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Abstract: Studies conducted on animal models have identified several therapeutic targets for myelofi-
brosis, the most severe of the myeloproliferative neoplasms. Unfortunately, many of the drugs
which were effective in pre-clinical settings had modest efficacy when tested in the clinic. This
discrepancy suggests that treatment for this disease requires combination therapies. To rationalize
possible combinations, the efficacy in the Gata1low model of drugs currently used for these patients
(the JAK1/2 inhibitor Ruxolitinib) was compared with that of drugs targeting other abnormalities,
such as p27kip1 (Aplidin), TGF-β (SB431542, inhibiting ALK5 downstream to transforming growth
factor beta (TGF-β) signaling and TGF-β trap AVID200), P-selectin (RB40.34), and CXCL1 (Reparixin,
inhibiting the CXCL1 receptors CXCR1/2). The comparison was carried out by expressing the end-
points, which had either already been published or had been retrospectively obtained for this study, as
the fold change of the values in the corresponding vehicles. In this model, only Ruxolitinib was found
to decrease spleen size, only Aplidin and SB431542/AVID200 increased platelet counts, and with
the exception of AVID200, all the inhibitors reduced fibrosis and microvessel density. The greatest
effects were exerted by Reparixin, which also reduced TGF-β content. None of the drugs reduced
osteopetrosis. These results suggest that future therapies for myelofibrosis should consider combining
JAK1/2 inhibitors with drugs targeting hematopoietic stem cells (p27Kip1) or the pro-inflammatory
milieu (TGF-β or CXCL1).

Keywords: myelofibrosis; megakaryocytes; Gata1; TGF-β; P-selectin; IL-8

1. Introduction

Myelofibrosis (MF) is the most severe of the myeloproliferative neoplasms which
are negative for the Philadelphia chromosome, which generates the BCR-ABL1 onco-
gene [1]. The complex features of MF include dysfunctions of the bone marrow, spleen,
and blood. Bone marrow abnormalities are represented by hematopoietic failure, increased
pro-inflammatory milieu, excessive deposition of extracellular matrix (fibrosis), increased
osteoblast proliferation and bone formation (osteosclerosis), and increased microvessel
density (neo-angiogenesis) [2,3]. Abnormalities of the spleen include splenomegaly and
ineffective extramedullary hematopoiesis, and those of the blood include anemia, with tear
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drop poikilocytes, and thrombocytopenia, with mega-thrombocytes. The discovery that
the disease is driven by mutations in the thrombopoietin (TPO) axis, which constitutively
activates JAK2 [2], raised a notable amount of hope that the disease could be treated by JAK
inhibitors. However, clinical experience with Ruxolitinib, the JAK1/2 inhibitor with the
longest clinical history in patients with MF, indicates that these drugs effectively ameliorate
the symptoms of MF and specifically reduce splenomegaly but do not halt the progression
of the disease to its eventual fatal outcome [4–6]. To address the unmet clinical needs of MF,
numerous studies have scrutinized its pathogenesis with the aim of identifying additional
therapeutical targets by using surrogate human and animal models [7]. These studies have
reached the consensus that the pathogenesis of MF is triggered by the products of abnormal
megakaryocytes (MKs) [8,9], which remain immature, produce low levels of platelets (plts),
and are responsible for establishing a pro-inflammatory milieu [10] characterized by high
levels of P-selectin, TGF-β1, and interleukin-8 (IL-8), which drive the fibrosis observed
in the bone marrow. In addition, the driver mutations sustain myelo-proliferation by
reducing the levels of p27kip1, an inhibitor of cell proliferation [11,12], in the malignant
hematopoietic stem/progenitor cells (HSCs/HPCs) [13]. All these pathways are druggable,
and over the years, we, as well as others, have conducted pre-clinical validations of the
efficacy of various drugs, targeting them by using animal models [7]. For these studies, our
laboratory has consistently used the Gata1low mouse model, which carries the hypomorphic
Gata1low mutation, which deletes the first hypersensitive site (HS1) of Gata1 necessary
for its expression in MKs [14,15]. Gata1low MKs express abnormalities similar to those
identified in MF, including high levels of TGF-β1 [16,17], CXCL1, the murine equivalent
of human IL-8 [10], and P-selectin [18]; with age, they develop an MF phenotype which
closely resembles that of the patients [19]. Moreover, Gata1low HSCs/HPCs express low
levels of p27kip1 [20]. During the course of pre-clinical studies, we targeted these path-
ways by testing the efficacy of Aplidin (a compound isolated from an algae also known as
Plitipepsin which increases p27Kip1) [20], two TGF-β inhibitors (SB431542, a commercially
available compound which inhibits ALK5, the first element of the signal transduction of
the TGF-β receptor [17]), the TGF-β trap AVID200 developed by Forbius [21], an antibody
neutralizing murine P-selectin (RB40.34, the murine equivalent of Crizanlizumab [22]), the
JAK1/2 inhibitor Ruxolitinib (alone or in combination) [23,24], and the CXCR1/2 inhibitor
Reparixin [23]. Unfortunately, while targeting the majority of these pathways has been
extremely effective in reducing MF in this mouse model, the results of the clinical trials
using the activator of p27kip1 Aplidin [13], P-selectin (Crizanlizumab, NCT04097821), and
TGF-β1 (the TGF-β1/3 trap AVID200, NCT03895112 [21]) carried out to date have been
modest. Based on this experience, the consensus in the field is that treatment of MF may
require combination therapies. Looking at the pre-clinical data published by us based on
the Gata1low model with a fresh eye, great qualitative and quantitative variation in the
responses of the animals to the tested drug so far was identified. It was then hypothesized
that a comparison of the effects exerted by the various drugs in animals may guide the
identification of the most suited combination therapies for MF patients. With this aim, the
efficacy exerted by Aplidin, Ruxolitinib, SB431542, AVID200, RB40.34, and Reparixin in
ameliorating the various MF traits expressed by the present model was herein compared.
Support for the rigor of this comparison was provided by the fact that (1) all the drugs
were tested on the same animal model in comparable stages of disease progression (similar
age, the same number of females and males, and limited statistical difference in the values
expressed by the vehicle groups used across treatments), (2) the duration of the treatments
was comparable across studies, (3) the endpoints were evaluated with the same standard-
ized protocols by the same operators, and (4) none of the drugs investigated induced
signs of toxicity. Data across the experiments were compared by expressing the values
observed in the treated group as the fold change (Delta) with respect to that observed in
the corresponding vehicle group, and the statistical differences among the fold changes
were determined by multiparametric analyses. The endpoints analyzed had been either
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already published or retrospectively evaluated for this study by using specimens stored in
the authors’ tissue bank (see Table 1 for detail).

Table 1. Summary of all the endpoints compared in this study and details as to whether the compari-
son was carried out using data which had been already published or data retrospectively obtained
byh using samples stored in the tissue bank. The tissue bank did not contain samples from the
Aplidin study.

Parameters Published Performed for This Study Not Available

Femur

Cellularity (total cell counts of a femur) All treatments

Fibrosis (reticulin staining) Aplidin Confirmed ex novo for all the
other drugs

Vessel density (IHC for CD34+ staining) SB431542, AVID200,
RB40.34, and Rux Reparixin Aplidin

Bone area (computer-assisted evaluation of
track images)

SB431542, AVID200, RB40.34,
Rux, and Reparixin Aplidin

Bone maturation (Mallory
trichrome staining)

SB431542, AVID200, RB40.34,
Rux, and Reparixin Aplidin

TGF-β1/CXCL1 content (IHC with
specific antibodies)

SB431542, AVID200, RB40.34,
Rux, and Reparixin Aplidin

Spleen

Weight All treatments

Cellularity All treatments Aplidin

Fibrosis (reticulin staining) SB431542, AVID200, RB40.34,
Rux, and Reparixin Aplidin

Thrombopoiesis

Platelet counts All treatments

Total MK number in BM (IF with CD42b) SB431542, AVID200, RB40.34,
Rux, and Reparixin Aplidin

GATA1 content in MKs (double IF for
GATA1 and CD42b)

SB431542, AVID200, RB40.34,
Rux, and Reparixin Aplidin

2. Results
2.1. Effects on Cellularity, Fibrosis, and Neo-Angiogenesis in Bone Marrow

Due to the underlying fibrosis, the total number of cells present in the femur of
Gata1low mice was lower than normal [25]. The treatments which increased (positive Delta
with respect to vehicle) the cellularity of the femur were Aplidin, the TGF-β inhibitors
(both SB431542 and AVID200), and RB40.34 in combination with Ruxolitinib (54 days)
(Figure 1). The increases induced by these five treatments were significantly different from
those induced by the other treatments, which either had no effect or reduced (negative
Delta) the number of cells present in the femur.

The severe fibrosis detected in the bone marrow of 10–12-month-old Gata1low mice [25]
was significantly reduced (negative Delta) by all the treatments (Figure 2). The greatest
reductions, however, were sustained by treatment with Reparixin for 20 days, followed
by treatment with SB431542 for 54 days. All the other treatments, including the TGF-β
trap, AVID200, exerted significantly more modest effects on fibrosis. In particular, the effect
exerted by Ruxolitinib was modest. The fact that AVID200 was less effective than SB431542
was puzzling, since both drugs act on the same pathway, TGF-β. The different efficacy of
the two drugs could be related to the slightly shortest duration of the AVID200 treatment
(42 vs. 54 days); however, an alternative hypothesis, such as more effective inhibition of the
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pathway by a small chemical compound which targets the intracellular signaling pathway
vs. an antibody which depletes TGF-β in the microenvironment, cannot be excluded.
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Figure 1. Effects of the various treatments on the total number of cells in the femur. (A) Number of
cells in the femur in the vehicle groups of all the experiments. Bone marrow cells were recovered
either by flushing the femoral cavity or by carefully crushing the whole femur, as indicated. The
two sets of values underwent separate statistical analyses. (B) Fold changes induced by the various
treatments (each color indicates a different treatment) expressed as means (±SD) and as values
in individual mice (each mouse corresponds to one symbol). The color code used to indicate the
treatments is summarized by the squares on the right and is used consistently in all the figures.
Statistical analyses of the fold changes among groups were carried out using One-way ANOVA;
significant differences are indicated by asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, and
**** = p < 0.0001). The number below the X-axis indicates the day of the treatment in which the mice
were sacrificed. The original data were published in [17,20,21,23,24,26].
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Figure 2. All the treatments effectively reduced fibrosis in the bone marrow of Gata1low mice; the
drugs which sustained the greatest reductions were Reparixin (20 days) and SB431542 (54 days).
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(A–D) Representative images of the H&E and reticulin staining of bone marrow from mice treated
with either vehicle or SB431542 (A); AVID200 for 42 days (B); RB40.34 and Ruxolitinib, alone or in
combination, for 54 days (C); or Reparixin for 20 and 37 days (D) as described. Magnification: 20×.
(E) Absolute values of bone marrow fibrosis (% of area) of the vehicles in all the experiments and
(F) changes in bone marrow fibrosis induced by the various treatments are presented as means (±SD)
and as values in individual mice (each mouse corresponds to one symbol). The fold changes in the
groups were not statistically different when using one-way ANOVA (* = p < 0.05, ** = p < 0.01, and
*** = p < 0.001). The original data were published in [17,20,21,23,24,26].

