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ARTICLE INFO ABSTRACT

Keywords: Chronic proinflammatory signaling is a characteristic trait in myeloproliferative neoplasms (MPN), particularly
Myeloproliferative neoplasms myelofibrosis (MF). Aberrant inflammatory signaling, particularly from NF-xB pathway, exacerbates the pro-
Myelofibrosis gression of MPN. Previously, we identified a critical role of miR-146a, a negative regulator of the TLR/NF-xB
:?;T:;Znon axis, in MF development. MPN patients carrying the miR-146a rs2431697-TT genotype, associated with lower
Pacritinib miR-146a expression levels, have a higher risk of progression to overt-MF from chronic-phase disease. Using miR-

IRAK1 146a” (KO) mice, a MF-like model lacking MPN driver mutations, we here investigate whether pacritinib, a dual
JAK/NF-xB pathways inhibitor (via JAK2/IRAKI, respectively), prevents the age-associated myelofibrotic
phenotype of these mice. Young miR-146a”" mice were treated either with or without pacritinib, for 3 or 6
months. Notably, pacritinib prevented the splenomegaly, reticulin fibrosis and osteosclerosis observed in un-
treated KO mice. Pacritinib also avoided the myeloproliferation, loss of splenic architecture, and extramedullary
hematopoiesis observed in age-matched untreated KO mice. Pharmacological targeting of IRAK1/JAK2 attenu-
ated the pro-inflammatory environment, preventing the increase of inflammatory cytokines, particularly CXCL1
and TNF-a, without inducing cytopenias but rather the opposite. Compared to age-matched untreated KO mice,
treated mice showed higher platelet counts irrespective of treatment duration, and higher erythrocyte counts
with the longer treatment. Additionally, pacritinib preventive treatment reduced COLIAI production in an in
vitro model mimicking JAK2-driven fibrosis. These findings highlight that dual inhibition of JAK2/IRAK1 with
pacritinib, by delaying or attenuating the myelofibrotic progression, could be a potential modifier of the natural
course of MPN.

1. Introduction group of clonal hematopoietic stem and progenitor cell hemopathies
(HSPC) comprising polycythemia vera (PV), essential thrombocythemia
Philadelphia-negative myeloproliferative neoplasms (MPN) are a (ET), and primary myelofibrosis (MF) [1,2]. Both PV and ET can

Abbreviations: BM, Bone marrow; ET, Essential thrombocytopenia; HSPC, Hematopoietic stem and progenitor cell hemopathies; MF, Myelofibrosis; MK, Mega-
karyocytes; MPN, Myeloproliferative neoplasm; PB, Peripheral blood; PV, Polycythemia vera; SD, Standard deviation; SEM, Standard error of the mean; SMF,
Secondary myelofibrosis; WT, Wild-type.
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progress to MF, referred to as secondary MF (sMF) [1-3], a more
advanced stage with a worse prognosis [4,5]. The classical MPN share
clinical features and a common molecular basis: abnormal constitutive
activation of the JAK/STAT pathway through the acquisition of somatic
mutations in driver genes (JAK2, CALR, MPL), although ~10 % of MPN
patients lack the classical “driver mutations” [1,2,6,7]. In general,
therefore, these mutations are the causative events that can singularly
trigger the onset of MPN [1,2,8]. However, expansion and dominance of
the mutated HSPC clone occurs in a minority of cases, suggesting that
additional factors, following the acquisition of driver mutations, influ-
ence this process [8].

A growing body of evidence has shown that inflammation is one of
the factors favoring the conversion of clonal hematopoiesis to MPN
[8-11], as well as the progression of MPN to advanced stages such as MF
or acute leukemia [12-17]. Dysregulation of the inflammatory cascade
is a key characteristic of MPN, particularly in MF [18], accounting for
most of the symptoms, and contribute to bone marrow (BM) fibrosis [11,
14,19], the latter leading to extramedullary hematopoiesis [20].
Notably, although the clinical benefits of JAK2 inhibition in mono-
therapy largely reflect anti-inflammatory effects, the current JAK2 in-
hibitors are not disease-modifying agents.

The NF-kB pathway is a key player in inflammation-induced carci-
nogenesis [21]. In addition, the JAK/STAT pathway, while primarily
involved in hematopoiesis through JAK2 mediation, is also involved in
inflammation through JAK1, although this distinction is not mutually
exclusive [22]. Moreover, the NF-kB and JAK/STAT pathways are
interrelated [21]. On the one hand, within the IRAK1/NF-xB axis, IRAK1
can directly phosphorylate STAT3 and induce its nuclear translocation
independently of the Janus kinases [23,24]. On the other hand, the
JAK/STAT pathway can be activated by the cytokine IL-6 from the
NF-xB pathway [25]. Ultimately, the NF-«xB and JAK/STAT pathways
work together to drive progression to MF [13,26].

