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Summary 

Myeloproliferative neoplasms (MPNs) are a group of diseases frequently caused by activating 

mutations in JAK2, CALR or MPL and characterized by aberrant proliferation of the erythroid, 

megakaryocytic and myeloid lineages. They represent clonal disorders of the hematopoietic 

stem cell (HSC) with an inherent tendency towards leukemic transformation. MPNs are 

subdivided into three disease entities: polycythemia vera (PV), essential thrombocythemia 

(ET) and primary myelofibrosis (PMF). JAK2-V617F is the most frequently recurring somatic 

mutation in MPN patients, but it can also be found in healthy individuals with clonal 

hematopoiesis of indeterminate potential (CHIP) with a frequency much higher than the 

incidence of MPN. This suggests that the acquisition of the JAK2-V617F is not the rate-limiting 

step and other factors might be required for the expansion of the JAK2 mutated clone and 

initiation of MPN disease. MPN is often linked with a chronic inflammatory state due to 

elevated production of inflammatory cytokines and chemokines from hematopoietic and non-

hematopoietic cells. Interleukin-1β (IL-1β) is one of the master regulators of the inflammatory 

state and its aberrant activity has been implicated in various pathological diseases including 

MPN.  

In the first part of this study, we focused on the early stages of MPN disease initiation and 

examined the role of IL-1β in this context. Our results showed that IL-1β secreted from mutant 

cells promoted the expansion of JAK2-V617F clones and loss of IL-1β from mutant cells 

resulted in reduced frequency of MPN disease initiation. Furthermore, our results indicated 

that IL-1β was required for optimal stem cell function and long-term repopulation capacity of 

JAK2-V617F HSCs. Moreover, we showed that early secretion of IL-1β from mutant cells 

caused neuronal damage in the bone marrow resulting in loss of nestin-positive stromal cells. 

Loss of nestin-positive stromal cells favored clonal expansion and MPN disease manifestation.  

 

In the second part of the study, we showed that JAK2-V617F mutation correlated with increased 

IL-1 signaling in MPN patients. We showed that genetic deletion of IL-1β from mutant cells 

resulted in reduced production of inflammatory cytokines, reduced MPN symptom burden and 

myelofibrosis. Notably, pharmacological inhibition of IL-1β or NLRP3 inflammasome 

complex reduced myelofibrosis. Combined targeting of IL-1β with JAK1/2 inhibitor, ruxolitinib 

resulted in complete reversal of myelofibrosis, reduced production of inflammatory cytokines 

and normalization of MPN constitutional symptoms in vivo. Overall, our results showed that 

IL-1β is required for optimal MPN disease initiation and progression to myelofibrosis. 
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1. Introduction 

1.1. Hematopoiesis 

Hematopoiesis is the continuous process of blood cell generation that begins at the embryonic 

stage and continues throughout life. The mammalian blood system contains more than ten types 

of functionally diverse mature blood cells. Leukocytes are involved in innate and acquired 

immunity, erythrocytes transport oxygen and carbon dioxide, megakaryocytes generate 

platelets for blood clotting and wound healing, lymphocytes are important for adaptive 

immunity (1). 

The hematopoietic system is hierarchically organized with hematopoietic stem cells (HSCs) 

being at the apex of the hierarchy that divide asymmetrically to give rise to differentiated 

progenitors and also generate new HSCs by a process known as self-renewal. HSCs mainly 

reside in the bone marrow (BM), the primary site for adult hematopoiesis. According to the 

classical model of hematopoiesis, HSCs divide to generate discrete multipotent, oligopotent 

and unipotent cell stages in a step-wise manner with several subsequent binary branching 

points leading to a tree like hierarchical model. HSCs generate multipotent progenitors (MPPs) 

followed by generation of lineage-restricted oligopotent and unipotent progenitors with 

progressive loss of self-renewal and differentiation capacity. MPPs segregate into common 

lineages of myelopoiesis (common myeloid progenitors; CMP) and lymphopoiesis (lymphoid-

primed multipotent progenitors; LMPP). Oligopotent CMP further differentiates and generates 

bivalent megakaryocyte–erythroid progenitors (MEP) and granulocyte-macrophage 

progenitors (GMP). MEPs can give rise to platelets and red blood cells and GMPs can produce 

granulocytes, macrophages and dendritic cells. LMPP differentiates into common lymphoid 

progenitor (CLP) that give rise to progenitors of natural killer (NK) cells, B- and T-cells. 

(Figure 1A) (2). Recently using paired daughter transplantation experiments, a direct shortcut 

into megakaryocytic (Mk) lineage has been suggested where HSCs are capable of directly 

generating Mk-restricted cells without passing through intermediate oligopotent cell stages (3).  

 

In the classical model of hematopoiesis, HSCs have been considered to be relatively 

homogenous population. However, Recent technological advancements have revealed 

significantly wide spectrum of molecular and functional heterogeneity within the phenotypic 

HSC pool. Large single cell gene expression analysis and multispecies studies suggest that 

HSCs do not jump from one cell stage to another but, rather gradually acquire lineage-
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committed transcriptomic states in a continuous process where the intermediate progenitor 

stages are considered transitory rather than discrete (Figure 1B) (2). 

 

 
 

Figure 1. Models of hematopoiesis (A) Classical model of hematopoiesis. Self-renewing 

hematopoietic stem cells (HSCs) sit at the top of the hematopoietic hierarchy and undergo 

differentiation to yield lineage committed progenitors in a stepwise manner. Multipotent 

progenitors (MPPs) give rise to oligopotent common myeloid and lymphoid progenitors (CMP 

and LMPP). Recent studies identified a direct shortcut into the megakaryocytic lineage (dashed 

lines). (B) Continuous differentiation model where HSCs differentiate in a continuous process 

without any discrete intermediate states.  

 

1.2. Cytokine superfamily and signaling pathways mediated by JAKs 

Hematopoietic system is maintained by both internal and external regulators. The intricate 

pathways that regulate both steady state and stress hematopoiesis are mediated largely by 

cytokines. Cytokines are a group of polypeptide growth factors that bind their cognate receptors 

and mediate diverse cellular responses such as differentiation, proliferation, cell growth and 

survival of hematopoietic cells (4,5). Cytokines of the hematopoietic system include 

interleukins (ILs), colony-stimulating factors (CSFs), interferons, erythropoietin (EPO) and 

thrombopoietin (TPO). Based on conserved structural extracellular domain, cytokine receptor 

superfamily is divided into type-I and type-II cytokine receptors (Figure 2). The receptors can 

be composed of homodimers of a single receptor and include granulocyte (G)-CSF receptor 

(R), EPOR, TPOR, growth hormone receptor (GHR) and prolactin receptor (PRLR) or 

heterodimers consisting of common signaling subunit and a unique ligand-binding chain. The 
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heterodimeric receptors can be further classified based on the shared b-chain receptors, shared 

gp-130 receptors and shared g-chain receptors. The homodimeric and heterodimeric groups 

together belongs to type-I cytokine receptors, that share basic structural features and are 

characterized by the presence of one or more cysteine residues, a tryptophan-serine-x-

tryptophan-serine (W-S-X-W-S) motif in the extracellular domain and by conserved 

Box1/Box2 regions in the intracytoplasmic domain. Type-II receptors include interferon 

receptors and receptors of IL-10 and they lack W-S-X-W-S motif (Figure 2) (4,6).   

Figure 2. Cytokine receptor superfamily and Janus Kinases (JAKs). Schematic 

representation of type I and type II cytokine receptor subfamilies based on the extracellular 

domain sequence homologies. The different JAKs (JAK1, JAK2, JAK3, and TYK2) are 

employed by each class of receptors, as indicated. Type I receptors can form homodimers (α/α), 

heterodimers (α/β), or oligomers (gp130/α/gp130); (α/β/γ), wherein the cytokine binds mainly 

to the α chain. Cytokine receptor complexes composed of two or more different chains activate 

at least two different JAKs, while single-chain receptors such as homodimeric receptors 

activate only JAK2 (although TpoR/ MPL and G-CSFR/CSF3R can also use TYK2 and JAK1, 

respectively). The myelopoiesis-related cytokine receptors are denoted in red, and the 

lymphopoiesis-related cytokines receptors are denoted in green. Adapted from Ref 6. 
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The intracellular domains of type-I and type-II cytokine receptors lack catalytic activity and in 

order to initiate downstream signaling cascade, these receptors bind one or several members of 

cytoplasmic non-receptor tyrosine kinases of the Janus Kinase (JAK) family. The family of 

JAK kinases consist of four proteins, JAK1, JAK2, JAK3 and TYK2, all of which are 

constitutively associated with cytokine receptors with binding mediated by Box1/2 at 

intracytoplasmic domain of the cytokine receptors (4) (7). The major signaling pathways 

activated by hematopoietic cytokines via JAKs include the JAK/STAT pathway, Ras/Mitogen-

Activated Protein Kinase (MAPK) pathway and the Phosphatidyl Inositol-3-Kinase 

(PI3K/AKT) pathway. Cytokine binding to the extracellular domain induces receptor 

dimerization, oligomerization or a conformational change of the receptor complex which in 

turn activates the associated JAKs by inducing trans-autophosphorylation. Activated JAKs 

then phosphorylate specific tyrosine residues on the cytokine receptor chains, that serve as a 

docking site for SH2 domain-containing signaling proteins like Signal Transducers and 

Activators of Transcription (STATs). Receptor bound STATs are then phosphorylated by JAKs 

on the specific tyrosine in the C-terminal tail, enabling SH2-mediated dimerization of STATs 

and subsequent translocation into the nucleus, where they act as transcription factor and 

regulate gene expression. Activated JAKs also initiate the activation of Ras-MAPK/ERK1/2 

pathway and PI3K-AKT pathway (Figure 3) (6,7).  
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Figure 3. Key signaling pathways mediated by JAKs. Cytokine binding to the 

extracellular domain of receptors induces conformation changes that enable cross-

phosphorylation of the appended Janus kinases (JAKs), which then can activate each other. 