Neo-angiogenesis in the bone marrow is one of the traits of MF patients conserved
in Gata1low mice [25]. To compare the effects exerted by the different treatments on the
level of vessel density in this model, results already published [17,21,26] and data obtained
retrospectively from samples stored in the mouse tissue bank (Table 1 and Figure 3A,B)
were used. With the exception of AVID200, all the treatments were equally potent in
reducing vessel density in bone marrow from Gata1low mice (Figure 3D).
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Figure 3. With the exception of AVID200, all the treatments effectively reduced the vessel density
of the bone marrow of the Gata1low mice. (A) Representative immunohistochemical images of the
femoral anti-CD34 antibody from the Gata1low mice treated with Reparixin. The vessels are indicated
by red asterisks. Magnification: 40×. (B) Vessel density in the bone marrow of the mice treated
with vehicle or Reparixin for 20 and 37 days, as indicated. The number of vessels is the average of
those measured in 5 randomly selected photomicrographs per bone marrow section per mouse (area
of each photomicrograph = 1.49 mm2). The results are presented as means (±SD) and as values in
individual mice (each mouse corresponds to one symbol); the statistical analyses were carried out by
using one-way ANOVA (* = p < 0.05). (C) Vessel density in the bone marrow of mice treated with
vehicle in all the experiments and (D) changes in vessel density induced by the various treatments
expressed as Delta of the corresponding vehicle values. Results are presented as means (±SD) and as
values in individual mice (each mouse corresponds to one symbol). No statistical differences were
found in the Delta induced by the various treatments by one-way ANOVA. The original data were
published in [17,21,23,24,26].

2.2. Effects on Deposition and Maturation of Bone

Although osteopetrosis represents an important MF trait which is included in the
morphological criteria used to assess disease progression [27,28], limited information is
available regarding the pathobiological pathway leading to the osteopetrosis observed in
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this disease [29]. It has been previously described that the bone marrow from Gata1low

mice expresses pro-inflammatory cytokines (TGF-β1), growth factors (osteocalcin, platelet-
derived growth factor [PDGF], and vascular endothelial growth factor [VEGF]), bone
morphogenic proteins (BMP-2, -4, and -6 and their receptors BMPR-IA and -II), and bone-
specific matrix proteins (osteonectin, bone sialoprotein, and osteopontin), some of which
are produced by malignant MKs, known to induce osteosclerosis at levels greater than
normal, already at 1 month of age [25,30,31]. These previous studies also demonstrated
that the femoral bone of these mice remains immature with poor Ca++ deposition, a
trait which is consistent with the osteopetrosis observed in MF patients [29,32]. To gain
additional insights into the pathobiological pathway(s) leading to osteopetrosis in the
present model, a computer-assisted method was devised to more accurately assess the
osteosclerosis expressed by Gata1low mice (Figure 4A). By using this method, it was first
confirmed that the femurs from the mutant mice contained more bone than wild-type
mice of comparable age and sex (Figure 4B). This method was then used to measure the
area occupied by the bone in the femurs of all the treated mice by using photos stored
in our slide bank. The results were then expressed as Delta changes between the treated
group and the corresponding vehicle group (Figure 4C,D). Overall, none of the treatments
effectively reduced the area of the femur occupied by bone in the present model. The
modest reductions (negative Delta) observed with RB34.40 and Ruxolitinib in combination
on day 54 and with AVID200 were not statistically significant.
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Figure 4. The treatments tested had limited effects on the areas of the femur occupied by bone in
Gata1low mice. (A) Reconstruction of a femur from a representative Gata1low mouse treated with
vehicle and stained with H&E and depiction of the computer-assisted process used to determine the
area of the femur occupied by the medulla and that occupied by bone, respectively. (B) Percentages of
area with bone tissue in the femur of wild-type and Gata1low mice (males, 12 months old). Statistical
analyses were carried out by using one-way ANOVA (* = p < 0.05). (C) Percentages of area with bone
tissue in the femur from the vehicle group in all the experiments and (D) changes in the area occupied
by bone in femurs from mice treated with the various drugs expressed as Delta of the values in the
corresponding vehicle group. The results are presented as means (±SD) and as values in individual
mice (each mouse corresponds to one symbol). No statistical differences were found among the
groups by using one-way ANOVA.
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Myelofibrosis is not only associated with increased bone deposition but also with
reduced bone maturation [29]. In previous studies, we determined by means of Mallory
trichrome staining that the maturation of the cortical and trabecular bones of the femur in
Gata1low mice is also reduced [26]. In fact, as expected, the cortical and trabecular bones of
wild-type mice showed numerous areas stained in red, corresponding to mature lamellae
rich in both collagen fibers and Ca++ (Figure 5A). By contrast, the corresponding areas from
the Gata1low femurs contain large fields stained in blue, which correspond to unmineralized
osteoids, while fields stained in red are scanty. When the published effects of the treatments
with RB34.40 and Ruxolitinib, alone or in combination, on the maturation of the bone
were analyzed, the authors had already noticed that Ruxolitinib alone improved bone
maturation [26]. The effects of SB431542, AVID200, and Reparixin on the ossification of
bone from Gata1low mice was specifically assessed for this study. The results indicate that
AVID200 and Reparixin improved bone ossification since they restored the levels of mature
lamellae (stained in red) present both in the cortical and trabecular areas of the Gata1low

femurs (Figure 5A,B). However, when the Delta values were compared, there were no
significant differences in the improvement in bone maturation induced by the different
treatments (Figure 5C,D).
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the femurs of wild-type (WT) and Gata1low mice treated either with vehicle or with SB431542 (54 days),
AVID200 (42 days), and Reparixin (20 and 37 days), as indicated. Magnification: 20×. It should
be noted that the effects appear more pronounced in the cortical than in the trabecular areas. (B)
The quantification of mature bone present in the cortex and trabeculae of the femurs of the WT and
Gata1low mice treated either with the vehicle or with SB431542 (54 days), AVID200 (42 days), or
Reparixin (20 and 37 days). Data are represented as means (±SD) and as values in individual mice
(each symbol corresponds to a different mouse). The statistical analysis was carried out by using
one-way ANOVA (* = p < 0.05, ** = p < 0.01, and *** = p < 0.001). (C) The areas of mature bone
present in the cortex and in the trabeculae of the femurs from the vehicle group in all the experiments.
(D) Fold changes (such as Delta compared with the corresponding vehicle) in areas of mature bone
present in the cortex and in the trabeculae of the femurs from Gata1low mice treated with the various
drugs, as indicated. The results are presented as means (±SD) and as values in individual mice (each
mouse corresponds to one symbol). There were no statistically significant differences among the
effects exerted by the various treatments by using one-way ANOVA.

2.3. Effects on Size and Fibrosis of Spleen

Extramedullary hematopoiesis and fibrosis in the spleen are serious complications of
MF and lead to splenomegaly, a trait which greatly contributes to the malaise experienced
by these patients [33]. Gata1low mice also experience extramedullary hematopoiesis and
fibrosis in the spleen, which profoundly alters the architecture of this organ [25,26]. The
various treatments tested had various effects on the size and fibrosis of the spleen in this
model. Spleen size was determined in terms of both weight and cellularity. Apart from
Aplidin, AVID200 for 42 days, and Reparixin for 37 days, all the other treatments tested
effectively reduced spleen weight. The greatest reductions were, however, exerted by
SB431542 and Ruxolitinib, alone or in combination with RB40.34 (Figure 6). The reduction
in spleen weight observed with Ruxolitinib in this mouse model was consistent with the
important reduction in the splenomegaly induced by this drug in patients with MF [34].

By contrast, all the treatments tested had modest effects on the cellularity of the spleen
compared with the corresponding vehicle (Figure 7). The authors believe that after treat-
ment, the number of cells in this organ remained high despite the considerable reduction
in weight, reflecting the fact that fibrosis, which is also manifested in the spleen [9], by
reducing the space available for the cells, represents a confounding factor in determining
spleen size by cell number.
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Figure 6. The greatest reductions in spleen weight were obtained by treatment with SB431542
and Ruxolitinib, either alone or in combination with RB40.34. (A) Spleen weight in the vehicle
of each experiment. (B) Changes induced by the various treatments in spleen weight compared
with the corresponding vehicle presented as means (±SD) and as values in individual mice (each
mouse corresponds to one symbol). Statistical analyses were performed by using one-way ANOVA
(* = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001). The original data were published
in [17,20,21,23,24,26].
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was the cellularity of the spleen from the vehicle group significantly greater than that of the other
groups. (B) Changes induced by the various treatments in the spleen cellularity compared with
the corresponding vehicle. Data are presented as means (±SD) and as values in individual mice
(each mouse corresponds to one symbol). The effects induced by the different drugs were not
statistically different according to one-way ANOVA (**** = p < 0.0001). The original data were
published in [17,21,23,24,26].

Although all the treatments tested reduced (negative Delta relative to the vehicle)
fibrosis in the spleen (Figure 8), the greatest reductions were observed in mice treated with
Ruxolitinib alone or in combination with RB40.34, and they were significantly greater than
those induced by all the other treatments.
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Figure 8. All the treatments reduced fibrosis in the spleen of Gata1low mice; the greatest reductions
were achieved with Ruxolitinib alone or in combination with RB40.34. (A–C) Representative unpub-
lished images of the H&E and reticulin staining of spleen sections from mice treated with either the
vehicle or SB431542 (54 days) (A), RB40.34 or Ruxolitinib alone and in combination (54 days) (B), or
Reparixin (20 and 37 days) (C) as described. Magnification: 40×. (D) Level of fibrosis in the spleen
in vehicle group of the various experiments and (E) fold change in the level of fibrosis in the spleen
of the treated group compared with that of the corresponding vehicle group. Data are presented as
means (±SD) and as values in individual mice (each mouse corresponds to one symbol). Statistical
analysis was carried out by using one-way ANOVA; significant differences are indicated by asterisks
(* = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001). The original data were published
in [17,23,24,26].

2.4. Effects on TGF-β and CXCL1 Contents in Bone Marrow

In previous studies [10], it was shown that the plasma levels of pro-inflammatory
cytokines, including those of TGF-β1 and CXCL1, did not correlate with their bioavailability
in the microenvironment of bone marrow from Gata1low mice and that in this model, it was
microenvironmental bioavailability rather than systemic levels which is associated with
fibrosis. More specifically, based on immunohistochemistry, the authors have previously
reported that the bone marrow contents of TGF-β1 and of CXCL1 and its receptors (CXCR1
and CXCR2) were higher in Gata1low mice compared with their wild-type littermates [10].
Moreover, these studies also demonstrated that the cells responsible for the accumulation of
these pro-inflammatory proteins in the bone marrow microenvironment were the MKs [10].