One of the post-transcriptional mechanisms of NF-xB pathway
regulation is mediated by miR-146a, which prevents the translation of
IRAK1 and TRAF6, thereby turning off the pathway signaling by nega-
tive feedback [27]. De-repression of these genes in miR-146a”" knockout
mice results in myeloproliferation, splenomegaly, cytopenias, extra-
medullary hematopoiesis, and BM fibrosis with age, a MF-like pheno-
type [28-30]. We have previously shown that this phenotype is
mediated by a gradual increase of STAT3 signaling in the myeloid
population [31], indicating a low inflammatory profile with aging.
Notably, in murine models of MF [32], deletion of STAT3 exclusively on
the malignant clone did not normalize the excess of proinflammatory
cytokines; and inhibition of both cell populations (malignant and
non-malignant) is necessary to achieve a therapeutic effect in vivo [10,
12,33]. Because inflammation is driven by both malignant and
non-malignant clones [12,13,15], the miR-146a”~ murine model, which
depicts constitutive inflammatory pathway activation, is proving highly
valuable model for examining the role of chronic inflammation,
particularly the IRAK1/NF-xB axis, in the progression of MPN without
interference from driver mutations.

Furthermore, in PV and ET patients, we have previously shown that
the MIR146A rs2431697-TT genotype, which is associated with lower
miR-146a levels, is an independent covariate for early progression to
sMF [31]. Consistent with the genotype, these patients had higher
plasma levels of inflammatory cytokines, such as IL-1p. Our results were
further confirmed in an external, independent cohort of MPN patients
[34]. Despite the increasingly comprehensive understanding of the
mechanisms underlying MPN progression, current PV and ET treatments
are exclusively focused on reducing the risk of vascular events using
cytoreductive and antiplatelet agents for patients considered at high
thrombotic risk and observation/antiplatelet agents for those at low risk.

Considering that MPN is a chronic hematological disorder charac-
terized by a prolonged latency state and that inflammation precedes the
onset of fibrosis [35], the question arises whether the current ther-
apeutical approach should be reconsidered to include -earlier
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intervention [9] especially in those patients at higher risk of progression
to evolved MF (e.g patients harboring the MIR146A rs2431697-TT ge-
notype or prefibrotic MF).

In this scenario, using miR-146a”"~ mice without MPN driver muta-
tions, we investigate whether simultaneous inhibition of the JAK2 and
IRAK1 pathways with the dual inhibitor pacritinib [36,37], can prevent
or delay the appearance of the MF-like phenotype with age.

2. Materials and methods
2.1. Drug and murine model

B6.Cg-Mir146™-154/5 mice (miR-146a”~ (KO), #016239, Jackson
Laboratory) were back-crossed to a C57BL/6 J (wild-type, WT) back-
ground for at least 8 generations. WT littermates from the inbred pop-
ulation were used as controls for phenotype features. Mice of 3 months
were used for the study. They were housed in individually ventilated
cages (3-5 mice/cage) at the local animal facility (CEIB, Universidad de
Murcia) with food and water available ad libitum throughout the study.
While WT mice (n=20) were fed their routine diet (#D17022801,
Research Diets), KO mice were fed their routine diet (n=17) or sup-
plemented with pacritinib (250 mg/kg/day; n=20) (#D20121806,
Research Diets), for 3 or 6 months (short- or long-term respectively).
This final dose of pacritinib was calculated based on the food con-
sumption of these mice over the provided diet containing 3 g/kg
pacritinib. Both diets were kindly provided by CTI BioPharma Corp, a
Sobi company. The experimental design is shown in Fig. S1. At endpoint,
mice were anesthetized by isoflurane inhalation, and peripheral blood
(PB) was collected via the retro-orbital sinus using heparinized capillary
tubes (#749311, Brand). Cell counts of PB samples were analyzed using
the ADVIA 120 Hematology System (Siemens Healthineers). Finally,
mice were sacrificed by cervical dislocation, and spleens and femurs
were collected for further processing. Furthermore, to evaluate the
baseline model, the spleen and BM of the femurs and tibias of 3-month-
old WT (n=12) and KO (n=12) mice were examined macroscopically.
Experiments involving animals were conducted following national and
international guidelines for animal care. This study was approved by the
Ethical Committee on Animal Experimentation (CEEA) of the University
of Murcia and CARM (reference A13200603).

