductions were
observed in mice treated with the combination (Figure 8C,E). As
expected [46], CD45R/CD3 staining indicates that the architec-
ture of the spleen in WT mice is characterized by the presence
of large aggregates of lymphoid cells and a well-developed white
pulp. RBCs are embedded in the reticular connective tissue,
which contains few MKs and supporting trabeculae. The T
(CD3pos, in red) and B (CD45Rpos, in green) lymphocytes were
numerous and localized around the central arterioles: T lympho-
cytes formed a sleeve around the central arteriole, the periarterio-
lar lymphoid sheath, whereas B lymphocytes were mainly
localized in the outer region of the white pulp, defined as the
marginal zone. By contrast, the spleen of Gatal oW mice contains
a hypoplastic white pulp, and its periarteriolar lymphoid sheath
contains a markedly reduced number of T cells. In addition, the
red pulp appears disorganized by the presence of numerous MKs
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Figure 5 Treatment for 54 days with RB40.34 in combination with Rux increases the cellularity, reduces fibrosis, and restores hema-
topoiesis in the bone marrow (BM) of Gata?’®” mice. (A} Photographs of the femur and tibia from representative mice treated for
54 days with vehicle and RB40.34 in combination with Rux, as indicated. (B) Number of cells per femur observed at day 54 in GataT-
2w mice treated with vehicle, RB40.34, Rux, and the two drugs in combination. (C) Hematoxylin and eosin (H&E) and reticulin staining
of femurs of representative Gata1®" mice treated for 54 days with vehicle, RB40.34, Rux, and the two drugs in combination, as indi-
cated. The femurs are presented as stack images (at 4 x) and as representative sections at 4 x and 20 x magnification, as indicated.
(D) Levels of fibrosis quantified by image analyses of the reticulin staining of BM sections of Gata1’" mice treated for 54 days as
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Figure 6 Treatment for 54 days with RB40.34 and Rux, alone and in combination, reduces the vessel density in the bone and spleen
of Gata?’* mice. Confocal microscopy with CD34 and Hoechst (to counterstain the nuclei) of bone marrow (A) and spleen (B) sec-
tions of Gata?’®" mice treated for 54 days with either vehicle or with RB40.34 and Rux alone and in combination. The panels in the
first and third lanes are at 20 x magnification, and the area depicted in the rectangles is shown at 60 x in the corresponding panels
in the second and third lanes. At 60 x magnification, microvessels (dashed lines) are identified as structures surrounded by CD34pos
cells (indicated by arrows) and containing red cells (autofluorescent cells not counterstained by Hoechst, asterisks). Quantitative
results are shown on the right as mean (+SD) and as values per individual mice (each symbol a mouse). Statistical analysis was per-
formed using Tukey’s multiple comparisons test, and significant p values are indicated within the panels.

and fibrosis (Figure 8A—C). Treatment of Gatal'™ mice with
RB40.34 and Rux in combination, and to a lesser extent by the
two drugs as single agents, restored the normal architecture of
the spleen with a great expansion of white pulp and a nearly nor-
mal organization of the periarteriolar lymphoid sheath and the
marginal zone (Figure 8C).

RB40.34 in Combination with Rux for 54 days Improves MK
Maturation but Does Not Decrease the MK Content in the BM
and Spleen of Gata1™" Mice

The process of terminal MK maturation involves a series of precursors
that progressively acquire features of mature cells that release platelets

[16,471. As these precursors progress along the maturation pathway,
they express increased levels of CD41 and CD61 on their surface
[47,48]. Therefore, flow cytometry analyses for CD41 and CD6l
expression divides MK precursors into three classes: immature
(CD41negCD6l pos), mature (CD41posCD61 pos), and very mature
(CD41posCD6llow), whereas non-MKs are negative for both
markers. Based on this flow cytometry criteria, we determined
whether the treatments rescued the defective MK maturation of
Gata I mice (Figure 9). Because the BM of Gata 1" mice contains a
great number of MKs [12], it is not surprising that CD61pos cells
represent almost 30% of the total cell population of BM and
spleen of mutant mice (Figure 9). The total frequency of the

indicated above. (E) Frequency and the total number of Lin—, LSK, and SLAM cells in the femur of Gata1'®" mice treated with the var-
ious drug combinations. In (B-E), results are presented as mean (+SD) and as values per individual mice (each symbol a mouse) and
were analyzed using Tukey’s multiple comparisons test. Statistically significant groups are indicated within the panels.
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Figure 7 Treatment for 54 days with RB40.34 in combination with Rux decreases hematopoiesis of the spleen of Gata1" mice. (A)

Photographs of representative spleens treated for 54 days with the

various drug combinations, as indicated. (B, C) Spleen size, as

weight and ratio between spleen weight and body weight (B), and total cell numbers (C), of mice treated for 54 days with the various

drug combinations. (D) Frequency and the total number of Lin— and

LSK cells in the spleen of Gata1'®" mice treated with the various

drug combinations. SLAM cells are not presented because they are almost 100% of the LSK cells detected in the spleen (Supple-

mentary Figure E9). In (B-D), results are presented as mean (+SD)
were analyzed using Tukey’s multiple comparisons test. Statistically

CD6lpos cells in the BM and spleen of all the experimental
groups remained high for the total duration of the treatments.
By days 5 and 12, very few of the MKs in the BM and spleen
of Gatal™ mice in all the experimental groups had the very
mature CD41bposCD6llow phenotype. The frequency of very
mature CD41bposCD6llow MKs was low and that of the
immature CD41bnegCD6lpos MKs was high in the BM and
spleen of mice treated with vehicle for 54 days. By contrast, by
day 54, the frequency of MKs with the very mature and imma-
ture phenotypes in the groups treated with RB40.34, Rux, or
RB40.34 and Rux in combination was significantly greater and
lower, respectively, than that in the vehicle group. These results
suggest that the drugs, although ineffective in reducing the pro-
liferation of the MKs, are improving the cell maturation.

The abnormal maturation of MKs from mouse models and patients
with MF includes localization of P-SEL on the demarcation membrane
system (DMS) instead of in the e-granules [22,25,26]. Because the
DMS increases with maturation, the amount of P-SEL exposed to the
extracellular space also increases during this process. Therefore, the bio-
tinylated RB40.34 that reaches the BM should bind large numbers of

and as values per individual mice (each symbol a mouse). They
significant groups are indicated within the panels.