To provide mechanistic insights into the efficacy of the various treatments tested on the
myelofibrotic phenotype of Gata1low mice, their effects on the TGF-β1 and CXCL1 contents
in bone marrow were compared (Figures 9 and 10).
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Figure 9. The majority of the treatments tested reduced TGF-β1 content in bone marrow from Gata1low

mice. (A–D) Representative images of the immunohistochemistry analyses with the antibody against
TGF-β1 of bone marrow sections from mice treated with either the vehicle or SB431542 for 54 days (A),
AVID200 for 42 days (B), RB40.34 or Ruxolitinib alone and in combination for 54 days (C), or Reparixin
for 20 and 37 days (D), as described. Magnification: 40×. (E) Levels of TGF-β1 in bone marrow of the
vehicle group in each experiment. Data are represented as means (±SD) of the percentage of the area
positive for staining and as values in individual mice (each mouse corresponds to one symbol) and
(F) fold changes in the levels of TGF-β1 with respect to the corresponding vehicle groups (each mouse
corresponds to one symbol). The statistical analysis was carried out by using one-way ANOVA; the
statistically significant differences are indicated by asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001,
and **** = p < 0.0001). The original data were published in [17,21,23,24,26].
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Figure 10. Only RB40.34 in combination with Ruxolitinib reduced CXCL1 content in bone marrow
from Gata1low mice. (A–E) Representative images of bone marrow sections from mice treated with
either the vehicle or SB431542 for 54 days (A), AVID200 for 42 d (B), RB40.34 or Ruxolitinib or their
combination for 54 days (C), or Reparixin for 20 and 37 days (D), stained with the antibody against
CXCL1, as described. Magnification: 40×. (E) Levels of CXCL1 in the bone marrow of the vehicle
group in each experiment, represented as means (±SD) of the percentage of the area positive for the
staining and as values in individual mice (each mouse corresponds to one symbol) and (F) CXCL-1
content in the treated animals presented as fold change with respect to the corresponding vehicle
group. The results are presented as means (±SD) and as values in individual mice (each mouse
corresponds to one symbol). Statistical analysis among the groups was carried out by using one-way
ANOVA; statistically significant differences are indicated by asterisks (* = p < 0.05, ** = p < 0.01, and
*** = p < 0.001). Similar data were published in [17,20,21,23,24,26].
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The levels of TGF-β mRNA expressed in the bone marrow of the mice treated with
SB431542 were previously determined by using real-time polymerase chain reaction (RT-
PCR). These determinations indicated that SB431542 markedly reduced (by 4.2 times)
the levels of mRNA expressed in this organ and, therefore, presumably also its protein
content [17]. The effects of AVID200, RB40.34, Ruxolitinib, and Reparixin on the TGF-β
content in bone marrow was instead previously assessed by using immunohistochemistry.
These studies indicated that AVID200, Ruxolitinib (alone or in combination with RB40.34),
and Reparixin all decreased TGF-β content in bone marrow [21,23,26] (Figure 9A–D). When
these results were expressed as Delta of the corresponding vehicle, it was found that the
greatest reductions were induced by AVID200, followed by Reparixin (day 37), while
the effects exerted by RB40.34 and Ruxolitinib, alone and in combination, were modest
(Figure 9F).

The CXCL1 content has previously been assessed only in research on RB40.34 and
Ruxolitinib alone or in combination and Reparixin. These studies demonstrated a decrease
in CXCL1 only in the bone marrow of the mice treated with RB40.34 in combination with
Ruxolitinib [26]. For comparative purposes, a retrospective CXCL1 immunohistochemistry
analysis of mice which had been treated with SB431542 and AVID200 was carried out, using
samples stored in the tissue bank (Figure 10A–D). These analyses indicated that both these
TGF-β inhibitors did not affect the content of CXCL1 in the bone marrow (Figure 10).

2.5. Effects on Platelet Counts

The blood of 10–12-month-old Gata1low mice contains normal hematocrit (HCT) and
white blood cell levels but has platelet levels lower than normal [25]. None of the treatments
had any effect on the HCT and white blood cell counts of Gata1low mice, which remained
within normal ranges [17,20,21,23,24,26]. The majority of the treatments did not affect
platelet counts (Figure 11), which, in general, remained low with the exception of the
animals treated with Aplidin, SB431542, and more modestly, AVID200, in which the platelet
counts were instead increased.
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Figure 11. Aplidin and inhibitors of the TGF-β signal (SB431542 and AVID200) increased the platelet
counts in Gata1low mice. (A) Platelet counts in the vehicle in each experiment (each mouse corresponds
to one symbol). It should be noted that in spite of being statistically different, the platelet numbers
observed in the different vehicles were, for the most part, low. (B) The platelet counts were expressed
as Delta of the values in the respective vehicle groups and are presented as means (±SD) and as
values per individual mouse (each mouse corresponds to one symbol). Statistical analysis of the
fold changes among the groups was carried out by using one-way ANOVA; statistically significant
differences are indicated by asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001).
The original data were published in [17,20,21,23,24,26].

2.6. Effects on Megakaryocyte Maturation

The platelet counts in the blood of Gata1low mice is low because the maturation of the
MKs, the cells responsible for their production, is hampered by the reduced expression of
GATA1, the transcription factor required for their maturation, sustained by the hypomor-
phic mutation [15,35]. To mechanistically understand why the platelet counts had been
restored only by the TGF-β inhibitors, the GATA1 content in the MKs in bone marrow of
the mice undergoing the various treatments was evaluated.

In the study published regarding SB431542 [17], the levels of GATA1 and the matu-
ration state of the MKs in bone marrow was assessed by using quantitative RT-PCR and
electron microscopy. The data showed that this TGF-β inhibitor restored the levels of
GATA1 mRNA and normalized those for several maturation markers (reducing the ex-
pression of GATA2, Acetylcholinesterase, platelet factor 4, and P-selectin while increasing
that of the von Willebrand factor). It also restored the ultrastructure features of the cells
the cytoplasm of which contained well-developed platelet territories [17]. In the studies
regarding RB40.34 and Ruxolitinib, alone or in combination, and Reparixin, the GATA1
content of the MKs in the bone marrow was determined by using confocal microscopy with
antibodies against the lineage markers CD42b and GATA1 [23,26]. In order to compare
the results of the treatments, a dedicated immunofluorescence analysis with the CD42b
and GATA1 antibody of the bone marrow from mice treated with AVID200 and SB431542
was carried out (Figure 12A). The results across the treatments were then compared by
expressing the frequency of GATA1-positive MKs as fold change with respect to the val-
ues observed in the vehicle group. None of the treatments affected the frequency of the
MKs, which remained greater than normal (Figure 12B,C). The treatments which increased
GATA1 content in the MKs the most were AVID200 (42 days) and Ruxolitinib (54 days),
while more modest increases were observed with RB40.34 alone (54 days) and Reparixin
(20 days) (Figure 12D–F). However, a closer look at the morphology of the GATA1-positive
MKs indicated that in the case of the majority of treatments, the positive cells retained an
immature morphology with monolobated nuclei and reduced cytoplasm (Figure 12G). By



Int. J. Mol. Sci. 2024, 25, 7703 17 of 29

contrast, and as expected based on the electron microscopy observations published [17],
the GATA1-positive MKs from SB431542-treated mice had a mature morphology with
polylobated nuclei (Figure 12A,G). The increase in polylobated mature GATA1-positive
MKs in mice treated with TGF-β inhibitors is consistent with the known inhibition exerted
by this factor on MK maturation [36,37] and provides an explanation for the increased
platelet counts observed in the blood from these mice.
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Figure 12. Treatment with the TGF-β inhibitors, Ruxolitinib, or Reparixin increased GATA1 content
in the MKs in bone marrow from Gata1low mice; however, only in the case of the TGF-β inhibitor
SB431542, the increase in the GATA1 content was associated with a mature morphology. (A) Represen-
tative immunofluorescence analyses with the megakaryocyte marker CD42b and an antibody against
GATA1 of bone marrow sections from the femur of a wild-type mouse and from mice treated with
either the vehicle or the TGF-β inhibitor AVID200 (42d) or SB431542 (54d), as controls. Magnification:
40× scale bars. (B) Frequency of CD42b-positive cells in the vehicle groups from all the experiments.
Data are presented as means (±SD) and as values in individual mice and are the average number of
CD42-positve cells detected in 5 randomly selected photomicrographs (1.49 mm2) per bone marrow section
per mouse. No statistically significant difference was detected by using one-way ANOVA. (C) Frequency
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of cD42b-positive cells in bone marrow from mice subjected to the various treatments expressed as
Delta values of those in the corresponding vehicle groups. (D) Frequency of CD42b-positive cells
positive for GATA1 in the vehicles and treated mice in new experiments with AVID200 and SB431542.
Statistical analyses were carried out by using one-way ANOVA (* = p < 0.05). (E) Frequency of
CD42b-positive cells positive for GATA1 in the vehicle groups from all the experiments. The results
are presented as means (±SD) and as values in individual mice. (F) Frequency of CD42b-positive
cells positive for GATA1 in mice undergoing the various treatments expressed as Delta values of
that of the corresponding vehicle group. The results are presented as means (±SD) and as values
in individual mice (each mouse corresponds to one symbol). Statistical analysis of the fold changes
across the groups were carried out by using one-way ANOVA; the statistically significant groups are
indicated by asterisks (* = p < 0.05, ** = p < 0.01 and *** = p < 0.001). (G) Frequency of MKs positive
for GATA1 containing monolobated or polylobated nuclei among the different experimental groups.
Some of the original data were published in [17,21,23,24,26].

3. Discussion

The drugs studied in this paper all had limited toxicity in the present model, as
indicated by (1) the very limited number of deaths recorded for the entire duration of the
treatments (one–two months), (2) the absence of changes in mobility or in the luster of the
coat, and (3) the absence of anemia, one of the most common side effects of anti-cancer
treatments. This is impressive since the mice analyzed in this study were old and, like MF
patients, fragile. There were only two cases in which the procedure of drug administration
had to be changed to account for the fragility of the model; in the first experiment with
Aplidin®, the mice developed reduced mobility and drinking behavior, which were fully
addressed in the following two experiments by keeping the mice hydrated by injecting
200 µL of sodium chloride (0.9% w/v) subcutaneously [20]. In the first experiment with
AVID200, there was a 50% mortality rate in both the treated group and in the irrelevant
IgG controls, which was addressed in the two additional experiments by reducing the
frequency of the treatment from three to two times a week, which apparently allowed these
mice to better cope with high levels of IgG in the blood. These considerations suggest that
it is unlikely that the drugs used in these studies exerted significant off-target effects which
may have confounded assessing the qualitative and quantitative differences in their efficacy
on the MF traits of the present model. In addition, the fact that with very few exceptions,
the values observed in the vehicle groups were very similar across the experiments ensured
that the mice were always studied at similar stages of disease progression. The authors also
believe that it is unlikely that differences in the vehicle (DMSO or saline) used to solubilize
the drugs or in the way of administration (intraperitoneal vs. intravenous vs. gavage) may
have represented confounding factors in evaluating the results.

In reading the pre-clinical data published regarding the Gata1low model, a great
qualitative and quantitative variation in the response of the animals to the various drugs
tested was noted (Table 2). In order to quantify whether the similarities and the differences
in the effects exerted by the various drugs on the MF traits displayed by the present model
were statistically different, the phenotype of the treated mice was compared with that of
the respective control group. The results are summarized in Table 3. How this variation
could suggest drug combinations more suited to targeting the various facets of the disease
will be discussed below.
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Table 2. The summary of the p-values between the endpoints observed in the treated mice and those observed in the correspondent vehicle in all the experiments
included in this study. The red boxes indicate data already published, the green boxes indicate data from the new dedicated experiments, and the gray boxes indicate
that the data are not available. Values not statistically significant are indicated with ns. The original data were published in [17,20,21,23,24,26].