2.2. Plasma cytokine determination

Mouse plasma was obtained after centrifugation of PB at 2000 g for
15 minutes and stored at —80°C until further analysis. Quantification of
plasma cytokines was then performed using a custom Luminex assay
(#MHSTCMAG-70K, Merck) including IL-6, CXCL1 and TNF-a, and a IL-
1p high sensitivity ELISA (#HSLB00D, R&D).

2.3. Histology preparation

Spleens were measured, weighed, washed with DMEM 1x
(#11965092, ThermoFisher), and divided into two parts: 1/3 for his-
tology and 2/3 for protein extraction before disaggregation with ACK
lysis buffer (#A1049201, ThermoFisher). Sections for histology were
fixed in 4 % paraformaldehyde (#211511, PanReac) and counterstained
with hematoxylin-eosin solution. Femurs were washed 1x in PBS, fixed
in 4 % PFA, decalcified in 0.5 M EDTA buffer pH=7.8 (#409975000,
ThermoFisher), embedded in paraffin, stained for reticulin detection
(#5279399001, Roche), and counterstained with hematoxylin-eosin
solution. Both spleen and femur BM sections were scanned at 40x in a
slide scanner (Pannoramic MIDI II, 3DHISTECH) and photographed
(Objective: 110x/0.95, Achroplan; Camera: pco.edge 4.2MP bi sCMOS,
PCO; Software: Pannoramic Scanner 3.0.2.127553 RTM, 3DHISTECH).
Images (.mrxs files) were visualized using SlideViewer 2.5 software
(3DHISTECH).
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2.4. Histological analysis

In the spleen, SlideViewer software was used to get the preserved
lymphoid nodules areas and total spleen area in order to calculate the
concentration (as nodules per square millimeter) and percentage of
white pulp, both indicative of myeloproliferation. Additional histologi-
cal analyses were performed blindly by at least 2 of the authors. In the
spleen, as a sign of splenic extramedullary hematopoiesis, the number of
megakaryocytes (MKs) was measured in at least 5 fields 40x. In addition,
other 2 key features of advanced-stage MPN were evaluated, using
human sample criteria: i) cytological dysplasia of splenic MKs [38].
Cytological dysplasia was graded as absence, mild/moderate-1, and
moderate-2/severe when 0 %, 1-50 %, or >50 % of MKs were dysplastic,
respectively. Dysplastic MKs were defined as those that were abnormally
small (micro-MKs), with changes in nuclear size or lobulation (hypo- or
hyperlobulated forms), hyperchromatic nuclei, or with an increased
nuclear:cytoplasmic ratio (Fig. S2); and ii) the presence of MK clusters
[39], defined as architectural dysplasia of MKs, graded as absence, mild
(rare clusters of <5 MKs), moderate (several clusters of 5-10 MKs or any
cluster of 50 MKs), or severe (multiple small clusters or diffuse areas of
MKs).

As previously defined in BM from humans, we recorded: i) cellularity
[40], as a percentage of cells in the marrow space; ii) reticulin fibrosis
[41], as absence (not observed), mild/moderate (fine or dense reticulin
fibers with few or some intersections), or severe (with extensive in-
tersections); iii) osteosclerosis [42], as absence (not observed), mild
(focal budding, hooks, spikes, or trabecular apposition), or moder-
ate/severe (diffuse new bone formation with thickening of trabeculae,
occasionally with focal or extensive interconnected network of new
bone with complete effacement of marrow); and iv) MK cytological
dysplasia, as stated above.

2.5. Immunoblotting

Immunoblotting of total disaggregated splenocytes lysates was per-
formed as previously described [43], with minor modifications indicated
in the corresponding figure legend.

2.6. Statistics

Continuous variables are presented as mean+SD (standard devia-
tion) or mean+SEM (standard error of the mean), as appropriate. Out-
liers were removed using the ROUT method (Q=0.1 % or Q=0.5, as
indicated). The Shapiro-Wilk test was used to test for normal distribu-
tion. Two-tailed Student’s t-test or Mann-Whitney U test was used for
comparisons between two groups, as appropriate. Discrete variables
were expressed as frequencies and percentages, and comparisons be-
tween groups were made using the chi-squared (y?) test. All comparisons
were made between untreated WT and untreated KO mice (*), and be-
tween treated and untreated KO mice (#) for each treatment time. All
statistical analyses were performed with GraphPad Prism 9.4 software. P
values are indicated as */#: p<0.05, **/##: p<0.01, ***/###:
p<0.001, ****/####: p<0.0001. Additional information of in vitro
experiments can be found in Supplementary Material.