Gata!™ MKs and its binding should be greater as these cells mature.
To assess whether the improved MK maturation induced by the treat-
ments for 54 days included the rescue of the altered cell surface
expression of P-SEL, the binding of PE—Cy7—streptavidin to MKs
from the BM and spleen of mice treated for 5, 12, or 54 days was
determined (Figure 9A—C). As expected, PE—Cy7—streptavidin bind-
ing was barely detected on BM and spleen cells of mice treated with
either vehicle or Rux alone, which had not received the antibody at
any of the time points. The low levels of PE—Cy7—streptavidin binding
observed in these groups probably represent background signals due to
endogenously produced biotin and are not informative on the levels of
P-SEL expressed by MKs. By days 5 and 12, PE—Cy7—streptavidin
binding was detected in cells both in the non-MK and MK gate. The
binding of PE—Cy7—streptavidin to the non-MK cells is possibly related
to the presence of endothelial cells in this population, which are also
known to express P-SEL [17]. By days 5 and 12, large numbers of
MKs from the BM and spleen of mice treated with RB40.34 alone
and in combination with Rux bound PE—Cy7—streptavidin. As
expected, the mean fluorescence intensity (MFI) of the binding
increases in cells with a more mature phenotype, a reflection of the
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Figure 8 Treatment for 54 days with RB40.34 in combination with Rux decreases fibrosis and restores the architecture of the spleen
of Gata1™" mice. (A) Hematoxylin and Eosin (H&E) and reticulin staining of spleen from representative 8- to 11-month-old WT and
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greater levels of P-SEL on the cell surface of GaaI™ MKs as they
mature. In addition, increases in MFI were also observed among MKs
of comparable maturation stages analyzed on days 5 and 12, a possible
reflection of the increased bioavailability of the antibody in the micro-
environment due to the reduction of fibrosis induced by the treat-
ments. By contrast, PE—Cy7—streptavidin was found barely bound to
MKs from BM and spleen of mice treated with RB40.34 alone or in
combination with Rux by day 54. These results indicate that the
improved MK maturation induced by these two drugs in combination
may include reduced localization of P-SEL on the DMS. By day 54,
PE—Cy7—streptavidin binding was also barely detectable in the non-
MK populations of mice treated with RB40.34 alone or in combina-
tion with Rux. Because the cells responsible for binding PE—Cy7
—streptavidin in the non-MK population are probably endothelial cells
and P-SEL expression in endothelial cells is upregulated by inflamma-
tion [49], these data provide further support for the hypothesis that
the treatments reduce the inflammatory milieu of the BM and spleen
of Gata 1™ mice.

Treatment with Rux Increases the Frequency of MKs Expressing
Detectable Levels of GATAT in the BM of Gata1®* Mice

The abnormal maturation of MKs, which is thought to drive MF in
patients and mouse models, is driven by defective content of GATA |
[6,9,10], the transcription factor that plays a pivotal role in supporting
MK maturation [6,11]. As expected, confocal microscopy analyses
with antibodies against CATA1 and CD42b (as a marker of MK) indi-
cated that BM of Gata!™ mice contained large numbers of MKs, the
nuclei of which were not stained by the GATA| antibody (Supple-
mentary Figure E10). To generate insights on the possible mechanism
(s) that rescue MK maturation in mice treated with RB40.34 and
Rux, alone or in combination, we performed confocal microscopy
analyses with the same antibodies of the BM section of mice treated
for 54 days with vehicle, RB40.34 alone, Rux alone, or the two drugs
in combination (Figure 10). These analyses confirmed the indications
provided by flow cytometry (Figure 9} that none of the treatments
affected the number of MKs (as CD42bpos cells) present in the BM,
which remained high. As expected, very few of the MKs of mice
treated with the vehicle contained GATA L. By contrast, a significant
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number of MKs in the BM of mice treated with either RB40.34 or
Rux alone contained detectable levels of GATAI in their nuclei
(Figure 10 and Supplementary Figure E11). It is surprising instead that
GATA1 was not detected in MKs from the BM of mice treated with
RB40.34 and Rux in combination.

Treatment with RB40.34 in Combination with Rux Reduces the
TGF-8 and CXCL1 Content of the BM of Gata?'" Mice

Increased bioavailability of the proinflammatory cytokines TGF-g and
CXCLI, the murine equivalent of human IL-8, has been suggested
to represent the driver for fibrosis and hematopoietic failure in BM of
patients with MF and MF mouse models [4,50,511. In previous stud-
ies, we demonstrated that abnormal MKs are the cells responsible for
increasing the bioavailability of these two cytokines in the BM (and
spleen) of Gatal'"™ mice [35]. To test whether treatment with
RB40.34 in combination with Rux decreases the proinflammatory
milieu of the BM microenvironment of Gata 1" mice, we performed
histochemical evaluations with antibodies against TGF-8 and CXCL1
of BM sections from four groups of Gata 1" mice treated for 54 days
with vehicle, RB4034 alone, Rux alone, and the two drugs in combi-
nation (Figure 11).As expected, BM of Gatal® mice treated with
vehicle contained large levels of TGF-f and CXCLI. The levels of
TGF-B were significantly decreased by treatment with both Rux alone
and in combination with RB40.34 (Figure 11A, B). Morphological
analyses of the cells that expressed TGF-g indicated that the reduc-
tions were mainly due to reduced numbers of MKs expressing this
factor (Figure 11C). CXCL1 instead was reduced only by RB40.34 in
combination with Rux, and the number of MKs, which express this
factor, remained high in all the groups (Figure |1A—C). Because in
addition to MK, CXCL1 is expressed by many other cell types, we
suggest that the two drugs in combination reduce the proinflamma-
tory milieu of Gata I mice by targeting not only MKs but also addi-
tional cells in the microenvironment.

DISCUSSION

The hypomorphic Gata 1" mutation deletes only one of the three major
hypersensitive sites, which regulate the expression of the gene [52].