Treatment
Femur

Cellularity
(p-Value vs.

Vehicle)

BM Fibrosis
(p-Value vs.

Vehicle)

No. of
Vessels

(p-Value vs.
Vehicle)

Bone Area
(p-Value vs.

Vehicle)

Mature
Cortical

Bone
(p-Value vs.

Vehicle)

Mature
Trabecular

Bone
(p-Value vs.

Vehicle)

Spleen
Weight

(p-Value vs.
Vehicle)

Spleen
Cellularity
(p-Value vs.

Vehicle)

Fibrosis
Spleen

(p-Value vs.
Vehicle)

TGF-β1
(p-Value vs.

Vehicle)

CXCL1
(p-Value vs.

Vehicle)

Platelet
Count

(p-Value vs.
Vehicle)

GATA +
MKs

(p-Value vs.
Vehicle)

Aplidin (83d) p < 0.05 p < 0.05 p < 0.05 \ \ \ ns \ \ p < 0.05 \ p < 0.05 p < 0.05
SB431542 (54d) p < 0.05 p < 0.05 p < 0.05 ns ns ns p < 0.05 p < 0.05 p < 0.05 p < 0.05 ns p < 0.0001 ns
AVID200 (42d) p < 0.05 \ \ \ \ \ ns ns \ \ \ p < 0.05 \
AVID200 (72d) p < 0.05 p < 0.001 p < 0.001 ns ns ns ns ns ns p < 0.001 ns p < 0.01 p < 0.05
RB40.34 (12d) ns ns \ \ \ \ ns ns \ \ \ ns \
RB40.34 (54d) ns p < 0.05 p < 0.001 ns ns ns ns ns p < 0.05 ns ns ns ns

Rux (12d) ns ns \ \ \ \ ns ns \ \ \ ns \
Rux (54d) ns ns p < 0.001 ns ns ns ns ns p < 0.001 p < 0.05 ns ns p < 0.0001

RB40.34 + Rux
(12d) ns ns \ \ \ \ ns ns \ \ \ ns \

RB40.34 + Rux
(54d) p < 0.05 p < 0.05 p < 0.001 ns ns ns ns ns p < 0.001 p < 0.05 p < 0.01 ns ns

Reparixin (20d) ns p < 0.05 ns ns ns ns ns ns p < 0.05 p < 0.05 ns ns p < 0.001
Reparixin (37d) ns ns p < 0.05 ns ns ns ns ns ns p < 0.0001 ns ns ns
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Table 3. Summary of comparative qualitative and quantitative differences in efficacy of
treatments investigated.

Endpoints Most Effective Treatments
(in Order of Efficacy)

Femur

Cellularity Aplidin

Fibrosis Reparixin 20 days

Vessel density Reparixin 37 days
SB431542 54 days

Bone area RB40.34 + Rux 54 days

Mature cortical bone
SB431542 54 days

Rux 54 days
Reparixin 37 days

Mature trabecular bone SB431542 54 days
Reparixin 37 days

TGF-β1 AVID200
Reparixin 37 days

CXCL1 RB40.34 + Rux 54 days

Spleen

Weight SB431542 54 days
RB40.34 + Rux 54 days

Cellularity RB40.34 + Rux 54 days

Fibrosis Rux 54 days
RB40.34 + Rux 54 days

Thrombopoiesis

Platelet counts
Aplidin

SB431542 54 days
AVID200

Total MK number in BM None

GATA1 content in MKs AVID200, Rux 54 days, and Reparixin 20 days but only SB431542
in the polylobated cells

It is reassuring that for those drugs which have already proceeded to clinical trials, the
effects exerted on the model correlated well with those observed in the patients. In fact, it
is impressive that in the present model, the drug most effective in reducing splenomegaly
was Ruxolitinib, with splenomegaly being a feature which is consistently ameliorated by
this drug also in MF patients [38,39]. The fact that the effects of all the other drugs on
splenomegaly were inferior to those exerted by Ruxolitinib indicated that Ruxolitinib, or
one of the new generation of JAK inhibitors under development, remains the first front-line
treatment and should be included in all the combination therapies to be tested on MF
patients in the future. Ruxolitinib was also one of the most effective drugs in reducing
fibrosis in the spleen, while its effects on fibrosis in bone marrow were modest, suggesting
that different cell populations are responsible for the fibrosis developed by the two organs.
The hypothesis that different cell populations, activated by different mechanisms, are
responsible for the fibrosis in the two organs was already suggested by a previous study
which compared the bioavailability and signaling abnormalities of TGF-β in bone marrow
and spleen from Gata1low mice with respect to the controls [17]. Although both the bone
marrow and spleen from the mutant mice expressed levels of TGF-β 1.2-fold greater than
normal, the downstream TGF-β signature activated in the two organs and how they were
affected by treatment with SB431542 were clearly different. The signature of the bone
marrow included the activation of osteoblast differentiation, apoptosis, G1 arrest, and
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ubiquitin-mediated proteolysis; all these abnormalities were ameliorated by treatment with
SB431542. By contrast, the signature of the spleen included only apoptosis and G1 arrest;
this signature remained altered upon SB431542 treatment, which even induced additional
abnormalities in the ubiquitin-mediated proteolysis pathway [17]. The cell populations
responsible for the fibrosis in the bone marrow and spleen of the present model will be
investigated as the subject of separate studies.

Mechanistically, the limited effects of Ruxolitinib on fibrosis in bone marrow could
be related to its modest effects on the TGF-β and CXCL1 contents in this organ, which
remained elevated in the treated group. Ruxolinitib, in combination with the antibody
against the murine P-selectin RB40.34, was more effective than either of the two drugs alone
in reducing CXCL1 content in bone marrow and had some effect on osteosclerosis. Based on
these results, Novartis sponsored a clinical trial (NCT04097821) using the human P-selectin
antibody Crizanlizumab, which was effective in reducing pain crises in patients with Sickle
Cell Anemia [22] and MF. However, the company prematurely interrupted the trial when
it lost interest in the clinical development of the drug. This lack of interest was based on
studies which questioned the efficacy of Crizanlizumab on Sickle Cell Disease [40,41] and
which led the European Medical Agency to revoke its authorization for the clinical use of
this drug in Europe [42]. However, the clinical development of P-selectin inhibitors is still an
active area of research, and new products could become available in the near future. The fact
that Ruxolitinib in combination with the P-selectin antibody was more effective than either
of the two drugs alone in the Gata1low model suggests that future combination therapies
should consider combining Ruxolitinib with drugs targeting inflammation. Interestingly,
the same conclusion was reached by using the JAK2V617 mouse model, in which Ruxolitinib
effectively reduced bone marrow fibrosis when used in combination with an epigenetic
modifier targeting the HMGA1 gene, which also reduced the pro-inflammatory milieu of
the organ [43].

The TGF-β and CXCL1 inhibitors are two anti-inflammatory agents which target
abnormalities with important pathobiological effects on the manifestation of MF and
represent the most logical candidates to be used in combination with Ruxolitinib to treat
MF. Although they were not tested in combination with Ruxolitinib in the present model,
the careful comparison of their effects as monotherapy in the same pre-clinical model may
not resolve the translatability issues concerning their therapeutic efficacy but may provide
some rationale for prioritizing their investigation of combination therapies.

The inhibition of TGF-β signaling reduced bone marrow fibrosis and was the only
treatment which increased platelet counts. Overall, the effects of AVID200 on the animal
model were very similar to those observed in the subsequent clinical trial, just published
(NCT03895112), which was conducted on a limited number of patients with advanced
MF [44]. The results of the clinical trial indicate that although ineffective in preventing
disease progression, AVID200 effectively increased platelet counts in the majority of the
patients recruited. It is interesting that in the present model, the direct inhibition of TGF-β
signaling with a small compound was more effective than reducing the TGF-β content
with the AVID200 trap (Table 2). Unfortunately, although a clinical-grade compound,
Galunisertib, which is structurally similar to the commercially available SB431542 used in
the authors’ studies, has been developed by Lilly [45], the company has not so far been
interested in studying this drug in MF. Therefore, to pursue this observation further, a
collaboration was established with a medicinal chemist, Dr. Antonello Mai, who will use
the innovative dual-target approach [46] to develop drugs which will affect JAK1/2 and
AKL5 at the same time and which are eventually to be used instead of the combination of
the two individual inhibitors to treat MF.

Reparixin was by far the drug which more effectively reduced fibrosis in bone marrow
from Gata1low mice (Table 2). This drug is currently under clinical evaluation in patients
with advanced MF (MPN-RC 120, NCT05835466), and the trial has already recruited four
patients. It is conceivable that if the results of this first trial are promising, there will be a
second trial which will analyze the effects of Reparixin in combination with JAK inhibitors.
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With the exception of AVID200, all the drugs were equally effective in reducing vessel
density in bone marrow. This was not surprising since the increased vessel density observed
in this disease could be mediated not only by high levels of VEGF, which the authors have
previously shown to be normalized by inhibitors of TGF-β signaling [17], but also by
CXCL1. The effects of CXCL1 may be either indirectly mediated, by reducing TGF-β
content, or directly mediated, as is the case of epithelial malignancies in which high levels
of CXCL8 enhance neo-angiogenesis and extracellular matrix remodeling to promote a
microenvironment conducive for additional tumor growth and metastasis [47].

With the exception of RB40.34 in combination with Ruxolitinib, none of the drugs
tested in this study reduced osteopetrosis. However, some improvement in bone maturation
was observed with SB431542 and Reparixin; this effect was more pronounced on compact
than on trabecular bone. This observation suggests that although these drugs do not
activate the osteoclasts necessary to stimulate bone resorption, they do normalize osteoblast
metabolism, preventing new-bone deposition. Further studies are necessary to clarify the
role played by TGF-β and CXCL1 in the development of osteopetrosis in MF.

Osteoblasts and endothelial cells are elements of the endosteal and vascular niche
which promote the functions of HSCs in bone marrow [48–52]. The endosteal niche is
effective in juvenile mice, while the vascular niche provides support for HSCs in adult and
senescent mice [53–57]. These niches affect HSC fate both directly, by secreting factors such
as stem cell factor (SCF) and C-X-C motif chemokine ligand 12 (CXCL12), necessary for
their survival, proliferation, and mobilization, and indirectly, by recruiting other cells, such
as MKs, macrophages, and other stromal cells, which are responsible for secreting factors
such as platelet factor 4 (PF-4; also known as CXCL4) and TGF-β, which force HSCs into
quiescence, allowing them to retain stemness. The authors have previously shown that
in old Gata1low mice, HSCs are localized in the femur diaphysis in areas surrounded by
microvessels, neo-bones, and MKs, while in their wild-type littermates, HSCs are localized
in the epiphysis of the femur near trabecular bone [58]. The issue as to whether drugs
affect microvessel density and/or bone deposition in mouse models has implications
for their effects on the abnormalities of the “niches” which supposedly increase HSC
trafficking, favoring extracellular hematopoiesis in MF. Although the authors’ studies did
not characterize in detail the effects of the treatments on the hematopoietic niche, in the
case of the P-selectin inhibitor and the TGF-β inhibitor SB431542, they have documented
that these two drugs increase HSC content and restore hematopoiesis in bone marrow,
suggesting that they normalize the functions of the HSC niche. By using another animal
model, Yao et al. reached a similar conclusion on the effects exerted by TGF-β on the
hematopoietic niche in bone marrow [59].