3. Results

3.1. Pacritinib increased platelet counts and did not worsen anemia after
long-term treatment

Consistent with their phenotype, untreated KO mice exhibited
cytopenias with aging. Thus, whereas WT mice (represented in green)
showed hematimetric parameters stable in peripheral blood, untreated
KO mice (shown in red) displayed erythrocyte counts, hemoglobin and
hematocrit significantly decreased with aging (9-month-old vs. 6-month-
old) (Fig. S3A). Platelet counts in 6-month-old untreated KO mice are
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about half that of matched-age WT mice but remained stable with aging
(Fig. S3B). Additionally, spleen from WT mice developed an increase in
mass, but not in length from 3-month-old to older 6- and 9-month-old
mice, in line with the corresponding growth and aging, however, ac-
cording to the development of MF phenotype, untreated KO showed an
exacerbated increase in both parameters (Fig. S3C). Specifically,
compared to WT mice at the same age, untreated KO mice showed
decreased erythrocyte count, which resulted in anemia and a substantial
reduction in hematocrit particularly in older mice (9-month-old KO
mice) (Fig. 1 A). Thrombocytopenia in these mice was accompanied by a
decline in plateletcrit in 6-month-old mice (p<0.0001), and an increase
in mean platelet volume at both ages (Fig. 1B). Regarding leukocytes,
only 6-month-old untreated KO mice had lower leukocyte counts
compared to their age-matched WT mice, and in all subpopulations
tested (Fig. S4).

Compared to their untreated age-matched KO counterparts, whereas
pacritinib-treated mice (shown in blue) for 3 months (short-term)
showed a significant decrease in erythrocyte, hemoglobin, and hemat-
ocrit levels, in the long-term (after 6 months of treatment), pacritinib
increased these 3 parameters, becoming statistically significant for
erythrocyte count and hematocrit (Fig. 1 A). Although not significant,
our results showed that all treated mice for 6 months had higher mean
hemoglobin levels than untreated mice (10.77 g/dL vs. 10.10 g/dL,
respectively) (Fig. 1 A). In contrast to the erythrocyte count, short-term
pacritinib treatment maintained platelet counts, platelecrit and mean
platelet volume at levels similar to those of WT mice of the same age, i.e.
prevented the thrombocytopenia seen in untreated KO, whereas long-
term treatment significantly doubled the platelet count and plateletcrit
(Fig. 1B). On the other hand, pacritinib did not affect total leukocyte
counts at either treatment time point, although significantly decreased
lymphocyte counts at short-term and increased neutrophil, monocyte
and eosinophil levels at both time times (Fig. S4).

3.2. Aging-induced increase in proinflammatory cytokines was avoided by
JAK2/IRAK1 inhibition

Next, we evaluated the effect of dual JAK2/IRAK1 inhibition with
pacritinib on the increase in plasma proinflammatory cytokines
described in this model [29,30]. As expected, untreated KO mice showed
a trend towards higher levels of CXCL1, TNF-a, IL-1p, and IL-6 compared
to their age-matched WT mice, with statistically significant differences
in 6-month-old mice for CXCL1 (p<0.05) and IL-1 (p<0.001), and close
to significance in IL-1p also in 6-month-old mice (p=0.0676) (Fig. 2 A).
Pacritinib treatment attenuated the increase in proinflammatory cyto-
kines levels. The differences were statistically significant for CXCL1
(p<0.05) and TNF-a (p<0.05) after 3 and 6 months of pacritinib treat-
ment, respectively (Fig. 2 A). Expression levels of Cxcl1, Tnf, Il11b and 116
were also evaluated in spleen (Fig. 2B) and bone marrow (Fig. 2 C).
Whereas Cxcll and Tnf expression levels in untreated WT and KO mice,
and pacritinib treated KO mice were concordant between plasma and
bone marrow, I11b levels showed the same expression profile in the three
biological compartments examined. However, Il6 profile levels were
similar between spleen and bone marrow, but different to the behavior
observed in plasma. Overall, these data demonstrate that long-term
pacritinib treatment was able to maintain or reduce the levels of all
the pro-inflammatory cytokines measured in plasma, spleen and bone
marrow.