Gata1™" mice. WT spleens are characterized by the presence of large aggregates of lymphoid cells, well-developed white pulp, with
the presence of RBCs embedded in reticular connective tissue containing few megakaryocytes (MKs) and supporting trabeculae. By
contrast, Gata1'" spleen is characterized by hypoplastic white pulp and red pulp rich in MKs. Reticulin staining of the consecutive
section indicates that fibrosis is localized mostly in the red pulp. Results are representative of those observed in at least three WT
and three Gata1™" littermates, all of whom were 11 months old. (B) Triple immunofluorescent analyses for CD3 (as a marker of T
cells, red), CD45R (B220, as a marker for B cells, green), and DAPI (nuclei) of spleen sections from representative WT and Gatat™”
mice, as indicated. As expected [50], the white pulp of the WT spleen contains numerous T and B lymphocytes, organized around
central arterioles. T lymphocytes form a sleeve around the central arteriole, the periarteriolar lymphoid sheath, whereas B cells are
mainly localized in the outer white pulp region, the marginal zone. In Gata1'" spleens, the white pulp is smaller than that in the WT
organ and the periarteriolar lymphoid sheath contains a markedly reduced number of T cells. Magnification 4 x, 10 x, and 20 x, as
indicated. (C) H&E, reticulin staining, and triple staining with CD45R (green), CD3 (red), and DAPI (blue) of sections from the spleen of
representative Gata1" mice treated for 54 days with the various drug combinations, as indicated. Images are presented at 4 x and
20 x magnification. (D) Levels of fibrosis quantified by image analyses of the reticulin staining of spleen sections from untreated 8-
to 11-month-old WT and Gata?®” littermates, as indicated. (E) Levels of fibrosis, quantified by image analyses of the reticulin stain-
ing, in spleen sections, of Gata1"" mice treated for 54 days, as indicated. In (D, E), results are presented as mean (+SD) and as val-
ues per individual mice (each symbol a mouse) and were analyzed by t test. Statistically significant groups are indicated within the
panels.
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Figure 9 Treatment for 54 days with RB40.34 and Rux alone in combination improves the maturation profile of the megakaryocytes
(MKs) from the bone marrow and spleen of Gata1™" mice. (A) Representative dot-plots and histograms of MKs from the bone
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After birth, the hematopoietic cells of these mice activate the expression
of the gene from the two regulatory sites not affected by the mutation so
that the levels of Gatal mRNA in the hematopoietic cells are overall nor-
mal [39]. However, the thrombocytopenia induced by the mutation acti-
vates the TPO/Mpl axis [32], which results in an RSP14 ribosomopathy,
similar to that observed in patients with MF [10], which reduces the effi-
ciency of the translation of Gata! mRNA, reducing the content of the
protein. The mechanism(s) linking the TPO/Mpl axis to the RSP 14 ribo-
somopathy in MF and in animal models including Gata 1 mice is still
unknown. It has been suggested that it is represented by aurora kinases
because their inhibition increases GATAI in the MKs while reducing
fibrosis in animal models and in patients with MF [53].

Although Gata 1™ mice do not carry any of the MF driver muta-
tions, they are considered a bona fide animal model of MF because
their HSCs express an activated TPO/MPL axis, which may be
drugged by JAK inhibitors, and an RSP14 ribosomopathy, which is
responsible for low GATA1 content and altered MK maturation and
P-SEL expression. In turn, altered P-SEL expression on the MK is
responsible for the pathologic cell interaction that increases the bio-
availability of proinflammatory cytokines and drives fibrosis. Over the
years, we and others [54—56] have extensively used Gatal™ mice as
a tool to identify lesions, which may be targeted to normalize their
MF phenotype. Based on previous observations indicating that dele-
tion of P-sel prevents Gatal™ mice from developing myelofibrosis
[271, in this study, we established whether inhibition of P-SEL, alone
or in combination with Rux, may also normalize the phenotype of
Gata"™ mice that have already established myelofibrosis. A summary
of the results is presented in Supplementary Table E2.

We first demonstrated that after short-term treatment, RB40.34 is
bound to the platelets and the MKs from the BM of Gatai™ mice,
suggesting that the drug is retained in the circulation for at least
5 hours and that, despite fibrosis, reaches the BM of the animals. We
also found that after 5 days, RB40.34 in combination with Rux nor-
malizes not only the abnormal noncanonical TGF-p signals, which is a
signature of a profibrotic microenvironment, but also the abnormal
canonical TGF-8 signature, which indicates reduced hematopoiesis in
the BM. These data suggest that after only 5 days, the combination of
RB40.34 and Rux is more effective than any of the two drugs alone
in suppressing the cells responsible for fibrosis while reactivating
hematopoiesis in the BM. The drug combination was also more effec-
tive than the two drugs as single agents in reducing JAK2 in the spleen
of the mutant mice, suggesting that it reduces extramedullary hema-
topoiesis in this organ.

Encouraged by these results, we analyzed the effects of long-term
treatments with RB40.34 and Rux, alone and in combination, on the
myelofibrotic phenotype expressed by Gata!™ mice using a vast
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range of clinically relevant end points. The results indicate that none
of the treatments induce anemia nor rescue the thrombocytopenia of
Gata!'™ mice. However, treatment for 54 days with RB40.34 in
combination with Rux, and to a less extent the two drugs alone,
reduced anisocytosis, expression of P-SEL on MKs and probably on
endothelial cells, and lymphocyte counts. Because the iron metabo-
lism of old Gata 1" mice is normal (Rivella S, unpublished data) and
the mean corpuscular volume and hemoglobin content of RBCs
remained within normal values in all the treated mice (Supplemen-
tary Table E3), it is unlikely that the high RDW detected in Gata 1%
mice is a sign of impaired iron metabolism. Anisocytosis without an
increase in the mean corpuscular volume is induced by proinflamma-
tory cytokines in several benign and malignant disorders, including
MEF, where it has been proposed as a marker that predicts inferior sur-
vival [57]. We hypothesize that the reduction in anisocytosis observed
on day 54 in the RB40.34 alone or in combination with Rux groups
reflects reductions in the proinflammatory cytokines TGF-g and/or
CXCLI1, which drive MF in this model. Because TGF-8 and CXCLI
are widely known to directly (TGF-8) or indirectly (through neutro-
phil activation, CXCL1) affect lymphocyte counts [58—611, this
hypothesis is also consistent with the reduced lymphocyte counts
observed by day 54 in the mice treated with the two drugs in combi-
nation. Reduction in microenvironment bioavailability of proinflam-
matory cytokines was directly tested by showing that RB40.34 and
Rux in combination significantly reduce the TGF-g and CXCL1 con-
tent of BM.

Finally, treatment for 54 days with RB40.34 in combination with
Rux also reduced fibrosis in BM and spleen while improving effective
hematopoiesis in the BM and reducing extramedullary hematopoie-
sis, restoring the architecture of the spleen.

Treatments for 54 days with RB40.34 and Rux, alone or in
combination, were ineffective in reducing the proliferation of the
MKSs, which may be driven in our model as well as in patients by
the activated TPO/Mpl axis. They were, however, all effective in
improving the maturation profile of the MKs, including reducing
their abnormally high level of cell surface expression of P-SEL
and TGF-g content. RB40.34 and Rux alone were also effective
in increasing the GATAI content in a proportion of CD42bpos
MKs. The mechanistic interpretation of these data is complicated
by the recent single-cell profiling indicating that murine (and
human) BM contains four distinctive MK subpopulations, each
one exerting a different function [47,62—64]. The BM of adult
mice and humans contains at least three subpopulations: platelet-
producing MKs, niche-supportive MKs, and immune MKs. Only
platelet-producing MKs have the morphology of mature MKs.
Niche-supportive MKs and immune MKs have instead the