There is a discrepancy in the field regarding the criteria for assessing the effectiveness
of a drug in reducing fibrosis in animal models and in patients. The criteria used more often
in the animal models are based on computer-assisted quantification of reticulin content
in bone marrow sections. By contrast, the criteria used to quantify fibrosis in patients are
based on a semi-quantitative scale which includes both the complexity of the fibers and
the presence of osteosclerosis [28]. The fact that in the present model, none of the drugs
reduced bone deposition makes uncertain whether their efficacy in reducing fibrosis would
remain valid if it were assessed by using the semiquantitative scale used for the patients.
In this regard, the effects of Reparixin on bone marrow fibrosis were more limited when, in
the Mathematical Programming Language (MPL) model, they were determined by using a
semiquantitative scale [60]. A similar discrepancy between drug effectiveness in animal
models and in patients has been observed in the field of idiopathic pulmonary fibrosis and
was addressed by the American Thoracic Society by organizing a workshop dedicated to
the formulation of consensus criteria to assess drug efficacy in animal models [61]. The time
is right for scientists in the MF field to also organize a workshop dedicated to establishing
consensus criteria to also assess drug efficacy in animal models for this disease.

One last point to discuss is that both Ruxolitinib and AVID200 had modest effects
on the allele burden of the patients [4,21,38,39,62]. These results suggest that both drugs
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are ineffective in reducing malignant HSCs, which should be the ultimate goal for any
cure of MF. Aplidin was the only drug included in the present panel which targeted
abnormalities of malignant HSCs. In the Gata1low model, Aplidin increased platelet counts
and marrow cellularity and reduced microvessel density and the expression of TGF-β,
vascular endothelial growth factor, and thrombopoietin [20], suggesting that the drug
effectively normalized Gata1low HSCs. Unfortunately, when the drug was tested on a
limited number of patients with MF (11), although well tolerated with limited toxicity, it
induced some response (improvement in anemia) in only one patient [13]. Aplidin activates
p27Kip1, which is upstream and negatively regulates the activity of the cell cycle inhibitors
RAC1/2 [63]; RAC1 inhibitors are emerging as an interesting bullet to treat various forms
of cancer [64]. The present results suggest that the use RAC1/2 inhibitors, possibly in
combination with Ruxolitinib, for the treatment of MF should be re-evaluated.

4. Materials and Methods
4.1. Mice

Gata1low mice develop a myelofibrotic phenotype at 8–10 months of age which sum-
marizes all the abnormal traits of the disease in humans. These mice represent a validated
model for MF and are commercially available from the Jackson Laboratory (Cat. No. 004655;
Bar Harbor, ME, USA). The animals used in these experiments were bred in the animal
facility of the Higher Institute of Health, as previously described [25]. Littermates were
genotyped at birth by using PCR, and those found not to carry the mutation were used
as WT controls. The genotype was again confirmed before an animal was entered into
an experimental group. The original experiments were carried out according to protocol
D9997.121 approved by the Italian Ministry of Health on 2 September 2021 and according
to European Directive 86/609/EEC. The current study was not subject to approval because
it was conducted on published data and on samples stored in the tissue bank.

4.2. Mice Treatments

The treatments are described in detail in the original publication and are summarized
in Figure 13 for clarity. All the experimental groups included equal numbers of male and
female mice. No difference was observed in the outcomes between the two sexes; therefore,
sex was not considered to be an independent variable.

Aplidin [20]: Aplidin® was provided by Pharma Mar S.A., Colmenar Viejo, Madrid,
Spain. The Gata1low mice (10 months old) received either Aplidin® (100 µg /kg/day) or the
vehicle injected intraperitoneally (i.p.) for four cycles of 5 consecutive days 21 days apart
and were then sacrificied for histopahological analyses. The mice were treated for a total of
20 days, and the duration of the treatment was 83 days.

SB431542 [17]: The Gata1low mice (9 months old) were treated with SB431542 (Cat.
No. S4317-5GM; Sigma-Aldrich, St. Louis, MO, USA), an inhibitor of the tyrosine kinase
activity of TGF-β1 receptor type I. The mice were injected i.p. with SB431542 (60 mg/kg
per day) or the vehicle (same volume) for 2 cycles of 5 consecutive days 2 day apart; they
rested for 1 month and were then treated for 2 additional cycles (54 days in total). The mice
were treated for a total of 20 days, and the duration of the treatment was 54 days.

AVID200 [21]: Gata1low mice (10–12 months old) were randomly divided into 3 groups
which were treated with either the vehicle (Irrelevant IgG) or AVID200 (5 mg/Kg twice a
week i.p.) for 15 and 42 days with the TGF-β1/TGF-β3 protein trap. The mice were treated
for a total of 13/21 days, and the duration of the treatment was 42/72 days total.

P-selectin inhibitor and Ruxolitinib, alone and in combination [24,26]: The Gata1low

mice (11 months old) were randomly divided into four groups which were treated as
follows: Group 1: vehicle (2% v/v DMSO by gavage, negative control for Groups 3 and 4);
Group 2: biotin-conjugated rat anti-mouse CD62P (RB40.34; Cat. No. 553743; BD Pharmi-
gen, San Diego, CA, USA; 30 µg/mouse per day × three days per week by intravenous
injection and then ip); Group 3: Ruxolitinib (Novartis Pharma AG, Basel, Switzerland;
45 mg/Kg twice a day 5 days a week by gavage); Group 4: biotin-labeled RB40.34 and
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Ruxolitinib in combination [26]. The experiment was conducted with two endpoints, on
day 12 and day 54. The mice were treated for a total of 21/25 days, and the duration of the
treatment was 54 days in total.
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Figure 13. Scheme of all treatments investigated in this study. The timeline of each experiment with
the age of the mice at the beginning of the experiment and on the day of their sacrifice for histopatho-
logical evaluation is indicated. The total number of days in which each drug was administered and
the entire duration of each treatment are also indicated. The continuous lines indicate the days when
the drugs were administered, while the dotted lines represent the pause between the sequential cycles
of drug administration. The original data were published in [17,20,21,23,24,26].

Reparixin [23]: The Gata1low mice (8 months old) were implanted subcutaneously with
ALZET® Osmotic Pumps (model 2002) pre-filled with 200 µL of vehicle (sterile saline) or
Reparixin (7.5 mg/h/Kg in sterile saline) as described by the manufacturer’s instructions.
Two experiments were carried out. In the first experiment, the mini-pumps were removed
on day 17, and the mice were sacrificed for histopathological evaluation on day 20. In the
second experiment, the mini-pumps were removed on day 17 and replaced with newly
filled devices. These mice were then treated for 17 additional days and analyzed on day
37. The mice were treated for a total of 17/34 days, and the duration of the treatment was
20/37 days in total.

4.3. Endpoints

A list of the endpoints compared in this study and whether the analysis was carried
out on data already published or on data retrospectively obtained from stored samples
are presented in Table 1. For the endpoints already published, the methods are briefly
summarized to assure that the determinations were consistent across the study. For the
endpoints specifically determined for this study, the methods are discussed in detail.

4.3.1. Blood Determinations

In all the studies, blood was collected from the retro-orbital plexus into ethylenedi-
aminetetraacetic acid (EDTA)-coated microcapillary tubes (20–40 µL/sampling). In the case
of Aplidin and SB431542, the HCT, plt, and white blood cell (WBC) counts were determined
manually. In the case of AVID200, the P-selectin inhibitor and Ruxolitinib alone and in
combination, and Reparixin, Htc, Hemoglobin (Hb), Plts, and white blood cell (WBC)
counts were evaluated by the same accredited commercial provider (Plaisant Laboratory,
Rome, Italy).
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4.3.2. Histological and Immunohistochemical Analyses

The femurs and the spleens were fixed in formaldehyde (10% v/v with neutral buffer);
the femurs were treated for 1 h with bone marrow biopsy decalcifying solution (Osteodec
Cat. No. 05-03005Q; Bio-Optica, Milan, Italy) and embedded in paraffin. The sections
(3 µm) were stained with either H&E (Harris’s Hematoxylin Cat. No. 01HEMH2500; Eosin
Cat. No. 01EOY101000; Histo-Line Laboratories, Pantigliate, MI, Italy), Gomori silver or
Reticulin staining, and Mallory trichrome staining (Cat. No. 04-040801, 04-040802, and
04-020802, respectively; Bio-Optica, Milan, Italy). Alternatively, the slides were evaluated
by using immunohistochemistry with anti-TGF-β1 (Cat. No. sc-130348; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), anti-CXCL1 (Cat. No. ab86436; Abcam, Cambridge, UK),
anti-CD34 (Cat. No. MAB7100; AbNova, Taipeh, Taiwan) antibodies. The immunoreactions
were detected with avidin–biotin immunoperoxidase (Vectastain Elite ABC Kit; Vector
Laboratories, Burlingame, CA, USA) and chromogen 3,3′-diaminobenzidine (0.05% w/v;
Cat. No. ACB999; Histo-Line Laboratories). Slides were counterstained with Harris’s
Hematoxylin (Histo-Line Laboratories). Images were acquired by using an optical micro-
scope (Eclipse E600; Nikon, Shinjuku, Japan) equipped with an Imaging Source “33” Series
USB 3.0 Camera (Cat. No. DFK 33UX264; Bremen, Germany). The reticulin fibers were
quantified on 5 different areas/femur/mouse from at least 4 mice per group by using the
ImageJ program (version 1.52t) (National Institutes of Health, Bethesda, MD, USA) as pre-
viously described [10]. Bone maturation evaluating Mallory trichrome staining was carried
out as previously described [17]. The contents of TGF-β1 and CXCL1 were quantified by
using the ImageJ program and expressed as the percentages of positive tissue in an area
of 0.144 mm2, as previously described [10]. To quantify the total area occupied by bone in
the femurs, digital images of H&E-stained sections were acquired by using a commercial
whole-slide scanner and were analyzed by using the ImageJ program with the threshold
setting as described [10].

4.3.3. Immunofluorescence and Confocal Microscopy

Three-micron-thick bone marrow sections were dewaxed in xylene; the antigens were
retrieved by treatment with EDTA buffer (pH 8) for 20’ in a pressure cooker (110–120 ◦C,
high pressure) and were incubated with antibodies against CD42b (Cat. No. ab183345;
Abcam, Cambridge, UK) and GATA1 (Cat. No. sc-265; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) overnight at 4 ◦C. The primary antibodies were visualized by using
secondary antibody goat anti-rat Alexa Fluor 488 (Cat. No. ab150165; Abcam) or goat anti-
rabbit Alexa Fluor 555 (Cat. No. ab150078; Abcam). All the sections were counterstained
with DAPI (Cat. No. D9542-5MG; Sigma-Aldrich, Darmstadt, Germany), mounted with
Fluor-shield histology mounting medium (Cat. No. F6182-10MG; Sigma-Aldrich), and
examined by using a Nikon Eclipse Ni microscope equipped with filters appropriate for the
fluorochrome to be analyzed. The images were recorded by using a Nikon DS-Qi1Nc digital
camera and NIS 190 Elements software BR 4.20.01. The microvessel density was determined
by incubating the bone marrow and spleen sections with anti-CD34 (Cat. No. MAB7100;
AbNova, Taiwan), Alexa Fluor 568-conjugated donkey anti-rat (Invitrogen, Carlsbad, CA,
USA), and Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA). The images were
processed and analyzed by using Zen Blue (3.2) software (Carl Zeiss GmbH, Milano, Italy)
and the ImageJ program (version 1.52t) (National Institutes of Health, Bethesda, MD, USA).