As a result, JAK molecules phosphorylate tyrosine residues on the intracellular part of the 

receptor, which then can serve as docking sites for SH2 domain containing signaling 

molecules such as signal transducer and activator of transcription (STAT) but also proteins 

from the phosphatidylinositol-3′-kinase (PI3K) and mitogen-activated protein kinase 

(MAPK) pathways. 
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1.3. Myeloproliferative neoplasms and their clinical and molecular characteristics 

Myeloproliferative neoplasms (MPNs) are a group of chronic hematological diseases with an 

incidence of 0.5-2 cases per 100,000 per year and are characterized by aberrant proliferation 

of the erythroid, megakaryocytic and myeloid lineages. They represent clonal disorders of the 

hematopoietic stem cell with an inherent tendency towards leukemic transformation. Clinical 

features include splenomegaly, thrombosis and hemorrhage and around 5-10% of patients show 

progression to more severe advanced phase or transformation to acute myeloid leukemia 

(AML). William Dameshek, for the first time in 1951 recognized that these disorders are 

caused by hyperproliferation of multiple hematopoietic lineages in the bone marrow and he 

coined the term myeloproliferative disorders to group together several hematological 

conditions with shared clinical features (8). MPNs are subdivided into three disease entities: 

polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF). 

Minority of ET patients (1-5%) can develop clinical features of PV over time and both ET and 

PV can progress to more advanced phase MF. All MPN disease entities can progress to AML 

although at different frequencies (9-11) (Figure 4). 

 

The current World Health Organization (WHO) classification of MPNs separates common 

myelogenous leukemia (CML) from MPN by the presence of a chromosomal translocation at 

position t(9;22) (q34;q11), also known as the BCR-ABL1 or Philadelphia (Ph) chromosome. 

This thesis focuses on BCR-ABL1-negative or Ph chromosome-negative MPNs. The WHO 

criteria for the diagnosis of PV requires a somatic mutation in JAK2, elevated hemoglobin, 

elevated hematocrit, hypercellularity of bone marrow with tri-lineage distribution and 

pleomorphic megakaryocytes. ET is diagnosed based on the presence of elevated platelet 

counts, proliferation of megakaryocytic lineage in the bone marrow and mutation in JAK2, 

CALR or MPL. Diagnosis of PMF requires megakaryocytic proliferation and atypia 

accompanied by reticulin and/or collagen fibrosis in the bone marrow, presence of somatic 

mutations in JAK2, CALR or MPL and/or presence of splenomegaly and anemia (12).  
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Figure. 4. Leukemic transformation in myeloproliferative neoplasm. 

 

Molecular pathogenesis of MPN was largely unknown until the breakthrough discovery of a 

single point mutation, G to T at nucleotide 1849, in exon 14 of non-receptor tyrosine kinase 

JAK2 resulting in the substitution of valine (V) to phenylalanine (F) at codon 617 (JAK2-

V617F) in the pseudokinase domain (13-16). The vast majority of JAK2 mutations including 

V617F are located around JAK homology 2 (JH2) domain of the JAK2 protein, which is also 

known as the pseudokinase domain). The JH2 domain has been shown to have critical 

regulatory functions including inhibition of kinase activity of JH1 domain in the absence of 

ligand stimulation and mediation of stimulatory signal from cytokine receptor to JH1 (Figure 

5) (7,10,11).  

 
Figure. 5. Domain structure of JAK2 protein and mutations in JAK2. 

 

JAK2-V617F results in destabilization of JH2-JH1 autoinhibitory interaction and thereby 

resulting in constitutive tyrosine phosphorylation and hyperactivation of JAK2 possibly via 

conformation changes to the SH2-JH2 linker (17). Hyperactivation of protein and their 

respective signaling pathways such as STAT5, STAT3, MAPK, ERK1/2 and AKT utilizing 
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JAK-STAT signaling pathway have been found in JAK2-V617F expressing cells (7,10,11) 

(Figure 6).   

 

 

 
Figure. 6. JAK2-V617F causes constitutive activation of JAK signaling 

 

JAK2V617F mutation is present in approximately 70% MPN patients: in about 95% PV, and 

50-60-% ET and PMF patients (18). Somatic mutations in other positions of JAK2 have been 

found in JAK2V617F-negative PV patients (JAK2, exon12 mutations) (19) as well as in B-cell 

acute lymphoblastic leukemias (JAK2 exon 16 mutations) (20-23). Activating somatic 

mutations in TPO receptor, MPL have been associated with MPN patients. The most frequent 

mutations are MPLW515L/K/A/R. These mutations can be found in around 3% ET and 5% 

PMF patients (24-26). Recently, the major gap in mutational landscape of MPN was filled by 

the discovery of somatic mutations in calreticulin (CALR) in MPL-negative and JAK2-

negative ET and PMF patients. CALR mutations occur in about 25% ET and 30% PMF patients 

(27,28). With the discovery of CALR mutations, mutational profiles of about 85-90% MPN 

patients are complete (10).  

 



Role of Inflammation in the Pathogenesis of Myeloproliferative Neoplasms | Shivam Rai 
 

 17 

Unlike JAK2 or MPL proteins that are directly associated with cytokine receptor signaling and 

are driven by JAK signaling pathway, calreticulin is an endoplasmic reticulum (ER) chaperone 

characterized by a C-terminal endoplasmic reticulum retention signal (KDEL) and it helps in 

proper folding of the newly synthesized glycoproteins within the ER. CALR also have roles in 

calcium homeostasis, proliferation and apoptosis. The mutant CALR protein lacks C-terminal 

KDEL motif and have impaired functions of calcium homeostasis. It is still however not clear, 

how mutant CALR is linked with pro-megakaryocytic proliferation and hyperactive JAK-

STAT signaling in MPN patients. MPN patients who do not carry mutations in any of the driver 

mutations also have hyperactive JAK-STAT signaling (10,11). Figure 7 summarizes the 

frequencies and distribution of phenotypic driver mutations in MPN patients.  

 

 
 

Figure 7. Driver mutations and their frequencies in myeloproliferative neoplasm.  

 

In addition to mutations in JAK2, MPL and CALR which are highly specific for MPNs, several 

other somatic mutations which are often linked with other hematological malignancies have 

also been found in MPN patients. These mutations affect genes; involved in DNA methylation 

such as TET2, DNMT3A, IDH1/2; affecting histone modifications and chromatin remodeling 

like ASXL1 and EZH2; involved in splicing machinery like SF3B1, U2AF1 and SRSF2; and 

transcription factors like TP53 and RUNX1. Table 1. lists the functions and frequencies of 

these somatic mutations in MPN patients (10,18). 
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Gene function 
Gene symbol 

(mutation) 
Protein function PV (%) 

ET 

(%) 

PMF 

(%) 

MPN driver 

JAK2 (V617F) 
Cytoplasmic tyrosine 

kinase 
95-97 50-60 50-60 

JAK2 (exon 12) 
Cytoplasmic tyrosine 

kinase 
1-2 0 0 

CALR (Indel exon 9) 
Mutant: activator of 

MPL 
0 25 30 

MPL 

(W515L/K/A/R) 
TPO receptor 0 3-5 5-10 

DNA 

methylation 

IDH1/IDH2 

(Missense; hotspot) 

Neomorphic enzyme, a-

ketoglutarate reduced to 

2-hydroxyglutarate 

blocking a-KG 

dependent enzymes 

2 1 5 

DNMT3A 

(Missense; hotspot) 

DNA methylase, de 

novo methylation 
5-10 2-5 8-12 

TET2 (Missense, 

nonsense deletion) 

Oxidation of 5mC into 

5hmC and active 5mC 

demthylation 

10-20 4-5 10-20 

Histone 

modification 

ASXL1 

(Nonsense;indel) 

Chromatin binding 

protein associated with 

PRC1 and 2 

2 5-10 10-35 

EZH2 (Missense; 

indel) 

H3K27 

methlytransferase, loss 

of fucntion 

1-2 1-2 7-10 

RNA splicing 

SF3B1 (Missense) 
RNA-splicing factor 3b 

subunit 1, part of U2 
2 2 4 

SRSF2 (Missense, 

hotspot) 

Serine/arginine rich pre-

RNA splicing factor 
- - 4-17 

U2AF1 (Missense) 
U2 small nuclear RNA-

splicing factor 
<1 <1 1-8 
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ZRSR2 (Missense) 

Pre-mRNA-binding 

protein required for 

splicing of both U2- and 

U12-type introns 

<1 <1 <1 

Transcription 

factor 

TP53 (Missense, 

indel) 

Transcription factor 

regulating Cell cycle, 

DNA repair and 

apoptosis 

<5% in MPN 

RUNX1 (Nonsense, 

missense, indel) 

Master transcription 

factor controlling 

hematopoiesis 

<3% in MPN 

Others 

CBL (Missense; loss 

of fucntion) 

Cytokine receptor 

internalization 
- 0-2 5-10

NF1 (Missense 

deletion) 
ERK/MAPK signaling - - <1 

FLT3 (FLT3-ITD) 
Cytokine receptor of 

FLT3 ligand 
<3% in MPN 

SH2B3/LNK 

(Missense deletion; 

loss of function) 

Negative regulator of 

JAK2 
2 2-6 3-6

Table 1. List of somatic mutations and their frequencies in MPN. Table summarizing 

different types of somatic mutations and their frequencies in essential thrombocythemia (ET), 

polycythemia vera (PV) and primary myelofibrosis (PMF). 