3.3. Dual JAK2/IRAK]1 inhibition prevented, in vivo, splenomegaly and
extramedullary hematopoiesis

Consistent with the literature [44], 3-month-old KO mice (before
initiation of treatment) did not show the MF-like phenotype. KO mice
showed no differences regarding splenomegaly (spleen length and
mass), microscopic spleen appearance nor molecular levels of repre-
sentative proteins of the JAK/STAT (pSTAT3/STAT3) and NF-xB
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Fig. 1. Erythrocyte and platelet cytopenias, and CXCL1 and TNF-a increase were prevented in pacritinib-treated KO mice. (A) Erythrocyte, hemoglobin, hematocrit;
(B) platelet, plateletcrit, mean platelet volume; and (C) plasma levels of CXCL1, TNF-a, IL-1f and IL-6 in WT and KO mice at endpoint. Outliers were removed using
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(IRAK1, p65) signaling pathways (Fig. S5A-C). In addition, BM macro-
scopic and microscopic appearance was similar between both groups
(Fig. S5D-E). As described, KO mice developed splenomegaly with aging
(Fig. 3 A). Histologically, they showed myeloproliferation (Fig. 3B), as a
sign of distortion of the spleen architecture with a lower density of
lymphoid nodules (Fig. 3 C), and decreased white pulp (Fig. 3D),
compared to their WT controls at the same age. Treatment with pacri-
tinib for 3 or 6 months prevented the splenomegaly observed in un-
treated KO mice (Fig. 3 A). Regarding spleen architecture, short-term
showed slight recovery (Fig. 3B), while long-term treatment with
pacritinib significantly increased both, the concentration of lymphoid
nodules (Fig. 3 C) as well as the percentage of white pulp (Fig. 3D),
improving the visual distinction between red and white pulps.

As a sign of extramedullary hematopoiesis, untreated KO mice
showed an increased number of MKs in the spleen (Fig. 4 A, 4B), which
were dysplastic (Fig. 4 C, Fig. S2) and grouped in clusters (Fig. 4D),
being the differences more pronounced in the 9-month-old KO-mice
compared with their age-matched WT. Pacritinib treatment also pre-
vented splenic extramedullary hematopoietic proliferation. Indeed, the
number and architectural and morphological characteristics of MKs in
treated KO mice were similar to those observed in age-matched WT mice
(Fig. 4A-D).

To evaluate, in vivo, the effects of pacritinib treatment at the mo-
lecular level, NF-xB and JAK/STAT signaling was assessed in splenocyte
lysates. Since untreated-KO mice develop statistically significant cellular
[43] and histopathologic changes, with aging (Fig. 3B-D, Table S1), total
spleen lysates between treated- and untreated-KO mice could not be
compared. However, as pacritinib treatment preserved the architecture
of the spleen, similarly to that observed in the age-matched WT mice

(Table S1), the effects of pacritinib at a molecular level were evaluated
between these groups. Our finding showed that, in miR-146a”" mice,
whereas pacritinib significantly inhibited the NF-kB signaling (IRAK1)
both at short- and long-term, pTyr-STAT3/STAT3 levels were main-
tained to those observed for WT mice and slightly reduced after
long-term treatment but without reaching statistical significance. Thus,
we observed a slightly decrease in pTyr-STAT3/STAT3 levels after
long-term treatment (Fig. 4E), while the effects on NF-«kB signaling
occurred earlier, after 3 months of treatment (for IRAK1, p<0.01) and
were maintained after long-term treatment (p<0.001 and p<0.0001 for
IRAK1 and p65, respectively) (Fig. 4E, Fig. S7).

3.4. The myelofibrotic phenotype and osteosclerosis were notably
prevented with the JAK2/IRAK1 inhibitor

Consistent with the MF-like phenotype, the femurs of untreated KO
mice showed a whitish coloration (Fig. 5 A), associated with a clear and
significant increase in reticulin fibrosis and osteosclerosis at the
microscopic level, along with increased cellularity, the presence of
dysplastic MKs and higher expression of Tgfbl (p<0.01) (Fig. 5B-G,
Fig. S2). To investigate whether JAK2/IRAK1 inhibition by pacritinib
could also prevent or delay the onset of BM fibrosis, we performed
macroscopic, microscopic histological studies and molecular analysis of
the femurs of treated KO mice. Our results showed that pacritinib
treatment for 3 or 6 months was able to prevent the myelofibrotic
phenotype in KO mice, as pacritinib-treated KO mice showed a reddish
coloration of the BM (Fig. 5 A) at both times points, consistent with the
absence of reticulin fibrosis (Fig. 5B, C) and osteosclerosis (Fig. 5B, D),
lower global cellularity (Fig. 5B, E), fewer dysplastic MKs (Figs. 5B, F,
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Fig. S2) and lower expression of Tgfb1 (Fig. 5 G) than untreated age-
matched KO mice.