4.4. Statistical Analyses

The majority of the results regarding the effects of the various treatments on the
myelofibrotic phenotype of Gata1low mice have already been published [17,21,23,26] and
are expressed as Delta (fold change) with respect to the values in the corresponding vehicle
group. The data were analyzed and plotted by using GraphPad Prism 8.0.2 software
(GraphPad Software, San Diego, CA, USA) and were presented as means (±SD) or as box
charts, as more appropriate. All the data had a normal distribution, as assessed by the
Shapiro–Wilk test. Values between two groups were compared by using the t-test, while
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those among multiple groups were compared by using the one-way ANOVA multiple
comparison test, as specified in the legend of the figures. Differences were considered
statistically significant with a p < 0.05.

5. Conclusions

The comparison of the effects of the treatments carried out so far in the Gata1low mouse
model of MF demonstrated similarity but also variation in the efficacy of the drugs tested
in targeting the various abnormalities of the myelofibrotic phenotype of Gata1low mice.
Splenomegaly was reduced only by treatments which included Ruxolitinib. The drugs
which reduced fibrosis more effectively targeted CXCL1 or TGF-β1. Although the drug
which inhibited CXCL1 also decreased TGF-β1 content in bone marrow, the platelet counts
were increased only by drugs which inhibited TGF-β directly. For the drugs which have
already been tested on patients, there was a good correlation between the effects they
exerted on the mouse model and those exerted in vivo. These data suggest that future
therapies for MF should consider combining JAK1/2 inhibitors to reduce splenomegaly by
using drugs targeting RAC1/2, to reduce malignant HSCs and/or the inflammatory milieu
(IL-8 or TGF-β), and to reduce fibrosis and increase platelet counts.

Author Contributions: Conceptualization, A.R.M. and G.S.; methodology, F.G.; software, F.G.;
validation, F.G.; formal analysis, F.G., F.M., A.D.V. and E.D., data curation, F.G.; writing—original draft
preparation, F.G., G.S. and A.R.M.; writing—review and editing, A.R.M. and G.S.; funding acquisition,
A.R.M. and G.S. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the National Cancer Institute (P01-CA108671)
and the Italian Cancer Research Association (AIRC; IG23525).

Institutional Review Board Statement: The original experiments were carried out according to
protocol D9997.121 approved by the Italian Ministry of Health on 2 September 2021 and according
to European Directive 86/609/EEC. The current study was not subject to approval because it was
conducted on published data and on samples stored in the tissue bank.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data for each mouse are available upon request.

Acknowledgments: The editorial assistance of Maria Mazzarini is gratefully acknowledged.

Conflicts of Interest: F.G., F.M., A.D.V., E.D. and G.S. declare no conflicts of interest. A.R.M. received
research funds from Novartis Pharmaceutical Corporation, Dompè Farmaceutici SPA, and Forbius.

References
1. Tefferi, A. Primary Myelofibrosis: 2023 Update on Diagnosis, Risk-stratification, and Management. Am. J. Hematol. 2023, 98,

801–821. [CrossRef] [PubMed]
2. Grinfeld, J.; Nangalia, J.; Green, A.R. Molecular Determinants of Pathogenesis and Clinical Phenotype in Myeloproliferative

Neoplasms. Haematologica 2017, 102, 7–17. [CrossRef] [PubMed]
3. Marcellino, B.K.; Verstovsek, S.; Mascarenhas, J. The Myelodepletive Phenotype in Myelofibrosis: Clinical Relevance and

Therapeutic Implication. Clin. Lymphoma Myeloma Leuk. 2020, 20, 415–421. [CrossRef] [PubMed]
4. Mascarenhas, J.; Hoffman, R. A Comprehensive Review and Analysis of the Effect of Ruxolitinib Therapy on the Survival of

Patients with Myelofibrosis. Blood 2013, 121, 4832–4837. [CrossRef] [PubMed]
5. Cervantes, F.; Vannucchi, A.M.; Kiladjian, J.-J.; Al-Ali, H.K.; Sirulnik, A.; Stalbovskaya, V.; McQuitty, M.; Hunter, D.S.; Levy,

R.S.; Passamonti, F.; et al. Three-Year Efficacy, Safety, and Survival Findings from COMFORT-II, a Phase 3 Study Comparing
Ruxolitinib with Best Available Therapy for Myelofibrosis. Blood 2013, 122, 4047–4053. [CrossRef] [PubMed]

6. Vannucchi, A.M.; Kantarjian, H.M.; Kiladjian, J.-J.; Gotlib, J.; Cervantes, F.; Mesa, R.A.; Sarlis, N.J.; Peng, W.; Sandor, V.;
Gopalakrishna, P.; et al. A Pooled Analysis of Overall Survival in COMFORT-I and COMFORT-II, 2 Randomized Phase III Trials
of Ruxolitinib for the Treatment of Myelofibrosis. Haematologica 2015, 100, 1139–1145. [CrossRef] [PubMed]

7. Jacquelin, S.; Kramer, F.; Mullally, A.; Lane, S.W. Murine Models of Myelofibrosis. Cancers 2020, 12, 2381. [CrossRef] [PubMed]
8. Ciurea, S.O.; Merchant, D.; Mahmud, N.; Ishii, T.; Zhao, Y.; Hu, W.; Bruno, E.; Barosi, G.; Xu, M.; Hoffman, R. Pivotal Contributions

of Megakaryocytes to the Biology of Idiopathic Myelofibrosis. Blood 2007, 110, 986–993. [CrossRef] [PubMed]

https://doi.org/10.1002/ajh.26857
https://www.ncbi.nlm.nih.gov/pubmed/36680511
https://doi.org/10.3324/haematol.2014.113845
https://www.ncbi.nlm.nih.gov/pubmed/27909216
https://doi.org/10.1016/j.clml.2020.01.008
https://www.ncbi.nlm.nih.gov/pubmed/32199764
https://doi.org/10.1182/blood-2013-02-482232
https://www.ncbi.nlm.nih.gov/pubmed/23570800
https://doi.org/10.1182/blood-2013-02-485888
https://www.ncbi.nlm.nih.gov/pubmed/24174625
https://doi.org/10.3324/haematol.2014.119545
https://www.ncbi.nlm.nih.gov/pubmed/26069290
https://doi.org/10.3390/cancers12092381
https://www.ncbi.nlm.nih.gov/pubmed/32842500
https://doi.org/10.1182/blood-2006-12-064626
https://www.ncbi.nlm.nih.gov/pubmed/17473062


Int. J. Mol. Sci. 2024, 25, 7703 27 of 29

9. Vannucchi, A.M.; Pancrazzi, A.; Guglielmelli, P.; Di Lollo, S.; Bogani, C.; Baroni, G.; Bianchi, L.; Migliaccio, A.R.; Bosi, A.; Paoletti,
F. Abnormalities of GATA-1 in Megakaryocytes from Patients with Idiopathic Myelofibrosis. Am. J. Pathol. 2005, 167, 849–858.
[CrossRef]

10. Zingariello, M.; Verachi, P.; Gobbo, F.; Martelli, F.; Falchi, M.; Mazzarini, M.; Valeri, M.; Sarli, G.; Marinaccio, C.; Melo-Cardenas,
J.; et al. Resident Self-Tissue of Proinflammatory Cytokines Rather than Their Systemic Levels Correlates with Development of
Myelofibrosis in Gata1low Mice. Biomolecules 2022, 12, 234. [CrossRef]

11. Messina, G.; Blasi, C.; La Rocca, S.A.; Pompili, M.; Calconi, A.; Grossi, M. P27Kip1 Acts Downstream of N-Cadherin-Mediated
Cell Adhesion to Promote Myogenesis beyond Cell Cycle Regulation. Mol. Biol. Cell 2005, 16, 1469–1480. [CrossRef] [PubMed]

12. Cheng, T.; Rodrigues, N.; Dombkowski, D.; Stier, S.; Scadden, D.T. Stem Cell Repopulation Efficiency but Not Pool Size Is
Governed by P27kip1. Nat. Med. 2000, 6, 1235–1240. [CrossRef] [PubMed]

13. Pardanani, A.; Tefferi, A.; Guglielmelli, P.; Bogani, C.; Bartalucci, N.; Rodríguez, J.; Extremera, S.; Pérez, I.; Alfaro, V.; Vannucchi,
A.M. Evaluation of Plitidepsin in Patients with Primary Myelofibrosis and Post Polycythemia Vera/Essential Thrombocythemia
Myelofibrosis: Results of Preclinical Studies and a Phase II Clinical Trial. Blood Cancer J. 2015, 5, e286. [CrossRef] [PubMed]

14. Mcdevitt, M.A.; Fujiwara, Y.; Shivdasani, R.A.; Orkin, S.H. An Upstream, DNase I Hypersensitive Region of the Hematopoietic-
Expressed Transcription Factor GATA-1 Gene Confers Developmental Specificity in Transgenic Mice. Proc. Natl. Acad. Sci. USA
1997, 94, 7976–7981. [CrossRef] [PubMed]

15. Shivdasani, R.A.; Fujiwara, Y.; McDevitt, M.A.; Orkin, S.H. A Lineage-Selective Knockout Establishes the Critical Role of
Transcription Factor GATA-1 in Megakaryocyte Growth and Platelet Development. EMBO J. 1997, 16, 3965–3973. [CrossRef]
[PubMed]

16. Zingariello, M.; Ruggeri, A.; Martelli, F.; Marra, M.; Sancillo, L.; Ceglia, I.; Rana, R.A.; Migliaccio, A.R. A Novel Interaction between
Megakaryocytes and Activated Fibrocytes Increases TGF-β Bioavailability in the Gata1(Low) Mouse Model of Myelofibrosis. Am.
J. Blood Res. 2015, 5, 34–61. [PubMed]

17. Zingariello, M.; Martelli, F.; Ciaffoni, F.; Masiello, F.; Ghinassi, B.; D’Amore, E.; Massa, M.; Barosi, G.; Sancillo, L.; Li, X.;
et al. Characterization of the TGF-B1 Signaling Abnormalities in the Gata1low Mouse Model of Myelofibrosis. Blood 2013, 121,
3345–3363. [CrossRef]

18. Spangrude, G.J.; Lewandowski, D.; Martelli, F.; Marra, M.; Zingariello, M.; Sancillo, L.; Alba Rana, R.; Rita Migliaccio, A.
P-Selectin Sustains Extramedullary Hematopoiesis in the Gata1low Model of Myelofibrosis. Stem Cells 2016, 34, 67–82. [CrossRef]
[PubMed]

19. Zingariello, M.; Martelli, F.; Verachi, P.; Bardelli, C.; Gobbo, F.; Mazzarini, M.; Migliaccio, A.R. Novel Targets to Cure Primary
Myelofibrosis from Studies on Gata1 Low Mice. IUBMB Life 2020, 72, 131–141. [CrossRef]