1.4. Inflammation and myeloproliferative neoplasm 

Inflammation is body’s immune response elicited by foreign or endogenous stimuli such as 

pathogens or cancer cells. The link between inflammation and cancer has long been 

established. Virchow in the 19th century originally suggested that deregulated inflammation 

might give rise to cancer. However, this link has been acknowledged only quite recently and 

numerous molecular and cellular signaling pathways linking inflammation and cancer have 

been reported since then (29,30). Hanahan and Weinberg identified six hallmarks of cancer 

and recently, chronic inflammation has been recognized as the seventh hallmark of cancer, thus 
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highlighting the huge impact of chronic inflammation on cancer development and progression 

(oncoinflammation) (31,32).  

Given its highly important role in immunity and tissue repair, HSCs and hematopoietic system 

is highly responsive to inflammatory stimuli caused by cell-autonomous changes like 

acquisition of a mutation and/or environmental disturbances such as infection an injury (33). 

HSCs are normally kept in a quiescent stage via genetic, epigenetic and environmental 

regulations. However, HSCs may rapidly lose quiescence and transiently proliferate or 

differentiate in response to one or many inflammatory signals. IFNs, IL-1 and G-CSF have 

been described to induce HSC cycling and proliferation in vivo (34-36). IFN-g have been 

shown to promote HSC differentiation into myeloid lineage via activation of the transcription 

factor Batf2 and C/EBPb (37,38). Interestingly C/EBPb has also been associated with 

emergency granulopoiesis in HSCs in response to IL-3 and GM-CSF (39). Since all three 

cytokines, IL-3, IFN-g and GM-CSF use JAK-STAT signaling pathway, C/EBPb activation 

might be a common target of JAK-STAT activation in HSCs. On the other hand, chronic 

exposure to IL-1 have been shown to drive hematopoietic stem cells towards myeloid 

differentiation via NFkB-dependent activation of PU.1 (40). Interestingly, IL-1 receptor, TNF 

receptor and several Toll-like receptors activate NFkB pathway, PU.1 activation might 

represent a common downstream mechanism of HSCs differentiation towards myeloid lineage. 

Moreover, TNF and IFN-1 also activate a post-transcriptional program in a subset of HSCs 

expressing high levels of megakaryocytic marker CD41 (41). Chronic exposure to IL-1 also 

expands CD41-expressing HSCs, suggesting a common mechanism driving platelet production 

and inflammatory thrombosis (40,41). Collectively these studies indicate that inflammatory 

signals mediated by a plethora of cytokines, growth factors or chemokines may instruct HSCs 

and the hematopoietic system to a lineage-biased program and thereby influence HSC lineage 

output (Figure 8) (42).  
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Figure 8. Inflammation influences HSC lineage fate decisions. Adapted from Ref 42. 

The common denominator between MPN and the inflammatory cytokine pathway is the 

hyperactivation of JAK-STAT signaling pathway. We can observe both cell intrinsic and 

extrinsic mechanisms that connects inflammation with the MPN. Phenotypic driver somatic 

mutations in MPN (mutant JAK2, CALR and MPL) represent the cell intrinsic mechanism 

which drives the hyper activation of JAK-STAT, ERK1/2, p38 MAPK, and AKT pathways 

resulting in constant release of inflammatory mediators from in-vivo activated platelets and 

leukocytes, that alter the tissue homeostasis at both local (bone marrow) and systemic levels. 

This results in the generation of an inflammatory microenvironment, typically identified by 

activated immune cells, release of inflammatory cytokines, accumulation of reactive oxygen 

species (ROS), tissue damage, tissue remodeling, bone marrow fibrosis. These conditions 

might then favor the expansion of the neoplastic MPN clone and disease progression to MF 

and AML. On the other hand, chronic inflammation as a result of an infection, injury, genetic 

predisposition, an autoimmune disease or any other environmental factors might increase the 

risk of myeloid neoplasia in a cell-extrinsic manner (43-45).  
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Elevated production of inflammatory cytokines, chemokines from hematopoietic as well as 

non-hematopoietic cells has been implicated in MPN disease progression and transformation 

(46). A recent epidemiological study in Swedish population found that chronic immune 

stimulation might act as a trigger for the development of myelodysplastic syndrome (MDS) 

and AML. Another Swedish study found an increased risk of MPN development in patients 

with history of autoimmune diseases or infectious diseases suggesting that chronic 

inflammation might also promote clonal evolution in MPN (47-49).  JAK2V617F have been 

shown to induce leukocyte and platelet activation; several studies demonstrated that 

JAK2V617F mutation is associated with increased risk of thrombosis and cardiovascular 

burden in MPN patients (50-53). MPNs have been associated with low-grade inflammatory 

state as determined by elevated levels of C-reactive protein (CRP) in ET and PV patients (54). 

A study by Barbui et al. has shown that the levels of CRP is significantly elevated in ET and 

PV patients and correlates with JAK2V617F allele burden. Moreover, the study reported that 

elevated CRP was associated with reduced leukemia-free survival in myelofibrosis (54,55). 

Key inflammatory mediators in the pathophysiology of MPN include but are not limited to 

cytokines (IL-1, TNF, IL-6), chemokines (IL-8, MCP-1) and transcription factors (STATs, 

NFkB) (56). These inflammatory mediators have been correlated with MPN systemic 

symptoms such as fatigue, weight loss, pruritus and fever. Furthermore, these mediators cause 

an increase in the cellular ROS levels which may cause genomic instabiltiy and DNA damage. 

This may favor acquisition of additional mutations, resulting in evolution of the MPN clone 

and disease progression (43-45).  

Aberrant megakryopoieis is the hallmark of MPN and myelofibrosis is particularly charaterized 

by profound alterations in megakaryopoieisis. Recently by developing a megakryocyte (Mk) 

lineage-specific JAK2V617F knock-in mouse model, a study demonstrated that JAK2-mutant 

Mk are able to initiate and sustain MPN with PV-like phenotype and produce elevated 

circulting cytokine levels such as CXCL2, CXCL1, IL-6 and CCL11 (57). Mks are considered 

as the one of the major sources of the inflammatory and reactive cytokines that induce 

fibroblast proliferation, collagen deposition, neoangiogenesis and osteosclerosis. Mk-derived 

profibrotic cytokines include transforming growth factor (TGF)-b, platelet derived growth 

factor (PDGF), fibroblast growth factor (FGF), CXCL4, vascular endothelial growth factor 

(VEGF), macrophage inflammatory protein (MIP)-1a, MIP-1b, IL-8 and lipocalin-2 (58). 

TGF-β has been described as a pleiotropic cytokine, with immune-suppressing, anti-

inflammatory, and pro-fibrotic properties; it stimulates the production of collagens, 
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fibronectins, as well as the synthesis of extracellular matrix component (59). Several cytokines, 

chemokines and growth factors have been implicated in MPN pathogenesis (60). Table 2 

summarizes the list of cytokines implicated in MPN patients which has been compiled from 

several studies. Collectively, these studies have established a pivotal role for inflammation in 

the pathogenesis of hematological malignancies including MPN.  

Analyte 

Category 
Analyte 

ET              

(vs 

NC) 

PV              

(vs 

NC) 

PMF              

(vs 

NC) 

PMF              

(vs 

ET/PV) 

Reference 

Cytokines 

IL-1α ☐ ☐ ☐ ☐  (61,62) 

IL-1Β ▲/☐ ▲ ▲/☐ ▲/☐  (61-66) 

IL-1RA nd ▲ ▲ ▲  (64,65) 

IL-2 ▲ ▲ ▲/☐ ▲  (61,62,65) 

IL-2R ▲ ▲ ▲ ▲  (61,62,64,65,67,68) 

IL-4 ▲ ▲ ▲/☐ ▲  (65,66,69) 

IL-5 ▲/☐ ▲ ☐ nd  (64-66) 

IL-6 ▲/☐ ▲ ▲ ▲  (61,62,64-66,70) 

sIL-6 ▲ nd nd nd  (70) 

IL-7 nd ▲ ☐ ▼  (64,65) 

IL-10 ▲/☐ ▲/☐ ▲ ▲  (62,64-66,69,71) 

IL-12 ▲ ▲ ▲ ▲  (64-66) 

IL-11 nd ▲ nd nd  (72,73) 

IL-13 nd ▲ ▲ nd  (64-66) 

IL-15 nd nd ▲ nd  (65) 

IL-17 ☐ ☐ ▲/☐ ▲  (65,66) 

IL-23 ☐ ▲ nd nd  (71) 

TNF-α ▲/☐ ▲ ▲ ▲  (63,65,66,74) 

IFN-a ▲ ▲ ▲ ▲  (64-66) 

IFN-g ☐ ▲ ▲/▼ ▲/▼  (64-66) 

Chemokines 
MCP-1 ▲/☐ ▲/☐ ▲/☐ ▲/☐  (63-66,72,73) 

MIP-1a ▲ ▲ ▲ ▲/▼  (64-66,75) 
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MIP-1b ▲ ▲ ▲/☐ ▲  (64-66) 

IL-8 ▲ ▲ ▲ nd  (64,65,70,72-74) 

RANTES ▲ ☐/▼ ▲/☐ ▲  (64-66) 

IP-9 ▲ ▲ ▲ nd  (67) 

IP-10 ☐ ▲ ▲ ▲/▼  (63-66,74) 

MIG nd ▲ ▲ ▼  (64,65,69) 

GRO-a ▲ ☐ ☐ ▼  (74) 

CCL11 ▲ ▲ ☐ ▼  (64,65,74) 