Taken together, our findings show that in an aberrant proin-
flammatory signaling environment, dual JAK2/IRAK1 inhibition with
pacritinib prevented the myelofibrotic progression observed in un-
treated KO mice, maintaining a phenotype more similar to that observed
in WT mice than in untreated KO mice (Table S1).

3.5. JAK2/IRAK1 inhibition reduced collagen expression, in vitro, in a
JAK2V617F clonal hematopoiesis background

Finally, to further investigate whether dual JAK2/IRAK1 inhibition
with pacritinib could prevent or delay collagen production in the BM
microenvironment of MPN with driver mutations, we performed a
coculture of collagen-producing BM-derived mesenchymal stromal cells
(HS-27A) with JAK2V617F mutant cells (SET-2), as we previously
described [43]. Notably, in a clonal MPN hematopoietic background
using TGF-p as an inducer of collagen expression, prior treatment with
pacritinib significantly decreased COL1A1 expression in HS-27A cells
(p<0.05) (Fig. S6).

4. Discussion

In this study, we hypothesized that the control of the inflammatory
component associated with myeloproliferative disease might retard or

avoid its progression. For this, we investigated whether dual JAK2/
IRAK1 inhibitor pacritinib treatment in young miR-146a”" mice could
prevent the complete development of the myelofibrotic phenotype. The
miR-146a”~ mouse was the chosen model since it develops a MF-like
phenotype with age (cytopenias, elevated pro-inflammatory state,
splenomegaly, extramedullary hematopoiesis, BM fibrosis, osteo-
sclerosis and altered STAT signaling), like human MF [5], particularly
triple-negative MF [6,16], as it lacks MPN driver mutations, but with
activation of STAT3 signaling [31]. Other reported MPN murine models
harboring canonical driver mutations show a similar phenotype than
miR-146a”~ mouse model with slightly differences regarding disease
latency [32]. These mice are phenotypically normal at birth [28], and no
pathological phenotype has been reported until 8-10 weeks [44].
Importantly, our results confirmed our hypothesis, as the features of
miR-146a”’~ mice were more attenuated in treated than in untreated
age-matched mice. Therefore, based on our findings, early treatment in
subjects with high risk of progression to MF may be beneficial. Our
findings are consistent with previous studies showing that early inter-
vention with ruxolitinib in MF is associated with better treatment
response (including fewer cytopenias) [45]. Thus, while short-term
pacritinib treatment (3 months) appears to slightly decrease hemoglo-
bin levels and hematocrit in young KO mice, a contrasting effect is
observed after long-term treatment. These findings are consistent with
recent clinical observations in patients with MF suggesting that although
pacritinib can decrease hemoglobin levels [46], has a beneficial effect on
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Fig. 4. Dual JAK2/IRAK]1 inhibition prevented extramedullary hematopoiesis and development of dysplastic megakaryocytes (MKs) in mouse spleen. (A) Photo-
micrographs of representative longitudinal spleen sections from each group stained with hematoxylin-eosin at 5x and 40x magnification. Dashed lines delineate
defined white pulp (Iymphoid tissue) and arrows indicate MKs. (B-D) Histological analysis of MKs in mouse spleens: (B) MK count (indicator of extramedullary
hematopoiesis), (C) cytological dysplasia of MKs (categorized by the number of dysplastic MKs: absence (0 %), mild/moderate-1 (1-50 %), and moderate-2/severe
(>50 %)) (D) and architectural dysplasia of MKs (classification based on the number and size of clusters of MKs). (E) Total cell lysates in spleen of mice, at endpoint.
Left: Representative western blot image (total spleen lysates from female mice) of 9 experiments. Right: Densitometry analysis of western blots of JAK/STAT pathway
proteins (pTyr-STAT3/STAT3 ratio, top) and NF-xB pathway proteins (IRAK1 and p65, bottom) (n=8-10/group). The relative optical density was calculated by
normalizing the signal of the protein by that of f-actin and dividing it by the normalized signal of the loading control sample. Outliers were removed using the ROUT
method (Q=0.1 %). Graphs represent mean+SEM. Short-term: 6-month-old mice, after 3 months of diet with or without pacritinib. Long-term: 9-month-old mice,
zifter 6 months of diet with or without pacritinib. **/##: p<0.01, ***/###: p<0.001, ****/####: p<0.0001 (n=8-10/group).