20. Verrucci, M.; Pancrazzi, A.; Aracil, M.; Martelli, F.; Guglielmelli, P.; Zingariello, M.; Ghinassi, B.; D’Amore, E.; Jimeno, J.;
Vannucchi, A.M.; et al. CXCR4-independent Rescue of the Myeloproliferative Defect of the Gata1 Low Myelofibrosis Mouse
Model by Aplidin®. J. Cell Physiol. 2010, 225, 490–499. [CrossRef]

21. Varricchio, L.; Iancu-Rubin, C.; Upadhyaya, B.; Zingariello, M.; Martelli, F.; Verachi, P.; Clementelli, C.; Denis, J.-F.; Rahman, A.H.;
Tremblay, G.; et al. TGF-B1 Protein Trap AVID200 Beneficially Affects Hematopoiesis and Bone Marrow Fibrosis in Myelofibrosis.
JCI Insight 2021, 6, e145651. [CrossRef] [PubMed]

22. Ataga, K.I.; Kutlar, A.; Kanter, J.; Liles, D.; Cancado, R.; Friedrisch, J.; Guthrie, T.H.; Knight-Madden, J.; Alvarez, O.A.; Gordeuk,
V.R.; et al. Crizanlizumab for the Prevention of Pain Crises in Sickle Cell Disease. N. Engl. J. Med. 2017, 376, 429–439. [CrossRef]

23. Verachi, P.; Gobbo, F.; Martelli, F.; Martinelli, A.; Sarli, G.; Dunbar, A.; Levine, R.L.; Hoffman, R.; Massucci, M.T.; Brandolini, L.;
et al. The CXCR1/CXCR2 Inhibitor Reparixin Alters the Development of Myelofibrosis in the Gata1low Mice. Front. Oncol. 2022,
12, 853484. [CrossRef] [PubMed]

24. Zingariello, M.; Sancillo, L.; Martelli, F.; Ciaffoni, F.; Marra, M.; Varricchio, L.; Rana, R.A.; Zhao, C.; Crispino, J.D.; Migliaccio,
A.R. The Thrombopoietin/MPL Axis Is Activated in the Gata1 Low Mouse Model of Myelo Fi Brosis and Is Associated with a
Defective RPS14 Signature. Blood Cancer J. 2017, 7, e572. [CrossRef]

25. Vannucchi, A.M.; Bianchi, L.; Cellai, C.; Paoletti, F.; Rana, R.A.; Lorenzini, R.; Migliaccio, G.; Migliaccio, A.R. Development of
Myelofibrosis in Mice Genetically Impaired for GATA-1 Expression (GATA-1low Mice). Blood 2002, 100, 1123–1132. [CrossRef]

26. Verachi, P.; Gobbo, F.; Martelli, F.; Falchi, M.; di Virgilio, A.; Sarli, G.; Wilke, C.; Bruederle, A.; Prahallad, A.; Arciprete, F.; et al.
Preclinical Studies on the Use of a P-Selectin-Blocking Monoclonal Antibody to Halt Progression of Myelofibrosis in the Gata1
Mouse Model. Exp. Hematol. 2023, 117, 43–61. [CrossRef]

27. Kuter, D.J.; Bain, B.; Mufti, G.; Bagg, A.; Hasserjian, R.P. Bone Marrow Fibrosis: Pathophysiology and Clinical Significance of
Increased Bone Marrow Stromal Fibres. Br. J. Haematol. 2007, 139, 351–362. [CrossRef] [PubMed]

28. Thiele, J.; Kvasnicka, H.M.; Facchetti, F.; Franco, V.; van der Walt, J.; Orazi, A. European Consensus on Grading Bone Marrow
Fibrosis and Assessment of Cellularity. Haematologica 2005, 90, 1128–1132. [PubMed]

29. Karagianni, A.; Ravid, K. Myeloproliferative Disorders and Their Effects on Bone Homeostasis: The Role of Megakaryocytes.
Blood 2022, 139, 3127–3137. [CrossRef]

30. Kacena, M.A.; Shivdasani, R.A.; Wilson, K.; Xi, Y.; Troiano, N.; Nazarian, A.; Gundberg, C.M.; Bouxsein, M.L.; Lorenzo, J.A.;
Horowitz, M.C. Megakaryocyte-Osteoblast Interaction Revealed in Mice Deficient in Transcription Factors GATA-1 and NF-E2. J.
Bone Miner. Res. 2004, 19, 652–660. [CrossRef]

https://doi.org/10.1016/S0002-9440(10)62056-1
https://doi.org/10.3390/biom12020234
https://doi.org/10.1091/mbc.e04-07-0612
https://www.ncbi.nlm.nih.gov/pubmed/15647380
https://doi.org/10.1038/81335
https://www.ncbi.nlm.nih.gov/pubmed/11062534
https://doi.org/10.1038/bcj.2015.5
https://www.ncbi.nlm.nih.gov/pubmed/25768401
https://doi.org/10.1073/pnas.94.15.7976
https://www.ncbi.nlm.nih.gov/pubmed/9223298
https://doi.org/10.1093/emboj/16.13.3965
https://www.ncbi.nlm.nih.gov/pubmed/9233806
https://www.ncbi.nlm.nih.gov/pubmed/27069753
https://doi.org/10.1182/blood-2012-06-439661
https://doi.org/10.1002/stem.2229
https://www.ncbi.nlm.nih.gov/pubmed/26439305
https://doi.org/10.1002/iub.2198
https://doi.org/10.1002/jcp.22228
https://doi.org/10.1172/jci.insight.145651
https://www.ncbi.nlm.nih.gov/pubmed/34383713
https://doi.org/10.1056/NEJMoa1611770
https://doi.org/10.3389/fonc.2022.853484
https://www.ncbi.nlm.nih.gov/pubmed/35392239
https://doi.org/10.1038/bcj.2017.51
https://doi.org/10.1182/blood-2002-06-1913
https://doi.org/10.1016/j.exphem.2022.09.004
https://doi.org/10.1111/j.1365-2141.2007.06807.x
https://www.ncbi.nlm.nih.gov/pubmed/17910625
https://www.ncbi.nlm.nih.gov/pubmed/16079113
https://doi.org/10.1182/blood.2021011480
https://doi.org/10.1359/JBMR.0301254


Int. J. Mol. Sci. 2024, 25, 7703 28 of 29

31. Garimella, R.; Kacena, M.A.; Tague, S.E.; Wang, J.; Horowitz, M.C.; Anderson, H.C. Expression of Bone Morphogenetic Proteins
and Their Receptors in the Bone Marrow Megakaryocytes of GATA-1low Mice: A Possible Role in Osteosclerosis. J. Histochem.
Cytochem. 2007, 55, 745–752. [CrossRef] [PubMed]

32. Stavnichuk, M.; Komarova, S.V. Megakaryocyte-Bone Cell Interactions: Lessons from Mouse Models of Experimental Myelofibro-
sis and Related Disorders. Am. J. Physiol.-Cell Physiol. 2022, 322, C177–C184. [CrossRef]

33. Tremblay, D.; Mascarenhas, J. Pharmacotherapeutic Advances for Splenomegaly in Myelofibrosis. Expert. Opin. Pharmacother.
2023, 24, 577–585. [CrossRef] [PubMed]

34. Al-Ali, H.K.; Griesshammer, M.; le Coutre, P.; Waller, C.F.; Liberati, A.M.; Schafhausen, P.; Tavares, R.; Giraldo, P.; Foltz, L.;
Raanani, P.; et al. Safety and Efficacy of Ruxolitinib in an Open-Label, Multicenter, Single-Arm Phase 3b Expanded-Access Study
in Patients with Myelofibrosis: A Snapshot of 1144 Patients in the JUMP Trial. Haematologica 2016, 101, 1065–1073. [CrossRef]
[PubMed]

35. Centurione, L.; Di Baldassarre, A.; Zingariello, M.; Bosco, D.; Gatta, V.; Rana, R.A.; Langella, V.; Di Virgilio, A.; Vannucchi, A.M.;
Migliaccio, A.R. Increased and Pathologic Emperipolesis of Neutrophils within Megakaryocytes Associated with Marrow Fibrosis
in GATA-1low Mice. Blood 2004, 104, 3573–3580. [CrossRef] [PubMed]

36. Blank, U.; Karlsson, S. TGF-β Signaling in the Control of Hematopoietic Stem Cells. Blood 2015, 125, 3542–3550. [CrossRef]
[PubMed]

37. Gostynska, S.; Venkatesan, T.; Subramani, K.; Cortez, B.; Robertson, A.; Subrahmanian, S.; Dube, P.; Ahamed, J.
Megakaryocyte/Platelet-Derived TGF-B1 Inhibits Megakaryopoiesis in Bone Marrow by Regulating Thrombopoietin
Production in Liver. Blood Adv. 2022, 6, 3321–3328. [CrossRef] [PubMed]

38. Mascarenhas, J.; Hoffman, R. Ruxolitinib: The First FDA Approved Therapy for the Treatment of Myelofibrosis. Clin. Cancer Res.
2012, 18, 3008–3014. [CrossRef] [PubMed]

39. Arana Yi, C.; Tam, C.S.; Verstovsek, S. Efficacy and Safety of Ruxolitinib in the Treatment of Patients with Myelofibrosis. Future
Oncol. 2015, 11, 719–733. [CrossRef]

40. Poppenborg, F.; Röth, A.; Yamamoto, R.; Reinhardt, C.; Alashkar, F. Crizanlizumab in Adult Patients with Sickle Cell Disease
(SCD): A Retrospective German Analysis. Front. Hematol. 2024, 3, 1374181. [CrossRef]

41. Kanter, J.; Brown, R.C.; Norris, C.; Nair, S.M.; Kutlar, A.; Manwani, D.; Shah, N.; Tanaka, C.; Bodla, S.; Sanchez-Olle, G.; et al.
Pharmacokinetics, Pharmacodynamics, Safety, and Efficacy of Crizanlizumab in Patients with Sickle Cell Disease. Blood Adv.
2023, 7, 943–952. [CrossRef] [PubMed]

42. Delgado, J.; Voltz, C.; Stain, M.; Lapveteläinen, T.; Urach, S.; Lähteenvuo, J.; Penttilä, K.; Gisselbrecht, C.; Enzmann, H.; Pignatti, F.
The European Medicines Agency Review of Crizanlizumab for the Prevention of Recurrent Vaso-Occlusive Crises in Patients
with Sickle Cell Disease. Hemasphere 2021, 5, e604. [CrossRef] [PubMed]

43. Li, L.; Kim, J.-H.; Lu, W.; Williams, D.M.; Kim, J.; Cope, L.; Rampal, R.K.; Koche, R.P.; Xian, L.; Luo, L.Z.; et al. HMGA1 Chromatin
Regulators Induce Transcriptional Networks Involved in GATA2 and Proliferation during MPN Progression. Blood 2022, 139,
2797–2815. [CrossRef] [PubMed]

44. Mascarenhas, J.; Kosiorek, H.E.; Bhave, R.; Palmer, J.M.; Kuykendall, A.T.; Mesa, R.A.; Rampal, R.; Gerds, A.T.; Yacoub, A.; Pettit,
K.M.; et al. Treatment of Myelofibrosis Patients with the TGF-β 1/3 Inhibitor AVID200 (MPN-RC 118) Induces a Profound Effect
on Platelet Production. Blood 2021, 138, 142. [CrossRef]