Growth 

Factors 

GM-CSF ▲ ▲ ▲/☐ ▲/▼  (64,66) 

G-CSF nd nd ▲ nd  (65,69) 

HGH nd ▲ ▲ nd  (64,65,69,72,73) 

PDGF ▲ ▲ ▲ nd  (67,76) 

VEGF ☐ ▲/☐ ▲ ▼  (64,65,69) 

EGF ▲ ▲/▼ ▲ ▲/▼  (64,67,69,74) 

FGF nd nd ☐ ▲  (64,65) 

TPO ☐ ☐ ▲ ▲  (61,70) 

SCF ▲ nd nd nd  (70) 

TGF-b ☐ ☐ ▲ ▲  (63) 

Table 2. List of cytokines implicated in MPN. ▲: Increased vs NC; ▼: Decreased vs NC; 

☐: No change vs NC; nd: not determined
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1.5. Interleukin-1 (IL-1) family of cytokines and IL-1 signaling pathway 

Interleukin-1 (IL-1) is the key mediator of innate immunity and inflammation and was the first 

interleukin to be identified during the hunt for fever causing molecules produced by leukocytes 

(77). Dinarello et al. in 1974 for the first time described and purified acidic and neutral human 

pyrogens from monocytes and neutrophils that had the capability to induce fever in rabbits 

(78). Amino acid sequences for both acidic and neutral pyrogens were reported in 1985 and 

they were named as IL-1α  and IL-1β, respectively (79). IL-1 family consists of 11 cytokines 

and include seven molecules with agonist functions (IL-1α , IL-1Β, IL-18, IL-33, IL-36a, IL-

36b and IL-36g), three receptor antagonists (IL-1Ra, IL-36Ra and IL-38) and an anti-

inflammatory cytokine (IL-37). IL-1 receptor family includes 10 receptor molecules as shown 

in Figure 9. 

Figure 9. Ligands and receptors of the Interleukin-1 (IL-1) family. 
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The functional domain of the cytosolic component of IL-1 receptors is known as Toll-IL-1 

receptor (TIR) domain and interestingly, it is highly homologous to TIR domains of all Toll-

like receptors (TLRs). Thus, highlighting the importance of IL-1 family members to the 

fundamental innate immune responses. IL-1β is the most studied member of the IL-1 family 

due to its diverse biological functions. Signaling is initiated by cytokine binding (either IL-1α 

or IL-1β) to its cognate receptor, IL-1R1, resulting in a conformational change that favors the 

binding of the co-receptor, IL-1RAcP (or IL-1R3). There is no direct contact between IL-1 

ligand and IL-1RAcP. The trimeric complex brings together the cytoplasmic TIR domains of 

the receptors and favors the binding of MyD88 to TIR domain. This elicits a cascade of 

downstream kinases leading to the activation of NFkB pathway and production of a strong pro-

inflammatory signal (80) (Figure 10).  
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Figure 10. IL-1Β signaling pathway. 

IL-1β is synthesized as an inactive form, pro-IL-1β, which is activated intracellularly by 

Inflammasome activated caspase-1 (77). Inflammasomes are large multi protein complexes 

that assemble and function during inflammatory immune responses and mediate the activation 

of caspase-1 and subsequent cleavage of pro inflammatory cytokines, pro-IL-1β and pro-IL-18 

into active IL-1β and IL-18 respectively (81) (Figure 10). 
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The IL-1 family of cytokines is tightly regulated by diverse mechanisms at multiple levels 

including receptor antagonists, decoy receptors and negative regulators. Moreover, soluble 

signaling receptors or accessory proteins (ST2 and IL-1RAcP) might act as decoys or negative 

regulators by trapping the ligands. The presence of a wide range of negative regulators 

highlights the need for tight regulation of the IL-1 system, which mediates potentially 

devastating local and systemic inflammatory responses (77,82). The two decoy receptors of the 

IL-1 family are IL-1R2 and IL-18 binding protein (IL-18BP). IL-1R2 also exist in soluble form 

and cannot signal as it does not contain TIR domain but it can still bind IL-1 ligands and IL-

1RAcP thereby it can act as a molecular trap for IL-1. Moreover, soluble IL-1R2 and soluble 

IL-1RAcP can bind pro-IL-1β and prevent its processing by caspase 1. IL-18BP is structurally 

and functionally similar to IL-1R2 and therefore prevents binding of IL-18 to IL-18R resulting 

in decreased production of IFN-g and Th1 cellular responses. IL-18BP is present in 20-fold 

excess to IL-18 in the circulation, thus representing a default mechanism limiting IL-18 

activity.  

IL-1 family contains two receptor antagonists namely, IL-1Ra and IL-36Ra. IL-1Ra has more 

binding affinity to the primary receptor, IL-1R1 but it cannot recruit co-receptor, IL-1RAcP. 

In addition to the secreted form, two intracellular isoforms of IL-1Ra are known which are 

considered as reservoir to be released upon cell death, thus limiting the proinflammatory action 

of the tissue damage. IL-1Ra knock-out mice develop spontaneous lethal arthritis, destructive 

arthritis or psoriatic-like lesions and increased susceptibility to tumorigenesis. Furthermore, 

children born with genetic deficiency of IL-1Ra or functionally inactive IL-1Ra have severe 

systemic and local inflammation including pustular skin eruptions, vasculitis, osteolytic lesions 

and sterile osteomyelitis. Notably, IL-1Ra is required in 100-1000-fold molar excess to 

neutralize the activity of IL-1 mediated inflammation. IL-36Ra negatively regulates the IL-36 

mediated production of IL-23, Il-17 and IL-22. Mutations in IL-36Ra gene are associated with 

rare life-threatening form of psoriasis (77,80,82). 

Under homeostatic condition, IL-1β is secreted in low levels whereas its expression and 

caspase-1 mediated activation or secretion is upregulated during disease conditions. Secreted 

IL-1β binds to its receptor IL-1 receptor 1 (IL-1R1) and triggers a signaling pathway driving 

the gene expression of multiple transcription factors, growth factors, pro-inflammatory 

cytokines and other interleukins controlling diverse hematological functions (83). In addition 

to its role in innate immunity, IL-1β plays a key role in adaptive immune responses as it 
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stimulates maturation of T cells and proliferation of B cells (84,85). Furthermore, IL-1β 

increases the expression of inflammatory mediators such as cyclooxygenase type 2 (COX-2), 

prostaglandin E2 (PGE2), platelet activating factor (PAF) and nitric oxide (NO) (84). IL-1β 

can also directly regulate the hematopoietic stem cell (HSC) function. Chronic exposure to IL-

1β promotes HSC differentiation, exhaustion and myeloid biased output through the activation 

of PU.1 signaling (40). Several preclinical studies have shown that IL-1β treatment causes 

neutrophilic, leukocytosis and thrombocytosis while pharmacological inhibition with IL-1R 

antagonists reduces HSC colony forming capacity ex vivo and reduces cycling of HSCs and 

reduction of leukocyte and platelet counts in in vivo in wild type mice (86-88). 

 

1.6. JAK2-V617F driven transgenic mouse model of MPN  

JAK2-V617F driven MPN has been studied extensively using in vivo retroviral, transgenic, 

knock-in and xenograft murine models. These models were able to recapitulate most of the 

constitutional symptoms of human MPN in mice and helped improve our understanding of 

MPN pathogenesis. This study used the transgenic model generated by our laboratory (89) to 

understand the role of inflammation in MPN disease initiation and progression. Tiedt et al.  

utilized a bacterial artificial chromosome (BAC) clone containing exons 1-12 and a part of 

intron 12 of human JAK2 gene. Using homologous recombination, V617F mutation was 

introduced as a cDNA containing JAK2 exons 13-25 that were placed in reverse orientation 

and flanked by antiparallel loxP sites to make expression of JAK2-V617F conditional. 

Recombination of antiparallel loxP sites by Cre-recombinase resulted in flipping the 

orientation of the inserted cDNA segment, thus restoring a functionally active transgene 

configuration. Recombination was made unidirectional and irreversible using mutant loxP 

sites; lox66 and lox71. Recombination between antiparallel lox66 and lox71 sites creates one 

wild-type loxP site and one double mutant site (lox66/71) with greatly reduced affinity for Cre. 

Oocyte injection of this construct yielded a transgenic line that carried 9 copies of the transgene 

integrated at a single locus of chromosome 8. Cre-recombination can result in a combination 

of transgene activation and copy number reduction ultimately resulting in a single copy of the 

active transgene (Figure 11).  
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Figure 11. Transgenic JAK2-V617F MPN mouse model (89). 

 

When activated by Cre-recombinase, this transgenic line expressed human JAK2-V617F from 

the endogenous human JAK2 promoter and developed ET or PV phenotype with late 

transformation to myelofibrosis recapitulating full MPN phenotype observed in patients. 

VavCre JAK2-V617F had ET phenotype with constitutive and sustained Cre expression 

resulting in low transgene copy number and lower JAK2-V617F expression whereas MxCre 

or SclCre JAK2-V617F developed PV phenotype with higher JAK2-V617F expression 

(89,90).  