marrow (left quadrant) and spleen (right quadrant) of one representative mouse from each experimental group treated for 5 days.
MKs were labeled with CD41, CD61, and PE—Cy7—streptavidin. The a, b, ¢, and d gates identify non-MKs, immature MKs, mature
MKs, and very mature MKs, respectively. The levels of APC—Cy7—streptavidin bound to the MKs at their different stages of matura-
tion are presented by histograms. Because P-sel is abnormally expressed at high levels on the surface of Gata1®” MK, the APC
—Cy7-streptavidin signal identifies the MK expressing P-sel, which has bound the biotinylated RB40.34 injected 5 hours earlier in
the mice. (B, C) Frequency of cells in the non-MK (a), immature (b), mature (c), and very mature (d) MK gate (%of total cell number)
and percentage and mean fluorescence intensity (MFI) of the events positive for PE—Cy7—streptavidin staining in each gate in the
BM (A) and spleen (B) of Gata?®” mice treated for 5, 12, and 54 days with either vehicle or the different drug combinations, as indi-
cated. Values were reported as means (+SD) of those detected in at least three mice per experimental group. Data were analyzed
using Tukey’s multiple comparisons and statistically significant differences among groups are indicated within the panels.
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Figure 10 Treatment for 54 days with RB40.34 or Rux alone, but not in combination, increases the GATA1 content in the megakaryo-
cytes (MKs) from the bone marrow (BM) of Gata 7" mice. (A) Merged GATA1 (FITCH-green) and CD42b (TRITCH-red, as a marker of

MKs) images of the confocal microscopy analyses with the corresponding antibodies in BM sections from representative Gata

Ttow

mice treated for 54 days with vehicle, RB40.34 alone, Rux alone, and the two drugs in combination, as indicated. The corresponding
images acquired in the single channels, in the channel for DAPI (as an indication of the nuclear localization of GATA1), and in the
bright field (to exclude autofluorescence) are presented in Supplementary Figure E11. Magnification 40 x . (B) Frequency of MKs
(CD42b-positive cells) and percentage of MK positive for GATAT in BM sections of Gata?’®” mice treated for 54 days, as indicated.
Data are presented as mean (+=SD) and as values in individual mice (each symbol a mouse). Results were analyzed using Tukey's
multiple comparisons test and significant differences among groups are indicated within the panels.

morphology of immature MKs. In addition, by characterizing the
MK subpopulations present in the embryos, Wang et al. [63]
identified a fourth subpopulation, which they defined as niche-
poised MKs, having an immature morphology and characterized
by a high expression of extracellular matrix genes, such as
COLJAI, COL3A!, and COLGA2, and enrichment of the
“response to TGF-8 signature,” which indicate that this subpopula-
tion is sustained by TGF-8. Of interest for this study is that
reduced GATA content blocks the maturation of platelet-produc-
ing MKs but does not favor the maturation of the other three
subpopulations [47,62—64]. This new information indicates that
the nature of the immature GATA I MKs found in large num-
bers in MF is presently not known. Preliminary observations indi-
cating that large numbers of the morphologically immature MKs
in the BM of Gatal"" mice, as well as that of patients with MF,
express collagen [65,66] suggest that at least some of these MKs
are represented by niche-poised MKs, the maturation of which is
reactivated by TGF-8 [191. It is therefore possible that low levels
of GATAI drive the disease not only by retaining platelet-forming
immature MKs (leading to thrombocytopenia) but also by

increasing the frequency of other MK subtypes. According to this
hypothesis, although RB40.34 and Rux in combination did not
induce a detectable increase in GATAI content in MKs (and did
not increase the platelet counts), they reduced the frequency of
MKs containing TGF-8, which may correspond to the niche-sup-
porting MKs. Reduced TGF-8 bioavailability may have then lim-
ited the number of niche MKSs, which are sustained by these
growth factors and are responsible for. On the other hand, Rux
alone, which induced a greater increase of GATA1 in MKs, also
reduced the number of TGF-B-containing MKs but did not alter
fibrosis, suggesting that the number of MKs expressing collagen
was not significantly affected. These data support the need for
further studies, clearly outside the purpose of the current article,
to clarify the MK subpopulations that are altered in MF, that is,
which of them is responsible for the different traits of the MF
phenotype and how they are affected by RB40.34 and Rux
alone or in combination.

In conclusion, these data provide preclinical evidence that treat-
ment with the RB40.34 antibody in combination with Rux is more
effective than the use of Rux alone for reverting the myelofibrotic
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Figure 11 Treatment for 54 days with RB40.34 and Rux in combination decreases the TGF-8, mainly in the megakaryocytes (MKs),
and CXCL1 content of bone marrow (BM) of Gata1’®* mice. (A) BM sections from representative mice treated for 54 days with vehi-
cle, RB40.34, Rux, and the two drugs in combination immune-stained for TGF-$ or CXCL1, as indicated. Representative MKs are
indicated by arrows. Magnification 40 x . (B) Quantification by computer-assisted imaging of the TGF-g1 and CXCL1 content in the
BM of Gata1’" mice treated for 54 days as indicated. (C) Frequency of MKs and percentage of MKs expressing high levels of TGF-
B1 and CXCL1 in BM sections of Gata?®” mice treated, as indicated. MKs were identified based on size (10 times greater than that
of any other cell type in the section) and the polylobate morphology of their nuclei. In (B, C), data are presented as mean (+SD) and
as values per individual mice (each symbol a different mouse) and were analyzed using Tukey’'s multiple comparisons test. Values

statistically different are indicated within the panels.

trait in the Gatal™ mouse model and encourage clinical studies to
validate the effects of crizanlizumab, in combination with Rux, for
the treatment of human primary myelofibrosis.
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3.2 Supplementary materials

Supplementary figures

Treatment scheme

Group 1 (n=11): Vehicle (2% viv DMSO in H20)

Group 2 (n=12): mAb RB40.34 (30 ug/mouse/day) by tail vein injection f
Group 3 (n=12): Ruxolitinib (45mg/Kg twice per day by gavage)

Group 4 (n=12): mAb RB40.34 combined with Ruxolitinib

bleeding
*(i) *(ii) *(iii)
% | Treatment break | /
t * ) 7 ¥ —
1 3 5 8 10 12 15 17 19 22 24 43 45 47 50 52 54 days

RB40.34 administered via i.p.
1 months-old S——
- (n=24)

Gatat mice &7

8 months-old » 10 ths-old

(n=23)
* End points:

(i) Day 5: Body weight, blood parameters, presence of mAb RB40.34 on platelets, total BM cellularity (bones plus medulla), spleen cellularity and
weight, presence of the mAb RB40.34 on MKs from BM and spleen; signaling studies: canonical (TGF-§ receptor 1l, SMAD2/3 and pSMADZ2/3) and non-
canonical (p38, p-p38, ERK1/2 and pERK1/2) TGF-B signaling, JAK2 (JAK2 and STAT5) ) signaling.

(ii) Day 12: Blood parameters, body weight; total BM cellularity, spleen cellularity and weight, presence of mAb RB40.34 on MK from bone marrow and
spleen; histological analyses: hematoxylin/Eosin on BM and spleen for overall cellular architecture; Gomori silver staining on BM and spleen;
immunohistochemistry for TGF- 8 on BM.