anemia in the long-term by blocking ACVR1 [47]. Regarding platelets,
pacritinib increased platelet counts from KO groups for both tested
treatment-times, with a greater increase after long-term treatment, even
exceeding that observed in age-matched WT. Our results are consistent
with the increase observed in platelets from thrombocytopenic patients
with MF treated with pacritinib [48]. In fact, pacritinib is the only JAK
inhibitor approved by the FDA for MF patients with platelet counts
below 50,000/uL [48,49]. Although the exact mechanisms are not fully
understood, it appears that pacritinib improves hematopoietic function
by targeting IRAK1 [43,50]. Indeed, in the same mice model, we have
recently shown that both pacritinib and BMS-345541 -a specific NF-kB
inhibitor via IKKa/p, downstream of IRAK1- reverse thrombocytopenia,
nearly restoring the levels observed in WT mice [43]. This effect was
also observed in a study using a SET-2 xenograft model [51], and could
be explained by IRAKI1 inhibition, as an IRAK1 inhibitor (IRAK1/4 in-
hibitor, [5409) was able to increase platelet count in a myelodysplastic
syndrome xenograft mouse model [50]. Conversely, although an in-
crease in platelet counts has been observed in patients treated with
pacritinib, the platelet overshooting that occurs in the long-term treated
mice was not observed in MPN patients. This effect may be influenced by
other additional factors. For instance, we did observe that long-term
pacritinib treatment reduced spleen mass in KO mice, being smaller
than age-matched WT mice. This decline could diminish platelet spleen
reservoir and therefore increase the number of circulating platelets.

As expected, miR-146a”" mice showed a significant increase in
plasma levels of proinflammatory cytokines (IL-18, CXCL1) compared to
WT mice. Concordantly, Il1b expression levels were also increased in
spleen and bone marrow. Although previous studies suggested that
increased IL-1p levels can be specifically induced by JAK2V617F [52],
our results showed that IL-1f levels were also increased in the
miR-146a”~ model lacking JAK2V617F. In fact, other two murine models
of MF-like disease, lacking classical driver mutations, but with inflam-
matory signaling alteration, via MYC/alarmin axis [16], or IL-1 receptor
antagonist (IL-1rn) [17], have been recently described. Notably, pacri-
tinib therapy prevented the increase in CXCL1 and TNF-« levels, after 3
and 6 months of treatment, respectively. In addition to inflammatory
responses, CXCL1 has been implicated in tumorigenesis [53-55], and
fibrosis [56]. Thus, BM from fibrotic Gatal®" mice contained higher
levels of CXCL1 than BM from WT mice [57]. In humans, CXCL1 may
play a similar role to interleukin-8 (IL-8/CXCL8), as both chemokines
can signal through the same receptor (CXCR2) [55]. Importantly,
CXCR2 signaling mediates BM fibrosis, blockage of the CXCR1/2 axis
appears to be able to reduce BM fibrosis and megakaryocyte dysmorphia
in murine models [19,58], and high plasma IL-8 levels have a prognostic
impact in MF patients [59]. Plasma TNF-a levels are also elevated in
patients with PV, ET or MF [10] and are associated with erythropoiesis
dysregulation under inflammatory stress [60]. Together, the overall
increase in proinflammatory cytokines in the plasma of KO mice is
consistent with that found in MF patients [59,61], which may be
involved in suppression of T cells [62], immune evasion, and disease
progression. The improvement of inflammatory symptoms in MF pa-
tients receiving pacritinib, which does not inhibit JAK1, could be
explained by IRAK1 inhibition, as shown by JQ1, a BETi that indirectly
targets NF-xB [13].

miR-146a”~ mice also developed splenomegaly because of

extramedullary hematopoiesis. This is consistent with what occurs in
human MF to compensate for inefficient hematopoiesis [20]. The spleen
of MF patients contains malignant HSPC [63], and scRNAseq analysis
has shown that these reservoirs have unique molecular and functional
characteristics that can be therapeutically targeted [64]. Notably, our
results showed that none of the pacritinib-treated KO mice developed
splenomegaly, and most of them, particularly after long-term treatment,
did not exhibit features of myeloproliferation or extramedullary hema-
topoiesis. Although reduction of splenomegaly has been the main
endpoint in clinical trials in patients with myelofibrosis [5], to our
knowledge there is no information on the effect of JAK inhibitors on
splenic extramedullary hematopoiesis.