 

1.7. Clonal hematopoiesis of indeterminate potential and MPN 

Blood cells are constantly generated by the pool of long-term hematopoietic stem cells (HSCs) 

in the bone marrow. HSCs commonly acquire somatic mutations throughout life and most of 

these are passenger mutations that have no functional consequences on hematopoiesis. HSCs 

roughly acquire 20 somatic mutations per year in the whole genome (91) and about 0.1 

mutations per year in protein coding exons (92), most of which are single nucleotide variations 

(SNVs). Since there are approximately 50,000-200,000 HSCs in the human body (91), it is 

estimated that humans would harbor approximately 350,000 to 1,400,000 coding mutations 

within HSC pool by the age of 70. Certain initiating mutations, however, confer a survival 

advantage to the mutated cell and its progeny and allow clonal expansion. This phenomenon 

is defined as clonal hematopoiesis. The majority of patients with clonal hematopoiesis will 

however, never develop an overt hematological malignancy, this phenomenon is therefore 

defined as clonal hematopoiesis of indeterminate potential (CHIP) (93). Nevertheless, 

subsequent acquisition of mutations in an expanded clone can lead to a disease phenotype and 
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ultimately morbidity and mortality. The frequency of CHIP mutations correlated with 

increasing age (94). The most commonly mutated genes in clonal hematopoiesis are DNMT3A, 

TET2, ASXL1, JAK2, TP53 and SF3B1. These are also somatic driver mutations for several 

hematological malignancies including, acute myeloid leukemia (AML), myelodysplastic 

syndrome (MDS) and myeloproliferative neoplasm (MPN) (93).  

JAK2-V617F is the most frequently recurring somatic mutation in patients with 

myeloproliferative neoplasm (MPN), but it can also be found in healthy individuals with CHIP 

(94,95) with a frequency much higher than the incidence of MPN. Recently, a large-cohort 

study in Danish population using very sensitive digital droplet PCR method reported JAK2-

V617F prevalence of 3.1% in general population which was 3-30 times higher than previous 

reports, however, the MPN prevalence was much lower with only 2.3% of all JAK2-V617F 

positives among 19,958 individuals (96). This suggests that the acquisition of the JAK2-V617F 

is not the rate-limiting step and other factors might be required for the expansion of the JAK2 

mutated clone and initiation of MPN disease. These factors can be cell-autonomous such as 

properties of the target stem cell or progenitor, expression levels of the mutant protein, presence 

or absence of additional somatic gene mutations, genetic pre-dispositions or non cell-

autonomous factors like inflammation, changes in stem cell niche or microenvironment. The 

identification of these factors that promote clonal expansion and MPN initiation is critical for 

therapeutically targeting MPN mutant clones.  
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Aim of the study 

Chronic inflammation is a hallmark of advanced MPN and is associated with progression to 

myelofibrosis and AML. The role of individual inflammatory cytokines in MPN pathogenesis 

is yet to be determined, but IL-1β, a pleiotropic cytokine with diverse innate and adaptive 

immune functions is the master regulator of inflammatory state (77,78,80,84,97) and has been 

implicated in several hematological malignancies including in MPN (85,98). Here we aimed 

to focus on the early MPN disease initiation phase as well as the late phase encompassing 

disease progression to myelofibrosis and examine the role of IL-1β in both contexts. We 

hypothesized that IL-1β mediated inflammation may promote early expansion of the JAK2 

mutant clone to reach a critical clone size capable of initiating MPN and at the later stages, 

chronic inflammation mediated by IL-1β might promote progression to myelofibrosis (Figure 

11). 

 
Figure.11. Model of IL-1β mediated inflammation in clonal expansion and MPN disease 

initiation and progression. Schematic representation of clonal evolution in MPN in the bone 

marrow is shown. The initial event is the acquisition of JAK2-V617F in a single hematopoietic 

stem cell (HSC). The mutant HSC (marked red) may disappear or persist in small numbers in the 
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bone marrow. Until now, the mutation is undetectable in peripheral blood in a so called “Pre-

CHIP” phase. The mutant clone has to show restricted expansion in order to become detectable as 

“CHIP” in peripheral blood leukocytes. Mutant clone must expand further and begin actively 

contributing to hematopoiesis. This expansion may be limited to late stages of differentiation and 

may not necessarily expand mutant stem cell pool. At diagnosis of MPN the mutant clone has 

further expanded and has become self-sustaining. Progression to myelofibrosis and/or acute 

leukemia is promoted by the presence of additional somatic mutations, which may preexist already 

at diagnosis, or are acquired during the chronic inflammatory phase of MPN. Local inflammation 

in the BM mediated largely by IL-1β might favor the transition from CHIP to MPN phase. At late 

stage, chronic inflammation driven by IL-1β and other cytokines might promote MPN disease 

progression to myelofibrosis.  

 

Specific Aims: 

 

1. In the first part of my study, I want to examine the role of IL-1β in early expansion of 

JAK2-V617F clone and MPN disease initiation to evaluate the relative contribution of 

hematopoietic vs non-hematopoietic cell derived IL-1β in MPN pathogenesis 

 

2. In the second part of my study, I want to focus on the role of IL-1 signaling in MPN 

disease progression and myelofibrosis and to evaluate the effects of pharmacological 

targeting of IL-1 signaling on the course of MPN disease and myelofibrosis. 
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2. Results 

2.1. Manuscript 1: JAK2-V617F mutant clone requires IL-1β for its 
expansion and optimal MPN disease initiation 

 

2.1.1. Loss of IL-1β from hematopoietic cells reduces MPN disease initiation 

We tested the hypothesis that IL-1β is necessary for the expansion of the JAK2-V617F clone 

at early stages of MPN disease initiation by performing competitive bone marrow (BM) 

transplantations at high dilutions that result in transplanting only 1-3 long-term hematopoietic 

stem cells (LT-HSCs) per recipient (99). SclCreER;JAK2-V617F (VF) mice that co-express a 

GFP reporter (VF;GFP) were injected with tamoxifen and used as BM donors 6-8 weeks later 

when they developed full MPN phenotype. BM cells from these VF;GFP mice were mixed 

with a 100x excess of BM competitor cells from WT mice and transplanted into lethally 

irradiated recipient mice (Figure 1A). During 36 weeks of follow up about 60% of the recipient 

mice developed MPN phenotype characterized by elevated hemoglobin and/or platelet counts 

(Figure 1A, upper panel). Mice with MPN phenotype showed increased IL-1β levels in plasma 

and BM, while mice without MPN phenotype displayed very low IL-1β levels, suggesting that 

excess IL-1β production was dependent on the presence of JAK2-V617F expressing cells. To 

further define the role of IL-1β, we used VF;GFP mice as BM donors that were crossed with 

the IL-1β-/- mice and were deficient for  IL-1β expression.  BM cells from these VF;IL-1β-/-

;GFP mice were again mixed with a 100x excess of BM competitor cells from WT mice and 

transplanted into lethally irradiated recipient mice (Figure 1A, lower panel). In this cohort, only 

few recipient mice developed MPN phenotype in peripheral blood and mice showed very low 

IL-1β levels in plasma and BM irrespective of MPN phenotype. This shows that the non-

hematopoietic wildtype cells of recipient mice cannot compensate for the loss of IL-1β from 

mutant donor cells. The mean GFP-chimerism in recipients of VF;GFP BM was higher than 

in recipients of VF;IL-1β-/-;GFP BM (Figure 1A). These results revealed that loss of IL-1β 

predominantly reduced the frequency of MPN disease initiation and indeed, engraftment, 

defined as GFP-chimerism >5% in the Gr1+ granulocytes in peripheral blood, decreased from 

90% to 55% upon loss of IL-1β in the JAK2-V617F expressing donor cells and in parallel loss 

of IL-1β also reduced the frequency of MPN disease initiation from 66% to only 17% of the 

mice (Figure 1B).  

 

However, when only recipients that developed MPN phenotype were considered, GFP-

chimerisms in the peripheral blood were similar in both cohorts except in CD61+ platelets, 



Role of Inflammation in the Pathogenesis of Myeloproliferative Neoplasms | Shivam Rai 
 

 35 

indicating that IL-1β was important for production of platelets in mice that developed MPN 

phenotype (Figure 1C). Moreover, in mice that developed MPN phenotype at 36-weeks after 

transplantation, loss of IL-1β from mutant donor cells resulted in reduced GFP-chimerisms in 

hematopoietic stem and progenitor cells (HSPCs) in bone marrow or spleen (Supplementary 

Figure S1A), slightly reduced reticulin fibrosis in BM and partial restoration of splenic 

architecture (Supplementary Figure S1B) but no reduction in inflammatory cytokines was seen 

(Supplementary Figure S1C). These results suggest that, IL-1β also promoted disease 

progression once MPN was established. 

 

WT competitor cells could also contribute to increased IL-1β levels and thus influence early 

expansion of JAK2-V617F expressing donor cells. Therefore, donor BM cells from same 

VF;GFP mice (as in Figure 1A) were mixed with a 100x excess of BM competitor cells from 

IL-1β-/- mice and transplanted into lethally irradiated recipient mice (Figure 1D). During 36 

weeks of follow up about half of the recipient mice developed MPN phenotype and showed 

significantly elevated IL-1β levels compared to mice without MPN phenotype (Figure 1D, 

upper panel), confirming that excess IL-1β production was indeed dependent on JAK2-V617F 

expressing cells and not WT competitor cells. Interestingly, same donor BM from VF;GFP 

mice resulted in different phenotypes in recipients when WT vs IL-1β-/- competitor cells were 

used. Recipients transplanted with VF;GFP and WT competitor cells showed elevated 

hemoglobin counts (Figure 1A), while VF;GFP and IL-1β-/- competitor cells resulted in 

elevated platelet counts (Figure 1D). IL-1β levels in BM and plasma were slightly elevated in 

mice transplanted with VF;GFP and IL-1β-/- competitor cells (Figure 1D, right panel), 

suggesting excessive production of IL-1β from mutant cells could have influenced the platelet 

biased phenotype in the absence of physiologic IL-1β from competitor cells.  