(iii) Day 54: Overall survival, body weight, blood parameters, P-sel expression and response to thrombin of platelets; total BM cellularity (bones plus
medulla), spleen weight, presence of the mAb RB40.34 on MK from BM and spleen; histological analyses: hematoxylin/Eosin on BM and spleen;
Reticulin staining on BM and spleen; immunohistochemistry for TGF-  and CXCL1 on BM; immunofluorescence for GATA1 in megakaryocytes on BM;
overall spleen architecture by confocal microscopy with CD3 and CD45R/B220.

Figure S1. Scheme of the treatments. The study involved forty-seven Gatal'™ mice divided into two
experiments. In the first experiment, twenty-four 11-months old Gatal®” mice were divided into four
treatment groups. Three mice per group were treated for 5 days and sacrificed at day 5, whereas the other mice
were treated for 7 additional days and sacrificed at day 12. In the second experiment, 23 8-months old Gatal'¥
mice were divided in four groups and treated as described for 54 days with 2 weeks of break in between until
they reach 10 months of age. Black arrows indicate day of the administrations with the antibody RB40.34,
while grey boxes indicate the cycles of treatment with Rux or vehicle. Red asterisks indicate the day when
mice were sacrificed and their organs harvested for end-point evaluations (day 5 (i), 12 (i) and 54 (ii1),
respectively). End-points analyzed at each time point are also indicated.
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Figure S2. Computer assisted image analysis used for assessing the binding of RB40.34 antibody to the
megakaryocytes of the bone marrow from mice treated with RB40.34. We first determined with the
ImagelJ program the level of the endogenous biotin signal above the background in the bone marrow sections
from the vehicle group (saturation histogram). This level was considered as threshold in the evaluation of the
biotin signal in the RB40.34 treated mice. We then identified with the ImageJ program the areas of the bone
marrow sections from the RB40.34 treated mice in which the biotin signal was greater than the threshold
(brightness histogram) and had the computer artificially paint these areas in red. Magnification 400X.
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Figure S3. None of the treatments induced significant changes in canonical and non-canonical TGF-
signaling in the spleen from Gatal'" mice. (A,B) Original western blot determinations of the content of
elements downstream to the canonical and non-canonical TGF-p signaling from the spleen of Gatal'™" mice
treated with vehicle, RB40.34, Rux or the two drugs in combination, as indicated. Each line represents one
mouse, with three mice per experimental group (in the same order than in Figure 2A,B). GAPDH was used
as loading control. (C) Levels of proteins analyzed in A,B normalized with respect to the corresponding
GAPDH levels. Values are presented as Means (+ SD) of values observed with multiple mice and in individual
mice and were compared by Tukey multiple comparison test. The data are not significantly different among
groups.
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Figure S4. JAK2 and STAS phosphorylation are barely detectable with thawed lysates of primary bone
marrow cells from CD1 and Gatal”” mice even when these cells had been treated for 24hr with 10 and

100 ng/mL of thrombopoietin (TPO).
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Figure S5. None of the drugs investigated induces significant changes in body weight and survival in
Gatal” mice treated for up to 54 days. (A) Body weight determinations of Gatal'°" mice before (pre-treat)
and after treatment for 5, 12 and 54 days. Data are presented as Mean (+SD) and are not statistically significant
among groups by Tukey multiple comparison test. The number of mice included in each group is indicated by
n. (B) Kaplan—Meier survival curves of Gatal'®™ mice treated with vehicle (dotted line, blue), RB40.34 alone
(dark blue), Rux alone (green) or the two drugs in combination (lilac), as indicated. Mice sacrificed at day 5
(n=12) and 12 (n=12) were considered as censored observations. The shaded vertical lines indicate the
treatment break due to the holyday season and the change of RB40.34 administration from i.v. to i.p, due to

suspected mice intolerance to i.v. administration. The survival curves of the four groups are not statistically
different by log-rank (Mantel-Cox) test.
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Figure S6. The femur from untreated Gatal'®" mice contain less cells and greater levels of fibrosis than
that from WT littermates. A) Hematoxylin/Eosin (H&E) and Reticulin staining of sections from the femur
of representative untreated 8-11-months old Gatal’* and WT littermates, as indicated. The entire femur is
presented as stack images (at 4x) and as detail at 4 and 20x magnification. B) Levels of fibrosis quantified
by image analyses of the reticulin staining of BM sections from untreated WT and Gatal" littermates, as
indicated. Results are presented as Mean (+SD) and as values per individual mice (each symbol a mouse)
and were analyzed by t test. The difference in the level of fibrosis between the two groups is statistically
significant.
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Figure S7. Treatment with RB40.34 in combination with Rux for 12 days reduced both fibrosis and
TGF-P content only in the diaphysis of the femur and in the spleen from Gatal’” mice. Gomori and TGF-
B immune-staining of sections from the femur and hematoxylin/eosin (H&E) and Gomori staining of sections
from the spleen of representative Gatal®” mice treated for 12 days with either vehicle, RB40.34, Rux or the
two drugs in combination, as indicated. Original magnification 20x or 40x, as indicated.
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Figure S8. Treatment with Rux alone reduces the osteopetrosis and improves the maturation of the
cortical bone from the femur of Gatal” mice. A) Representative Mallory trichrome staining of the
epiphysis and diaphysis of the femur from untreated 8-11-months old WT and Gatal'¥ littermates. Original
magnification 4x. B) Mallory trichrome staining of the sections of the cortical and trabecular area of the femur
from Gatal'®¥ mice treated for 54 days with either vehicle, RB40.34, Rux or RB40.34+Rux in combination,
as indicated. Magnification 10x. C) Quantification of the areas of mature bone of the cortex and the trabeculae
of WT mice and of Gatal'®" mice treated for 54 days with either vehicle, RB40.34, Rux or RB40.34+Rux in
combinations. Data are presented as Mean(£SD) and differences among groups were analyzed by Anova.
Values statistically different are presented within the panels.
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Figure S9. Representative sequence of gating used to identify the Lin-, LSK and SLAM
(CD150°°/CD48"¢ LSK) cells in bone marrow (A) and spleen (B) from Gatal”” mice treated for 54 days
with either vehicle, RB40.34, Rux or the two drugs in combination, as indicated.
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Figure S10. The bone marrow from Gatal®” mice contain great numbers of MK with barely detectable
levels of GATAL. A) Triple confocal microscopy analyses with antibodies against CD42b (as MK marker,
red), GATA1 (in green) and counterstained with DAPI (blue) of BM sections from representative WT and
Gatal™" littermates (one mouse each) as indicated. Images were acquired in the bright field channel (to
evaluate autofluorescence), and in the red (555nm), green (488nm) and DAPI (405nm) fields and are presented
as single channels and in combination. B) Frequency of CD42bP* cells (MK) and of CD42bP** cells containing
detectable levels of GATA1 in BM sections from multiple WT and Gatal"" littermates. Data are presented as
Means (+ SD) of values observed with three mice per experimental group and are compared by t test.