Notably, pacritinib-treated miR-146a”~ mice did not show reticulin
fibrosis, osteosclerosis or increased Tgfbl expression levels. This last
being one of the main actors for fibrotic process in MPN subjects
[65-68]. These results agree with our recent findings, showing that
NF-kB inhibition, with both BMS-345541 and pacritinib (targeting
IKKo/p or IRAKI1, respectively) revert fibrosis and osteosclerosis in old
miR-146a”" mice with the established myelofibrotic phenotype [43].
Moreover, in the context of JAK2 mutated clonal hematopoiesis (e.g.
SET-2 cells), we confirmed that collagen expression was reduced when
cells were preincubated with pacritinib before collagen induction with
TGF-p. This is particularly relevant because other available JAK in-
hibitors in monotherapy (such as ruxolitinib and momelotinib) have no
clinically significant effect on reducing fibrosis [69,70]. Pacritinib, in
contrast, has recently shown a correlation between fibrosis reduction
and transfusion independence [71] and between fibrosis reduction and
platelet improvement [72] (based on a retrospective review of the
PERSIST-2 clinical trial for MF patients) [71,72]. This is a further
demonstration that dual JAK2/NF-kB blockade leads to meaningful
fibrosis reduction, in line with our previous observations in miR-146a
deficient mice [43]. Furthermore, combinations of JAK and BET in-
hibitors that indirectly target NF-kxB, such as pelabresib [73] in combi-
nation with ruxolitinib, also showed improvement in BM fibrosis in
patients with MF in previous studies [74]. Altogether, our results are
consistent with those suggesting that ablation of NF-kB cascade (via
IRAK1 or IRAK4), may be more beneficial for MPN patients than
exclusively targeting JAK2, with the potential to reduce hematologic
toxicities [75].

Clinical phenotype of MF, driver by biological factors, outside of
classic driver mutations, also occur in non-clonal diseases (i.e. autoim-
mune diseases), other hemopathies [65,76], or even in triple negative
MF [16]. In such cases, drugs or combinations that target the inflam-
matory component and fibrosis, such as pacritinib, may have thera-
peutic potential [5,77]. In addition, pacritinib has recently been shown
to reverse not only BM fibrosis in vivo [43], but also liver fibrosis in mice,
positioning it as a potential therapy for patients with liver fibrosis [78].

Other disease-modifying agents are being investigated to prevent
progression of MPN to more advanced stages, and targeting inflamma-
tion is becoming increasingly important [14,18,19,79]. In fact, inhibi-
tion of IL-1p by anti-IL-1p antibodies and the use of reparixin (a
CXCR1/2 inhibitor targeting IL-8 signaling) can also reduce BM fibrosis
and osteosclerosis in JAK2V617F [80] human and MPLW515L mice
[19], and is the basis for new clinical trials (NCT05835466). Potentially,
the use of IL-1RN (IL-1R antagonist) enhancers could also be used as a
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Fig. 5. Dual JAK2/IRAK]1 inhibition significantly attenuated the myelofibrotic phenotype and osteosclerosis in miR-146a”~ (KO) mice. (A) Photographs of repre-
sentative mouse femurs (9-month-old KO mice, after 6 months of diet) with (bottom) or without pacritinib (top), in which the natural reddish color of the bone
marrow may or may not be observed. (B) 10x and 40x magnification photographs of longitudinal sections of femoral bone marrow with reticulin staining,
representative of each group (median of reticulin fibrosis). (C-F) Histological analysis of mouse bone marrow, (C) reticulin fibrosis, (D) osteosclerosis, (E) cellularity,
and (F) cytological dysplasia of megakaryocytes, MKs (categorized by the number of dysplastic MKs: absence (0 %), mild/moderate-1 (1-50 %), and moderate-2/
severe (>50 %)). (G) Expression levels of Tgfbl in bone marrow from C57BL/6 J (WT) and miR-1 46a’" (KO) at endpoint. Outliers were removed using the ROUT
method (Q=0.1 %). Short-term: 6-month-old mice, after 3 months of diet with or without pacritinib. Long-term: 9-month-old mice, after 6 months of diet with or
Zvithout pacritinib. Graphs represent percentage of total for each value (C-F) or mean+SEM (G). */#: p<0.05, **: p<0.01, ***/###: p<0.001 (n=5-10/group).

protective effect, as IL-1RN deletion in mice induces changes in the BM Acknowledgments
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