 

In a cohort of mice transplanted with BM from VF;IL-1β-/-;GFP, only few developed MPN 

phenotype and all mice showed very low IL-1β levels in plasma and BM irrespective of MPN 

phenotype (Figure 1D, lower panel). WT competitor cells produced more IL-1β when donors 

were IL-1β deficient without influencing the disease outcome (Figure 1D, right panel). The 

mean GFP-chimerism was reduced in recipients of VF;IL-1β-/-;GFP BM (Figure 1D). Gr-1 

engraftment reduced from 83% to 41% and the frequency of MPN disease initiation reduced 

from 48% to only 14% of the mice (Figure 1E) upon loss of IL-1β in JAK2-V617F expressing 

donor cells. This data suggests that IL-1β from JAK2-V617F expressing mutant cells was 

required for promoting the expansion of the MPN clone.  
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In mice that developed MPN phenotype, the blood counts and GFP-chimerisms remained 

largely unchanged in both groups apart from slightly decreased platelet counts and GFP-

chimerism in CD61+ platelets (Figure 1F). Recipients transplanted with VF;IL-1β-/-;GFP BM 

and with MPN phenotype showed reduced GFP-chimerism in HSPCs in bone marrow and 

spleen (Supplementary Figure S1D), reduced reticulin fibrosis in BM and partial restoration of 

splenic architecture (Supplementary Figure S1E) and unchanged inflammatory cytokine levels 

(Supplementary Figure S1F). Overall, our data suggest that IL-1β is required for early 

expansion of JAK2-V617F clone and optimal MPN disease initiation. At later stages, IL-1β 

also promotes MPN disease progression to myelofibrosis.  
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Figure 1. Loss of IL-1β from hematopoietic cells reduces MPN disease initiation. A, Scheme 

of competitive transplantation at 1:100 dilution into WT recipients using WT competitor cells is 

shown (left). 20,000 BM cells from tamoxifen induced VF;GFP or VF;IL-1β-/-;GFP mice mixed 
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with 2 million BM cells from WT mice transplanted into lethally irradiated (12 Gy) WT recipients 

(n=29 each group). Hemoglobin, platelet and neutrophil counts in individual mice (upper panel) 

and mean GFP chimerism in erythroid (Ter119), megakaryocytic (CD61), granulocytic (Gr-1) 

cells in the peripheral blood measured every 6 weeks until 36 weeks is shown (lower panel). 

Multiple t tests were performed for statistical analyses. IL-1β protein levels in plasma and BM 

lavage (1 femur and 1 tibia) of mice with or without MPN phenotype is shown (right panel). 

Non-parametric Mann-Whitney two-tailed t test was performed for statistical comparisons. B, 

Engraftment in Gr-1 (GFP-chimerism >5%) at 18 weeks post-transplant and number of mice 

that developed MPN phenotype during 36-weeks follow-up is compared in Bar graph using 

contingency table and p value is computed using Fisher’s exact test. C, Mean blood counts and 

GFP chimerism in Ter119, CD61, Gr-1, CD11b (monocytes), B220 (B cells) and CD3 (T cells) 

in the peripheral blood in mice that developed MPN phenotype during 36-weeks follow-up. D, 

Scheme of competitive transplantation at 1:100 dilution into WT recipients using IL-1β-/- 

competitor cells is shown (left). 20,000 BM cells from tamoxifen induced VF;GFP or VF;IL-1β-

/-;GFP mice mixed with 2 million BM cells from IL-1β-/- mice transplanted into lethally 

irradiated (12 Gy) WT recipients (n=29 each group). Hemoglobin, platelet and neutrophil counts 

in individual mice (upper panel) and mean GFP chimerism in erythroid (Ter119), 

megakaryocytic (CD61), granulocytic (Gr-1) cells in the peripheral blood measured every 6 

weeks until 36 weeks is shown (lower panel). Multiple t tests were performed for statistical 

analyses. IL-1β protein levels in plasma and BM lavage (1 femur and 1 tibia) of mice with or 

without MPN phenotype is shown. Comparison of IL-1β levels between WT and IL-1β-/- 

competitor cells (right panel). Non-parametric Mann-Whitney two-tailed t test was performed 

for statistical comparisons. E, Engraftment in Gr-1 (GFP-chimerism >5%) at 18 weeks post-

transplant and number of mice that developed MPN phenotype during 36-weeks follow-up is 

compared in Bar graph using contingency table and p value is computed using Fisher’s exact 

test. F, Mean blood counts and GFP chimerism in Ter119, CD61, Gr-1, CD11b (monocytes), 

B220 (B cells) and CD3 (T cells) in the peripheral blood in mice that developed MPN phenotype 

during 36-weeks follow-up. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < 

.001; ****P < .0001. See also Supplemental Figure S1.  
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2.1.2. IL-1β is primarily produced by mutant hematopoietic cells  

To address the relative contributions of hematopoietic vs non-hematopoietic cell derived IL-

1β in promoting MPN initiation, we performed transplantations into IL-1β-/- recipients (Figure 

2A) using the same BM donors and experimental setup as in Figure 1. During 36 weeks of 

follow up about 40% of the recipient mice developed MPN phenotype characterized by 

elevated hemoglobin and/or platelet counts (Figure 2A, upper panel). Mice with MPN 

phenotype showed elevated levels of IL-1β compared to mice without MPN phenotype, 

suggesting that excess IL-1β production was primarily dependent on JAK2-V617F expressing 

mutant cells and not on non-hematopoietic cells from recipient mice. In cohort of IL-1β-/- mice 

transplanted with VF;IL-1β-/-;GFP (Figure 2A, lower panel), about 30% mice developed MPN 

phenotype characterized by elevated hemoglobin without elevated platelet counts, suggesting 

that mutant cell derived IL-1β was required to increase platelet counts in these mice. IL-1β 

levels were undetectable in BM and plasma as expected (Figure 2A, lower panel). The mean 

GFP-chimerism in recipients of VF;IL-1β-/-;GFP BM was lower as compared to recipients of 

VF;GFP BM (Figure 2A). Engraftment in the Gr1+ granulocytes in peripheral blood, decreased 

from 86% to 64% upon loss of IL-1β in donor cells and in parallel also reduced the frequency 

of MPN disease initiation from 40% to 33% (Figure 2B). In mice that developed MPN, loss of 

IL-1β in donor BM did not decrease GFP-chimerisms and blood counts in peripheral blood 

(Figure 2C), however, GFP chimerism in HSPCs in BM and spleen was reduced 

(Supplementary Figure S2A). Moreover, in mice that developed MPN, loss of IL-1β from 

donor BM resulted in reduced reticulin fibrosis in BM and partial restoration of splenic 

architecture (Supplementary Figure S2B) and reduced inflammatory cytokines in BM 

(Supplementary Figure S2C).  

 

Loss of IL-1β from donor or recipient BM or both resulted in reduced levels of IL-1α in the 

BM of mice that developed MPN, contrary to the expectation that IL-1α might be elevated to 

compensate for the loss of IL-1b (Figure 2D, left). Interestingly, the loss of IL-1β restricted 

only to mutant donor cells increased the levels of IL-1 receptor antagonist (IL-1Ra) in the BM 

of mice that developed MPN, however, loss of IL-1β from recipient mice or complete loss of 

IL-1β decreased the levels of IL-1Ra (Figure 2D, middle). Notably, the balance between IL-1 

antagonists and IL-1 agonists (IL-1α or IL-1β) has been shown to determine the fate of 

inflammation in local tissues (100,101). WT mice that developed MPN phenotype and 

transplanted with VF;IL-1β-/-;GFP showed highest ratio of IL-1Ra to IL-1α in BM (Figure 2D, 
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right). Levels of IL-1α and IL-1Ra in plasma remained unchanged between the groups (Figure 

2E). Overall, our data suggests that loss of IL-1β confined to hematopoietic cells reduced MPN 

initiation, but complete loss of IL-1β partially prevented this outcome, possibly due to 

diminished anti-IL1 inflammatory responses in the BM. 
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Figure 2. IL-1β is produced by mutant hematopoietic cells. A, Scheme of competitive 

transplantation at 1:100 dilution into IL-1β-/- recipients using IL-1β-/- competitor cells is shown 

(left). 20,000 BM cells from tamoxifen induced VF;GFP or VF;IL-1β-/-;GFP mice mixed with 
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2 million BM cells from IL-1β-/- mice transplanted into lethally irradiated (12 Gy) IL-1β-/- 

recipients (n=30 for VF;GFP and n=33 VF;IL-1β-/-;GFP donor). Hemoglobin, platelet and 

neutrophil counts in individual mice (upper panel) and mean GFP chimerism in erythroid 

(Ter119), megakaryocytic (CD61), granulocytic (Gr-1) cells in the peripheral blood measured 

every 6 weeks until 36 weeks is shown (lower panel). Multiple t tests were performed for 

statistical analyses. IL-1β protein levels in plasma and BM lavage (1 femur and 1 tibia) of mice 

with or without MPN phenotype is shown (right panel). Non-parametric Mann-Whitney two-

tailed t test was performed for statistical comparisons. B, Engraftment in Gr-1 (GFP-chimerism 

>5%) at 18 weeks post-transplant and number of mice that developed MPN phenotype during 

36-weeks follow-up is compared using contingency table and p value is computed using 

Fisher’s exact test. C, Mean blood counts and GFP chimerism in Ter119, CD61, Gr-1, CD11b 

(monocytes), B220 (B cells) and CD3 (T cells) in the peripheral blood in mice that developed 

MPN phenotype during 36-weeks follow-up. D, IL-1α and IL-1Ra levels in BM of mice with 

and without MPN phenotype is shown. Bar graph showing ratio of IL-1Ra to IL-1α in BM of 

mice with and without MPN phenotype. p value was computed using unpaired two-tailed t-

tests with Welch’s correction. E, IL-1α and IL-1Ra levels in plasma of mice with and without 