45



GATA1 CD42b

Rux RB40.34 Vehicle

Rux + RB40.34

Figure S11 Treatment for 54 days with RB40.34 or Rux alone, but not in combination, increased the
GATALI content in the MK from the BM of Gatal” mice. Triple immunofluorescence analyses with
antibodies against GATA1 (FITCH-green), CD42b (TRITCH-red, as a marker of MKs), and DAPI (to identify
the nuclei) of BM sections from representative Gatal®" mice treated for 54 days with either vehicle, RB40.34
alone, Rux alone, or the two drugs in combination, as indicated. The individual panels shows images acquired
in the bright field (as indication of autofluorescence from red blood cells), or in the DAPI, GATA1 and CD42b
channels alone and in combination. See Figure 10 for detail.
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Supplementary Tables

Table S1. Summary table of deaths recorded in Gatal™" mice treated with vehicle, RB40.34, Rux or the
combination of drugs during the treatment period. In 6 out of 8 cases (3 mice treated with RB40.34 and 3
mice treated with the two drugs in combination) the cause of death remains unclear.

Recorded
Treatment Days of treatment Cause of death
deaths
Vehicle (n=11) 0

Improper manipulation during the injection
RB40.34 (n=12) 4 7,8, 44, 46 (n=1); not established, found dead shortly after
the venous injection (n=3)

Rux (n=12) 1 12 Suppressed for signs of suffering

Rux + RB40.34 3 5 16 45 not established, found dead shortly after the
(n=12) e venous injection (n=3)




Table S2. Complete red blood cell values of Gatal'® mice 54 days post-treatment. Values among groups
are not statistically significant by ANOVA multiple comparisons test. Abbreviations: (W: number of mice
analyzed; RBC: Red Blood Cells; Hgb: Hemoglobin; MCV: Mean Cell Volume; MCH: Mean Cell
Hemoglobin; MCHC: Mean Cell Hemoglobin Concentration; CHCM: Cell Hemoglobin Concentration Mean;
CH: Hemoglobin Content; CHDW: Cell Hemoglobin Distribuition Width; HDW: Hemoglobin Distribution
Width.

Treatment Vehicle RB40.34 Rux Rux + RB40.34

RBC (10%/uL) 6.12+0.74 © 6.32+0.10 ® 5.47+0.74 ©) 5.47+0.55 )
Hgb (g/dL) 10.92+1.24 ® 11.27 +0.15 ©® 9.62+1.70 ©) 9.60+0.61
MCV (fL) 54.80+2.28 ©) 52.97+1.19 © 53.70+3.50 ©) 53.40+3.22
MCH (pg) 17.82+0.48 17.80+0.52 @ 17.48+1.21 @ 17.53+0.67 ©®
MCHC (g/dL) 32.58+0.87 ©) 33.63%0.25 @) 32.58+0.30 ©) 32.90+0.80 @
CHCM (g/dL) 32.52+1.02 © 31.17 £0.06 @ 32.30+0.16 ® 31.47+0.25 ®
MCHC/CHCM 1.00+0.00 ® 1.07 +0.06 © 1.00 +0.00 © 1.03 +0.06 ©
CH (pg) 16.66+1.03 16.47+0.32 ® 16.64+1.00 16.03+0.55
CHDW (pg) 2.82+0.22 ©) 2.83+0.06 © 3.0240.20 ©) 2.93+0.32 @
HDW (g/dL) 2.3420.23 ® 2.50+0.00 ® 2.3240.22 ® 2.53+0.06 ©®
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Table S3. Summary of the response of Gatal'® mice to the various treatments.

Treatment groups

End Points Vehicle RB40.34 Rux RB.40.34+Rux
Hct (%) Normal Normal Normal Normal
3
Day 5 Platelets (10°/uL) Low Low Low Low
Platelet Binding to
RB40.34 - + - +
Hct (%) Normal Normal Normal Normal
Blood
Anistocytosis + - +
Dsiy Platelets (10%/uL) Low Low Low Low
WBC (10%pL) High High Normal Normal
Lymphocytes (10%/uL) High High Normal Normal
Binding of RB40.34 to
MK _ + - +
Day 5
Cellularity Low Low Low Low
TGF-B Signaling Activated Activated Activated Normal
MK maturation Immature Mature Mature Mature
Bone Cellularity Low Low Low Normal
Marrow
Binding of RB40.34 to z ) z )
MK ’ ’
Day
54 Fibrosis High Low High Low
Hematopoiesis Low Low Low Improved
GATA1pos MK Few Increased Increased Few
TGF-B/CXCL1 High High Low Low
Neoangiogensis High Reduced Reduced Reduced
Osteopetrosis High High Reduced High
Size Enlarged Enlarged Enlarged Enlarged
Day 5 Binding of RB40.3'\4Mt(o
- + = +
JAK2 Signaling Increased Normal Increased Normal
Size Enlarged Enlarged Enlarged Normal
Spleen
Binding of RB40.34 to MK ? - ? -
D Fibrosis High Low Low Low
ay
e Hematopoiesis High High High Low
Architecture Altered Normal Altered Normal
Neoangiogensis High Reduced Reduced Reduced
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4. Discussion

The discovery of the JAK2"%!7F driver mutation, which is expressed by = 50-60% of PMF patients,
led to the development of several pharmacological JAK1/2 inhibitors for the treatment of the disease.
Although the pivotal role of JAK-STAT activation in MPN has been widely recognized, PMF is
characterized by a secondary inflammatory response with aberrant cytokine expression. Moreover,
the activate JAK-STAT signaling is a non-specific phenomenon in cancer and pharmacological
inhibition of JAK has proven to be ineffective in inducing selective suppression of the malignant
clone [99]. Indeed, JAK1/2 inhibitors, like Rux, reduce splenomegaly and ameliorate constitutional
symptoms but do not halt the natural course of the disease.

At present, AHSCT remains the only treatment in PMF that secures disease-free remission state and
prolonged survival. Thus, the scenario requires urgent attention to genetic characterization of clinical
observations followed by in vivo animal studies that may lead to the development of new therapeutic
drugs targeting the malignant cells and the microenvironmental abnormalities and not only the
constitutional effects of the disease.

The hypomorphic Gatal™"

mutation deletes one of the three major hypersensitive sites which
regulate the expression of the gene [87,100]. After birth, the expression of the gene in HSCs is
activated by the alternative HS2 enhancer as demonstrated by the fact that the levels of Gatal mRNA
are overall normal in these cells [101]. However, the Gatal'®™ mutation induces thrombocytopenia
and hyperactivation of the TPO/MPL axis, which was associated with a RSP14 deficiency and a
discordant microarray ribosome signature (reduced RPS24, RPS26 and SBDS expression) [102]. The
resulting RSP14 ribosomopathy is thought to be responsible of the defective post-transcriptional
events that lead to the reduced content of the of GATA1 protein in Gatal'°" mice, similarly to what
observed in PMF patients [14].