45. Santini, V.; Valcárcel, D.; Platzbecker, U.; Komrokji, R.S.; Cleverly, A.L.; Lahn, M.M.; Janssen, J.; Zhao, Y.; Chiang, A.; Giagounidis,
A.; et al. Phase II Study of the ALK5 Inhibitor Galunisertib in Very Low-, Low-, and Intermediate-Risk Myelodysplastic Syndromes.
Clin. Cancer Res. 2019, 25, 6976–6985. [CrossRef] [PubMed]

46. Manzari, M.T.; Shamay, Y.; Kiguchi, H.; Rosen, N.; Scaltriti, M.; Heller, D.A. Targeted Drug Delivery Strategies for Precision
Medicines. Nat. Rev. Mater. 2021, 6, 351–370. [CrossRef]

47. Waugh, D.J.J.; Wilson, C. The Interleukin-8 Pathway in Cancer. Clin. Cancer Res. 2008, 14, 6735–6741. [CrossRef]
48. Gao, X.; Xu, C.; Asada, N.; Frenette, P.S. The Hematopoietic Stem Cell Niche: From Embryo to Adult. Development 2018, 145,

dev139691. [CrossRef]
49. Baccin, C.; Al-Sabah, J.; Velten, L.; Helbling, P.M.; Grünschläger, F.; Hernández-Malmierca, P.; Nombela-Arrieta, C.; Steinmetz,

L.M.; Trumpp, A.; Haas, S. Combined Single-Cell and Spatial Transcriptomics Reveal the Molecular, Cellular and Spatial Bone
Marrow Niche Organization. Nat. Cell Biol. 2020, 22, 38–48. [CrossRef]

50. Coutu, D.L.; Kokkaliaris, K.D.; Kunz, L.; Schroeder, T. Three-Dimensional Map of Nonhematopoietic Bone and Bone-Marrow
Cells and Molecules. Nat. Biotechnol. 2017, 35, 1202–1210. [CrossRef]

51. Psaila, B.; Mead, A.J. Single-Cell Approaches Reveal Novel Cellular Pathways for Megakaryocyte and Erythroid Differentiation.
Blood 2019, 133, 1427–1435. [CrossRef]

52. He, N.; Zhang, L.; Cui, J.; Li, Z. Bone Marrow Vascular Niche: Home for Hematopoietic Stem Cells. Bone Marrow Res. 2014, 2014,
128436. [CrossRef]

53. Kunisaki, Y.; Bruns, I.; Scheiermann, C.; Ahmed, J.; Pinho, S.; Zhang, D.; Mizoguchi, T.; Wei, Q.; Lucas, D.; Ito, K.; et al. Arteriolar
Niches Maintain Haematopoietic Stem Cell Quiescence. Nature 2013, 502, 637–643. [CrossRef] [PubMed]

54. Arranz, L.; Sánchez-Aguilera, A.; Martín-Pérez, D.; Isern, J.; Langa, X.; Tzankov, A.; Lundberg, P.; Muntión, S.; Tzeng, Y.S.; Lai,
D.M.; et al. Neuropathy of Haematopoietic Stem Cell Niche Is Essential for Myeloproliferative Neoplasms. Nature 2014, 512,
78–81. [CrossRef] [PubMed]

https://doi.org/10.1369/jhc.6A7164.2007
https://www.ncbi.nlm.nih.gov/pubmed/17371937
https://doi.org/10.1152/ajpcell.00328.2021
https://doi.org/10.1080/14656566.2023.2192350
https://www.ncbi.nlm.nih.gov/pubmed/36922391
https://doi.org/10.3324/haematol.2016.143677
https://www.ncbi.nlm.nih.gov/pubmed/27247324
https://doi.org/10.1182/blood-2004-01-0193
https://www.ncbi.nlm.nih.gov/pubmed/15292068
https://doi.org/10.1182/blood-2014-12-618090
https://www.ncbi.nlm.nih.gov/pubmed/25833962
https://doi.org/10.1182/bloodadvances.2021005977
https://www.ncbi.nlm.nih.gov/pubmed/35358295
https://doi.org/10.1158/1078-0432.CCR-11-3145
https://www.ncbi.nlm.nih.gov/pubmed/22474318
https://doi.org/10.2217/fon.14.272
https://doi.org/10.3389/frhem.2024.1374181
https://doi.org/10.1182/bloodadvances.2022008209
https://www.ncbi.nlm.nih.gov/pubmed/36355805
https://doi.org/10.1097/HS9.0000000000000604
https://www.ncbi.nlm.nih.gov/pubmed/34235401
https://doi.org/10.1182/blood.2021013925
https://www.ncbi.nlm.nih.gov/pubmed/35286385
https://doi.org/10.1182/blood-2021-148995
https://doi.org/10.1158/1078-0432.CCR-19-1338
https://www.ncbi.nlm.nih.gov/pubmed/31481511
https://doi.org/10.1038/s41578-020-00269-6
https://doi.org/10.1158/1078-0432.CCR-07-4843
https://doi.org/10.1242/dev.139691
https://doi.org/10.1038/s41556-019-0439-6
https://doi.org/10.1038/nbt.4006
https://doi.org/10.1182/blood-2018-11-835371
https://doi.org/10.1155/2014/128436
https://doi.org/10.1038/nature12612
https://www.ncbi.nlm.nih.gov/pubmed/24107994
https://doi.org/10.1038/nature13383
https://www.ncbi.nlm.nih.gov/pubmed/25043017


Int. J. Mol. Sci. 2024, 25, 7703 29 of 29

55. Young, K.; Borikar, S.; Bell, R.; Kuffler, L.; Philip, V.; Trowbridge, J.J. Progressive Alterations in Multipotent Hematopoietic
Progenitors Underlie Lymphoid Cell Loss in Aging. J. Exp. Med. 2016, 213, 2259–2267. [CrossRef] [PubMed]

56. Ho, Y.H.; del Toro, R.; Rivera-Torres, J.; Rak, J.; Korn, C.; García-García, A.; Macías, D.; González-Gómez, C.; del Monte, A.;
Wittner, M.; et al. Remodeling of Bone Marrow Hematopoietic Stem Cell Niches Promotes Myeloid Cell Expansion during
Premature or Physiological Aging. Cell Stem Cell 2019, 25, 407–418. [CrossRef] [PubMed]

57. Kokkaliaris, K.D.; Kunz, L.; Cabezas-Wallscheid, N.; Christodoulou, C.; Renders, S.; Camargo, F.; Trumpp, A.; Scadden, D.T.;
Schroeder, T. Adult Blood Stem Cell Localization Reflects the Abundance of Reported Bone Marrow Niche Cell Types and Their
Combinations. Blood 2020, 136, 2296–2307. [CrossRef] [PubMed]

58. Mazzarini, M.; Arciprete, F.; Picconi, O.; Valeri, M.; Verachi, P.; Martelli, F.; Migliaccio, A.R.; Falchi, M.; Zingariello, M. Single
Cell Analysis of the Localization of the Hematopoietic Stem Cells within the Bone Marrow Architecture Identifies Niche-Specific
Proliferation Dynamics. Front. Med. 2023, 10, 1166758. [CrossRef]

59. Yao, J.-C.; Oetjen, K.A.; Wang, T.; Xu, H.; Abou-Ezzi, G.; Krambs, J.R.; Uttarwar, S.; Duncavage, E.J.; Link, D.C. TGF-β Signaling
in Myeloproliferative Neoplasms Contributes to Myelofibrosis without Disrupting the Hematopoietic Niche. J. Clin. Investig.
2022, 132, e154092. [CrossRef] [PubMed]

60. Dunbar, A.; Kim, D.; Lu, M.; Farina, M.; Bowman, R.L.; Yang, J.L.; Park, Y.C.; Karzai, A.; Xiao, W.; Zaroogian, Z.; et al.
CXCL8/CXCR2 Signaling Mediates Bone Marrow Fibrosis and Represents a Therapeutic Target in Myelofibrosis. Blood 2023, 141,
2508–2519. [CrossRef]

61. Jenkins, R.G.; Moore, B.B.; Chambers, R.C.; Eickelberg, O.; Königshoff, M.; Kolb, M.; Laurent, G.J.; Nanthakumar, C.B.; Olman,
M.A.; Pardo, A.; et al. An Official American Thoracic Society Workshop Report: Use of Animal Models for the Preclinical
Assessment of Potential Therapies for Pulmonary Fibrosis. Am. J. Respir. Cell Mol. Biol. 2017, 56, 667–679. [CrossRef] [PubMed]

62. Perkins, A.C.; Burbury, K.; Lehmann, T.; Ross, D.M.; Reiter, A.; Gupta, V.; Harrison, C.; Kiladjian, J.-J.; Vannucchi, A.M.;
Wondergem, M.; et al. Adore: A Randomized, Open-Label, Phase 1/2 Open-Platform Study Evaluating Safety and Efficacy of
Novel Ruxolitinib Combinations in Patients with Myelofibrosis. Blood 2020, 136, 52–53. [CrossRef]

63. Belletti, B.; Pellizzari, I.; Berton, S.; Fabris, L.; Wolf, K.; Lovat, F.; Schiappacassi, M.; D’Andrea, S.; Nicoloso, M.S.; Lovisa, S.; et al.
P27kip1 Controls Cell Morphology and Motility by Regulating Microtubule-Dependent Lipid Raft Recycling. Mol. Cell Biol. 2010,
30, 2229–2240. [CrossRef] [PubMed]

64. Bailly, C.; Beignet, J.; Loirand, G.; Sauzeau, V. Rac1 as a Therapeutic Anticancer Target: Promises and Limitations. Biochem.
Pharmacol. 2022, 203, 115180. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1084/jem.20160168
https://www.ncbi.nlm.nih.gov/pubmed/27811054
https://doi.org/10.1016/j.stem.2019.06.007
https://www.ncbi.nlm.nih.gov/pubmed/31303548
https://doi.org/10.1182/blood.2020006574
https://www.ncbi.nlm.nih.gov/pubmed/32766876
https://doi.org/10.3389/fmed.2023.1166758
https://doi.org/10.1172/JCI154092
https://www.ncbi.nlm.nih.gov/pubmed/35439167
https://doi.org/10.1182/blood.2022015418
https://doi.org/10.1165/rcmb.2017-0096ST
https://www.ncbi.nlm.nih.gov/pubmed/28459387
https://doi.org/10.1182/blood-2020-140408
https://doi.org/10.1128/MCB.00723-09
https://www.ncbi.nlm.nih.gov/pubmed/20194624
https://doi.org/10.1016/j.bcp.2022.115180
https://www.ncbi.nlm.nih.gov/pubmed/35853497

	Introduction 
	Results 
	Effects on Cellularity, Fibrosis, and Neo-Angiogenesis in Bone Marrow 
	Effects on Deposition and Maturation of Bone 
	Effects on Size and Fibrosis of Spleen 
	Effects on TGF- and CXCL1 Contents in Bone Marrow 
	Effects on Platelet Counts 
	Effects on Megakaryocyte Maturation 

	Discussion 
	Materials and Methods 
	Mice 
	Mice Treatments 
	Endpoints 
	Blood Determinations 
	Histological and Immunohistochemical Analyses 
	Immunofluorescence and Confocal Microscopy 

	Statistical Analyses 

	Conclusions 
	References