MPN phenotype. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < .001; 

****P < .0001. See also Supplemental Figure S2. 

 

2.1.3. JAK2-V617F mutant stem cells need IL-1β for optimal stem cell function and 

long-term reconstitution 

To examine the effects of IL-1β on mutant stem cell function, we performed secondary BM 

transplantations using VF;GFP and VF;IL-1β-/-;GFP donor BM of primary transplanted mice 

(from Figure 1). MPN disease kinetics and the long-term engraftment capacity of the mutant 

donor cells in both non-competitive and competitive transplantation settings were monitored for 

24-30 weeks (Figure 3). Data from both non-competitive (Figure 3A) and competitive (Figure 

3B) secondary transplantations revealed that loss of IL-1β from mutant cells resulted in 

significantly reduced blood counts as well as GFP chimerism in peripheral blood or in HSPCs 

in bone marrow and spleen (Figure 3A-B and Supplementary Figure S3A-B). Furthermore, 

limiting dilution analysis examining engraftment capacity defined as GFP-chimerism > 1% in 

Gr-1+ granulocytes at 18 weeks showed that loss of IL-1β from the mutant donor cells resulted 

in reduction frequency of functional stem cells in the bone marrow (Figure 3C). Taken together, 

these results indicate that JAK2-V617F mutant cells require IL-1β for optimal stem cell function.  
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Figure 3. JAK2-V617F mutant stem cells need IL-1β for optimal stem cell function. A, 

Scheme of non-competitive (1:0) transplantation is shown (left). 2 million VF;GFP or VF;IL-



Role of Inflammation in the Pathogenesis of Myeloproliferative Neoplasms | Shivam Rai 
 

 44 

1β-/-;GFP donor BM from primary transplanted mice were transplanted into lethally irradiated 

(12 Gy) WT recipients (n=18 each group). Mean hemoglobin, platelet and neutrophil count and 

(upper panel) and GFP chimerism in Ter119, CD61 and Gr-1+ cells in the peripheral blood 

measured every 6 weeks until 24 weeks is shown (lower panel). Multiple t tests were performed 

for statistical analyses. Bar graph showing GFP chimerism in HSCs and HSPCs in BM and spleen 

of all mice at 24-weeks after transplantation. Multiple t tests were performed for statistical analyses. 

B, Scheme of competitive transplantation (1:1) is shown (left). 1 million VF;GFP or VF;IL-1β-

/-;GFP donor BM from primary transplanted mice were mixed with 1 million BM cells of WT 

mice in 1:1 ratio and transplanted into lethally irradiated (12 Gy) WT recipients (n=18 each 

group). Mean hemoglobin, platelet and neutrophil count and (upper panel) and GFP chimerism 

in Ter119, CD61 and Gr-1+ cells in the peripheral blood measured every 6 weeks until 30 weeks 

is shown (lower panel). Multiple t tests were performed for statistical analyses. Bar graph showing 

GFP chimerism in HSCs and HSPCs in BM and spleen of all mice at 30-weeks after transplantation. 

Multiple t tests were performed for statistical analyses. C, Engraftment in Gr-1+ granulocytes at 18 

weeks post-transplant from 1:0 and 1:1 Tx is shown in Bar graphs. Graph showing the log of non-

engrafted mice (GFP-chimerism in Gr-1<1% at 18-weeks) vs number of donor BM cells 

transplanted in each group. Estimated frequencies of functional stem cells in BM was calculated 

using extreme limiting dilution analysis (102). All data are presented as mean ± SEM. *P < .05; 

**P < .01; ***P < .001; ****P < .0001. See also Supplemental Figure S3. 

 

2.1.4. MPN initiation by JAK2-V617F mutant stem cells depends on IL-1R1 signaling 

in both hematopoietic and non-hematopoietic cells  

IL-1 receptor 1 (IL-1R1) is the primary receptor mediating the biological functions of the IL-1 

ligands including IL-1α, IL-1β and IL-1Ra. Using the similar transplantation setup as in Figure 

1, we examined the role of IL-1R1 in MPN disease initiation (Figure 4). BM cells from same 

donor VF;GFP mice (as in Figure 1 and 2) were mixed with a 100x excess of BM competitor 

cells from IL-1R1-/- mice and transplanted into lethally irradiated recipient mice (Figure 4A). 

During 36 weeks of follow up, more than half of the recipient mice developed MPN phenotype 

and showed significantly elevated IL-1β levels compared to mice without MPN phenotype 

(Figure 4A, upper panel). On the other hand, about 30% mice developed MPN phenotype in 

cohort transplanted with BM from VF;IL-1R1-/-;GFP, and IL-1β levels were similar in plasma 

and BM of all mice irrespective of the MPN phenotype (Figure 4A, lower panel), The mean 

GFP-chimerism was reduced in recipients of VF;IL-1R1-/-;GFP BM (Figure 4A). Gr-1 
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engraftment reduced from 86% to 53% and the frequency of MPN disease initiation reduced 

from 55% to 27% of the mice (Figure 4B) upon loss of IL-1R1 in JAK2-V617F expressing donor 

cells, suggesting that the capacity of mutant cells to react to IL-1β via IL-1R1 is important for 

early clonal expansion and MPN initiation. In mice that showed MPN phenotype, the blood 

counts and GFP-chimerisms in peripheral blood did not differ between both groups (Figure 4C), 

however GFP chimerism in HSPCs in BM or spleen was reduced (Supplementary Figure S4A). 

Moreover, mice with MPN phenotype showed reduced reticulin fibrosis in BM and partial 

correction of splenic architecture (Supplementary Figure S4B) upon loss of IL-1R1 from mutant 

cells. Loss of IL-1R1 did not significantly change the levels of IL-1β in the bone marrow 

nevertheless it resulted in significant reduction of systemic IL-1β levels in the plasma of mice 

that developed MPN phenotype (Figure 4A and Supplementary Figure S4C).  

 

IL-1R1-/- recipients showed lower GFP chimerism in peripheral blood and reduced frequency of 

MPN initiation compared to WT recipients when transplanted with BM from VF;GFP or VF;IL-

1R1-/-;GFP (Figure 4D-E). This suggests that IL-1R1-/- niche of the recipient mice were protected 

from the damaging effects of mutant cell derived IL-1β. However, once the MPN phenotype was 

established, mice did not differ in peripheral blood counts and GFP-chimerisms (Figure 4F) or 

in GFP-chimerisms in HSPCs of BM and spleen (Supplementary Figure S4D). Compared to WT 

recipients, IL-1R1-/- recipients transplanted with VF;GFP showed reduced grade of reticulin 

fibrosis in BM, normalization of splenic architecture (Supplementary Figure S4E) and reduced 

levels of inflammatory cytokines (Supplementary Figure S4F). Complete loss of IL-1R1, 

however, did not reduce reticulin fibrosis or the levels of inflammatory cytokines 

(Supplementary Figure S4E-F). Taken together, these results show that hematopoietic mutant 

cells or the non-hematopoietic wildtype niche cells need IL-1R1 expression for optimum MPN 

disease initiation and manifestation. 
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Figure 4. MPN initiation by JAK2-V617F mutant cells depends on IL-1R1 signaling. A, 

Scheme of competitive transplantation at 1:100 dilution into WT recipients using IL-1R1-/- 

competitor cells is shown (left). 20,000 BM cells from tamoxifen induced VF;GFP or VF;IL-

1R1-/-;GFP mice mixed with 2 million BM cells from IL-1R1-/- mice transplanted into lethally 

irradiated (12 Gy) WT recipients (n=29 for VF;GFP and n=30 for VF;IL-1R1-/-;GFP donor). 

Hemoglobin, platelet and neutrophil counts in individual mice (upper panel) and mean GFP 

chimerism in Ter119, CD61 and Gr-1+ cells in the peripheral blood measured every 6 weeks 

until 36 weeks is shown (lower panel). Multiple t tests were performed for statistical analyses. 

IL-1β protein levels in plasma and BM lavage (1 femur and 1 tibia) of mice with or without 

MPN phenotype is shown (right panel). Non-parametric Mann-Whitney two-tailed t test was 

performed for statistical comparisons. B, Engraftment in Gr-1 (GFP-chimerism >5%) at 18 

weeks post-transplant and number of mice that developed MPN phenotype during 36-weeks 

follow-up is compared in Bar graph using contingency table and p value is computed using 

Fisher’s exact test. C, Mean blood counts and GFP chimerism in Ter119, CD61, Gr-1, CD11b 

(monocytes), B220 (B cells) and CD3 (T cells) in the peripheral blood in mice that developed 

MPN phenotype during 36-weeks follow-up. D, Scheme of competitive transplantation at 

1:100 dilution into IL-1R1-/- recipients using IL-1R1-/- competitor cells is shown (left). 20,000 

BM cells from tamoxifen induced VF;GFP or VF;IL-1R1-/-;GFP mice mixed with 2 million 

BM cells from IL-1R1-/- mice transplanted into lethally irradiated (12 Gy) IL-1R1-/- recipients 

(n=17 for VF;GFP and n= 28 for VF; IL-1R1-/-;GFP donor). Hemoglobin, platelet and 

neutrophil counts in individual mice (upper panel) and mean GFP chimerism in erythroid 

(Ter119), megakaryocytic (CD61), granulocytic (Gr-1) cells in the peripheral blood measured 

every 6 weeks until 36 weeks is shown (lower panel). Multiple t tests were performed for 

statistical analyses. IL-1β protein levels in plasma and BM lavage (1 femur and 1 tibia) of mice 

with or without MPN phenotype is shown (right panel). Non-parametric Mann-Whitney two-

tailed t test was performed for statistical comparisons. E, Engraftment in Gr-1 (GFP-chimerism 

>5%) at 18 weeks post-transplant and number of mice that developed MPN phenotype during 

36-weeks follow-up is compared in Bar graph using contingency table and p value is computed 

using Fisher’s exact test. F, Mean blood counts and GFP chimerism in Ter119, CD61, Gr-1, 

CD11b (monocytes), B220 (B cells) and CD3 (T cells) in the peripheral blood in mice that 

developed MPN phenotype during 36-weeks follow-up. All data are presented as mean ± SEM. 