Despite Gatal" mice do not carry any of the most common driver mutation of PMF, they
recapitulate all the pathological features of human PMF. The relevance of this animal model has been
provided by the observation that, independently from the driver mutation, the MKs from all the
patients affected by PMF contain low levels of GATA1 and by the fact that Gatal'®" mice respond to
treatment with the JAK2 inhibitor Rux in a fashion extremely similar to that of PMF patients
(significant reduction of spleen size without detectable effects on the natural history of the disease).
Over the years, the Gatal®¥ model has been used to characterize the pathogenic mechanisms
underlying PMF and to identify new targets to cure the disease. In particular, our previous studies

demonstrated that malignant MKs released a high content of TGFB-1 in the microenvironment,

leading to fibrocytes activation and to collagen/reticulin deposition in the BM of Gatal'¥ mice. In
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addition, we demonstrated that this massive release of TGF-B1 and other pro-inflammatory cytokines
was initiated by a pathologic emperipolesis between MKs and neutrophils, which is in turn triggered
by abnormal expression of P-sel to the DMS of MKs [28]. Based on previous observations indicating
that deletion of the P-sel gene prevented the development of myelofibrosis in Gatal'®" mice, in this
study we assessed whether pharmacological inhibition of P-sel, alone or in combination with Rux,
may prevent the development of the myelofibrotic phenotype in these mice.

Firstly, by flow cytometry and immunohistochemistry determinations we demonstrated that after five
days of treatment the monoclonal antibody RB40.34 was able to reach the myelofibrotic organs of
GataI™ mice, binding to the MKs. In addition, we found that after 5 days the combined therapy, but
not the drugs alone, restored the typical abnormalities in the canonical and non-canonical TGF-$1
signaling.

We previously demonstrated that fibrosis in PMF is driven by the activation of the non-canonical
TGF-B1 signaling, whereas defects of the canonical TGF-B1 signaling were associated with impaired
hematopoiesis in the BM [103]. Further evidence that the signals that induce hematopoietic niche
disruption in BM were distinct from those that induce the fibrosis program were provided by Yao et
al., who reported that BM fibrosis was mediated by a SMAD4-independent TGF-f3 signaling in a
mouse model of the disease [104].

Thus, our data suggested that the combined therapy could be effective both in reducing the fibrosis
and in restoring normal hematopoiesis in the BM. Moreover, the drug combination was effective in
reducing the JAK2 content in the spleen, consistently with our previous report indicating that Rux
was able to reduce the EMH in the spleen [102].

Encouraged by these preliminary results, we analyzed the effects of long-term treatments with
RB40.34 and Rux, alone or in combination, on the myelofibrotic phenotype expressed by Gatal"
mice. First, the results indicated that none of the treatments induced anemia nor rescued the

thrombocytopenia of Gatal'¥

mice. However, treatment for 54 days with RB40.34 in combination
with Rux, and to a less extent with the two drugs alone, reduced anisocytosis and lymphocyte counts.
Since anisocytosis with high Red blood cell Distribution Width (RDW) values has been correlated
with an increase of inflammatory cytokines in a wide spectrum of benign and malignant disorders,
including PMF [105], we hypothesized that the reduction in anisocytosis observed on day 54 in the
RB40.34 alone or in combination with Rux groups reflected the reductions in the pro-inflammatory
cytokines TGF-B1 and/or CXCL1, which drive MF in this model. This hypothesis was consistent
with the reduced lymphocyte counts observed by day 54 in the mice treated with the two drugs in

combination. Indeed, several studies demonstrated that TGF-B1 regulates lymphocytes homeostasis
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[106], whereas CXCLI has been proven to have diverse actions on various types of leukocytic and
non-leukocytic cells besides neutrophils, including lymphocytes [107].

The content of TGF-B1 and CXCL1 in BM microenvironment was directly tested, demonstrating that
the combined therapy significantly reduced the bioavailability of these two pro-inflammatory
cytokines in the BM of Gatal'" mice. Consistently, RB40.34 in combination with Rux significantly
reduced the fibrosis in the BM and the spleen, restored hematopoiesis in the BM and reduced the
EMH in the spleen.

None of the treatments reduced the frequency of MKs, which remained high. A possible explanation
may be provided by our previous observations indicating that MKs abnormalities in our murine
model, as well as in PMF patients, were driven by the TPO/MPL axis [102]. Conversely, all the
treatments were effective in reducing the levels of P-sel on the MKs cell surface and the TGF-$1
content. The two drugs alone, mostly Rux alone, were also effective in increasing the GATA1 content
in CD42pos MKs in the BM of Gatal'® mice. It is peculiar instead that the levels of GATA1 were
not increased in MKs from the BM of mice treated with RB40.34 and Rux in combination.

The mechanistic interpretation of these data is difficult and need to take account of the increasing
recent studies indicating the existence of specialized MKs subpopulations, each one exerting different
functions. To this regard, Sun et al., by single-cell analysis of ploidy and the transcriptome identified
three distinct subpopulations with gene signatures related to platelet generation, HSCs niche
interaction, and inflammatory responses, respectively. Only platelet-producing MKs exhibited the
morphology of mature MKs and were high ploidy cells (>8N), whereas niche-supporting MKs and
immune-MKs had the morphology of immature MKs [61].

Of particular interest for our study, Wang et al., described a human embryonic MKs subpopulation
having an immature morphology and characterized by high expression of extracellular matrix genes,
such as COLIAI, COL3A1, and COL6A2, and enrichment in the gene sets of “response to TGF-f”
[60]. In addition, the above-mentioned studies reported that the distinct MKs subpopulations
expressed different levels of the key traditional regulators of megakaryopoiesis, and in particular that
GATAI was highly expressed in the platelet-poised MKs whereas was not found to be upregulated in
the population associated with “extracellular matrix organization” and “neutrophil activation” [60].
Of note, Balduini et al., reported that malignant MKs from PMF patients showed increased expression
of type III collagen and fibronectin compared to healthy controls [108].

Collectively, these data suggest that PMF may be driven by a specific MKs subpopulation and that
low levels of GATA1 may block the maturation of platelet-poised MKs and may promote the MKs
differentiation towards other MKs subtypes that are sustained by high levels of TGF-p1.
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According to this hypothesis, we suggested that RB40.34 and Rux exerted their effects by reducing
the content of TGF-B1 and thus frequency of niche-poised MKs. On the other hand, Rux alone was
able to increase the GATA1 content in CD42pos MKSs and to normalize the levels of TGF-B1, but did
not reduced the fibrosis in the BM and spleen from Gatal'®™ mice, suggesting that the drug alone did
not target the niche-poised MKs.

Taken toghether, these data indicated that treatment with RB40.34 in combination with Rux was more

effective than the use of Rux alone in rescuing the myelofibrotic traits of Gatal'¥ mice.

Finally, we found an interesting link between the abnormal high levels of TGF-B1 and of CXCL1
expressed by Gatal" mice. In recent studies, we demonstrated that the allosteric CXCR1/R2
inhibitor Reparixin reduced the fibrosis by reducing TGF-B1 and collagen III expression in MKs
from Gatal¥ mice [98]. These effects were observed in parallel with decreased neutrophil
infiltration and reduced number of neutrophils engulfed by malignant MKs [97]. On the other hand,
P-sel inhibition reduced both TGF-f1 and CXCL1 levels.

Several studies demonstrated that TGF-f1 and CXCLI drive disease progression by triggering the
fibrotic deposition and altering the HCSs niches. Beyond its well-known role in promoting fibrosis
by activating MSCs, dysregulated TGF-B1 signaling can also alter the hematopoietic
microenvironment supporting the predominance of MF-HSCs and inducing the quiescence of the
reservoir of wild-type HSCs. In addition, TGF-B1 activates MSCs which participate in the
amplification and differentiation of hematopoietic clones as a consequence of altered HSCs-niche
cross talk [109]. On the other hand, Levine and colleagues demonstrated that IL-8 enhanced the
colony-forming capacity of primary CD34pos cells from PMF patients while CXCR1/2 inhibitors
inverted this effects. In addition, MKs from PMF patients cultured in vitro displayed increased IL-8
secretion. The authors observed an increased expression of CXCR1/R2 in the malignant CD34pos
cells, suggesting that these cells could be both the source and the target of IL-8. Finally, they reported
that administration of exogenous IL-8 to malignant CD34pos cells induced cell proliferation and a
significant increase in the number of monocytes and MKs [58]. Moreover, the authors demonstrated
that splenocytes from hMPLY>!>L mice, a mouse model of PMF, with targeted deletion of CXCR2
receptor showed a significant reduction of agonists toll-like receptor 4 (TLR4) SI00A8/S100A9,
suggesting a role for CXCR2 in modulating pro-inflammatory signaling [58]. The alarmin
S100A8/S100A9 heterocomplex [110] is highly expressed by pre-fibrotic MSCs and act through the
inflammatory activating endogenous TLR4 as a mediator of myelofibrosis, favoring MSCs

proliferation and myofibroblast differentiation in early stage of the disease.
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Thus, we hypothesize that HSCs- and MKs-derived CXCL1 may contribute to the progression toward
the fibrotic phase by modulating pro-inflammatory signaling and by triggering neutrophil chemotaxis,
an event that precedes the P-sel-driven emperipolesis between MKs and neutrophils. As a result, this
pathological cell interaction leads to the death of MKs by para-apoptosis and to the massive release
of TGF-B1 in the microenvironment (Figure 1).

In conclusion, taking into account the well-established role of TGF-B1 in the progression of MF, and
the emergent role of IL-8 in sustaining malignant HCSs and MKs through a self-fuel circuit, we
believe that inhibition of the P-sel/TGF-B1 and IL-8/CXCR1/R2 axes may represent an attractive
therapeutic opportunity to intercept MF progression and therefore warrants further study in the

clinical context.

Neu infiltration in the BM

CD42b Ly6b Hoechst

2IE RB40.34
\/ (mAb anti-P-sel)
MKS/Niche/HSC MKs/Neu
Neu

Interactions Emperipolesis
7 Chemotaxis/ \p P MKs

\d CXCL1 _— ‘Fﬂ_ﬂu Para-apaptosis

A

CD42b GFP-H2b Hoechst

“' Cellular Dance

to the P-SEL >
circuit ‘
Reparixin 7
(CXCR1/R2 inhibitor)
. . TGF-g1
Niche remodeling release

BM fibrosis
Hematopoietic failure

CD42b Lyéb Hoechst

Figure 1. Graphical representation of the mechanism underlying the fibrotic progression triggered by
the malignant megakaryocytes (MKs) in Gatal" mice. High levels of CXCL1 secreted by malignant HSCs
and MKs trigger the chemotaxis of neutrophils (Neu) in the BM, an event that precedes the pathological MK-
Neu emperipolesis. This destructive cell-cell interaction is promoted by abnormal high levels of P-selectin (P-
sel) expressed on the cell surface of malignant MKs instead of within the a-granules. The consequential death
of MKs by para-apoptosis leads to the massive release of MKs content in the microenvironment, including
TGF-B1 that promotes fibrotic deposition, niche remodeling with resulting hematopoietic failure.
Representative panels of immunofluorescence analysis on BM sections to detect MKs (CD42b), Neu (Ly6b)
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and GFP-tagged HSCs interactions are shown. Representative images of TGF-B1 immunolabeling show the
high levels of this cytokine in the BM microenvironment. Red arrows indicate the targets of the CXCR1/R2
inhibitor Reparixin and the anti-Psel antibody RB40.34.

5. Conclusions

MKs are multifunctional hematopoietic cells that produce platelets, regulate the BM niches
supporting the development of HSCs and provide inflammatory signals to respond to opportunistic
infections in the lung. During the embryogenesis, a specific MK subpopulation is responsible to
synthesize the extracellular matrix of the organs. The MKs subpopulations produced in the bone
marrow can dynamically change during homeostasis and under stress condition, thereby regulating
HSCs functions. PMF is a progressive chronic MPN characterized by hyperactivation of JAK/STAT
signaling which sustains MKs abnormalities that include an aberrant pro-inflammatory signature.
Several studies on PMF patients and murine models of the disease demonstrated that malignant MKs
represent the main source of pro-inflammatory cytokines, including TGF-f1 and CXCL1. These MK-
derived factors promote the emergence of disease and its progression by corrupting the
microenvironment, inducing fibrosis, € by turning the hematopoietic niche into a malignant-HSCs
sustaining niche. Conventional treatments for MF, such as treatment with JAK1/2 inhibitors, are
effective in controlling the symptoms but do not halt the progression of PMF and new therapeutic
approaches aiming to target mechanisms downstream to the driver mutations are badly needed.
During my PhD, I have demonstrated that treatment with P-sel and JAK1/2 inhibitors in combination
is more effective than any of the two drugs as single agent in rescuing the myelofibrosis phenotype
of the Gatal™ mouse model by significantly decreasing the content of TGF-p1 and CXCL1 in the
microenvironment, normalizing the MK-driven microenvironmental abnormalities, restoring
hematopoiesis in the BM and the architecture of the spleen. In conclusion, my study provided
preclinical evidence that combination therapies are more effective than the use of the single agents

for the cure of PMF.
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