*P < .05; **P < .01; ***P < .001; ****P < .0001. See also Supplemental Figure S4. 
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2.1.5. IL-1β promotes MPN disease initiation in non-conditioned Rag2-/- mice 

Irradiation can result in bone marrow aplasia causing a cytokine storm that may favor 

proliferation and engraftment of mutant cells. However, irradiation might also damage the BM 

niche and thereby reduce engraftment and disease initiation. Therefore, we transplanted 20,000 

BM cells from VF;GFP mice into non-conditioned immunodeficient Rag2-/- mice (Figure 5A). 

Transplantation of VF;GFP cells into Rag2-/- mice resulted in successful engraftment (GFP-

chimerism >1%) in Gr1+ granulocytes in 65% mice at 18 weeks after transplantation and 

development of MPN disease phenotype in 47% of mice during the 30-weeks follow-up 

(Figure 5A). Interestingly, the loss of IL-1β from donor cells did not reduce engraftment or the 

frequency of mice with MPN phenotype in Rag2-/- recipients (Figure 5B). Interestingly, 

comparison of IL-1β protein levels in BM and plasma showed elevated levels of IL-1β in non-

conditioned Rag2-/- mice compared to irradiated WT recipients, suggesting that elevated IL-1β 

levels in Rag2-/- mice was causing early expansion of VF;IL-1β-/-;GFP cells and promoting 

MPN disease initiation. Transplanting BM from mutant cells lacking IL-1R1 however, resulted 

in reduced Gr1 engraftment at 18 weeks and also reduced percentage of mice with MPN 

phenotype (Figure 5D), suggesting that VF;IL-1R1-/-;GFP cells were protected from damaging 

effects of higher IL-1β levels in Rag2-/- mice. In mice that developed MPN phenotype, GFP 

chimerisms in HSPCs of BM and spleen or the spleen weight did not differ among different 

donor groups (Supplementary Figure S5A-B). Overall, these results suggested that elevated 

levels of IL-1β was responsible for early clonal expansion and MPN initiation in non-

conditioned Rag2-/- mice. 
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Figure 5. IL-1β promotes MPN disease initiation in non-conditioned Rag2-/- mice. A, 

Transplantation of 20,000 BM cells from VF;GFP into non-conditioned Rag2-/- mice (n=17). 

GFP chimerism in Ter119, CD61 and Gr-1 lineages in the peripheral blood of individual mice 

during 30-weeks follow-up. Bar graph showing the % of engrafted mice with GFP-chimerism 

in Gr-1>1% at 18 weeks (upper panel). Hemoglobin, platelet and neutrophil counts in 

individual mice during 30-weeks follow-up (lower panel). B, Transplantation of 20,000 BM 

cells from VF;IL-1β-/-;GFP into non-conditioned Rag2-/- mice (n=22). GFP chimerism in 

Ter119, CD61 and Gr-1 lineages in the peripheral blood of individual mice during 30-weeks 

follow-up. Bar graph showing the % of engrafted mice with GFP-chimerism in Gr-1>1% at 18 

weeks (upper panel). Hemoglobin, platelet and neutrophil counts in individual mice during 30-

weeks follow-up (lower panel). C, IL-1β protein levels in BM lavage (1 femur and 1 tibia) and 

plasma of non-conditioned Rag2-/- mice and lethally irradiated WT mice (from Figure 1A) with 

or without MPN phenotype is shown. Non-parametric Mann-Whitney two-tailed t test was 

performed for statistical comparisons. D, Transplantation of 20,000 BM cells from VF;IL-1R1-

/-;GFP into non-conditioned Rag2-/- mice (n=18). GFP chimerism in Ter119, CD61 and Gr-1 

lineages in the peripheral blood of individual mice during 30-weeks follow-up. Bar graph 

showing the % of engrafted mice with GFP-chimerism in Gr-1>1% at 18 weeks (upper panel). 

Hemoglobin, platelet and neutrophil counts in individual mice during 30-weeks follow-up 

(lower panel). All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < .001; ****P 

< .0001. See also Supplemental Figure S5. 

 

2.1.6. IL-1β from JAK2-V617F mutant cells favors MPN disease initiation by 

destroying nestin+ stromal cells in BM 

Arranz et al. in 2014 showed that higher levels of IL-1β in BM caused neuronal damage 

resulting in loss of nestin+ mesenchymal stromal cells (MSCs) that favored disease 

manifestation in JAK2-V617F MPN mice (103). To test this observation in our genetic models, 

we transplanted 2 million BM cells from tamoxifen induced WT, VF or VF;IL-1β-/- mice into 

nestin-GFP (Nes-GFP) mice (Figure 6A) and followed early disease kinetics at 4- and 8-weeks 

post-transplant. Nes-GFP mice transplanted with mutant VF BM developed MPN phenotype 

(Supplementary Figure S6A-B) and showed reduced numbers of Nes-GFP+ and Nes-

GFP+/PDGFRa+ MSCs in BM compared to Nes-GFP mice transplanted with WT BM (Figure 

6B-C). Notably, loss of IL-1β from VF BM (VF;IL-1β-/-) showed reduced peripheral blood 

counts and concomitant increase in the number of MSCs in the BM (Figure 6B-C and 
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Supplementary Figure S6A and S6C). As previously reported by Arranz et al., we also found 

significant reduction in the expression of Schwann cells and sympathetic nerve fibres during 

early disease phase in skull BM of VF mice (Figure 6D). Interestingly, loss of IL-1β from 

mutant cells completely restored the levels of neuronal cells in the BM of Nes-GFP mice to 

WT levels (Figure 6D). Moreover, neuronal damage in skull BM also resulted in significant 

reduction of Nes-GFP cells which was again normalized to WT levels by the loss of IL-1β from 

mutant cells (Figure 6E). Furthermore, analysis of cytokines during early phase of MPN in VF 

mice revealed increased levels of IL-1β and IL-15 in the bone marrow and plasma which was 

markedly reduced by the loss of IL-1β from mutant BM (Figure 6F). Overall, these results 

provide a functional proof that early secretion of IL-1β from JAK2-V617F HSCs causes 

neuronal damage in the BM niche resulting in loss of nestin+ MSCs that favors MPN disease 

initiation and progression.  
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Figure 6. IL-1β from JAK2-V617F mutant cells destroys nestin+ stromal cells in BM. A, 

Scheme of non-competitive (1:0) transplantation into Nes-GFP mice is shown (left). Lethally 

irradiated (12 Gy) Nes-GFP recipients were transplanted with 2 million BM cells from VF 
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(n=15) or VF;IL-1β-/- (n=15) or WT (n=9) mice and analyzed at 4-and 8-weeks after 

transplantation. B, Bar graph showing the total number of Ter119-CD45-CD31-Nes-GFP+ cells 

in the long bones (1 tibia and 2 hip bones) of VF (n=6), VF;IL-1β-/- (n=6) and WT (n=4) at 4-

weeks and VF (n=6), VF;IL-1β-/- (n=6) and WT (n=4) at 8-weeks after transplantation. C, Bar 

graph showing the total number of Ter119-CD45-CD31-Nes-GFP+ cells co-expressing platelet 

derived growth factor receptor α (PDGFR α) in the long bones (1 tibia and 2 hip bones) of VF 

(n=6), VF;IL-1β-/- (n=6) and WT (n=4) at 4-weeks and VF (n=6), VF;IL-1β-/- (n=6) and WT 

(n=4) at 8-weeks after transplantation. D, Representative images of glial fibrillary acidic 

protein (GFAP)-positive Schwann cells in skull BM of WT, VF and VF;IL-1β-/- mice at 8 weeks 

after transplantation is shown (upper panel). Quantification of GFAP area in skull BM of VF 

(n=6), VF;IL-1β-/- (n=6) and WT (n=4) mice at 4-weeks and VF (n=6), VF;IL-1β-/- (n=6) and 

WT (n=4) mice at 8-weeks after transplantation is shown in Bar graph (right). Multiple t-tests 

was performed to compare different groups. Representative images of tyrosine hydroxylase 

(TH)-positive sympathetic nerve fibers in skull BM of WT, VF and VF;IL-1β-/- mice at 8 weeks 

after transplantation is shown (lower panel). Quantification of TH area in skull BM of VF 

(n=6), VF;IL-1β-/- (n=6) and WT (n=4) mice at 4-weeks and VF (n=6), VF;IL-1β-/- (n=6) and 

WT (n=4) mice at 8-weeks after transplantation is shown in Bar graph (right). Multiple t-tests 

was performed to compare different groups. Scale bar is 100 um. E, Representative images of 

Nes-GFP staining for MSCs in skull BM of WT, VF and VF;IL-1β-/- mice at 8 weeks after 

transplantation is shown. Quantification of Nes-GFP area in skull BM of VF (n=6), VF;IL-1β-

/- (n=6) and WT (n=4) mice at 4-weeks and VF (n=6), VF;IL-1β-/- (n=6) and WT (n=4) mice at 

8-weeks after transplantation is shown in Bar graph (right). Multiple t-tests was performed to 

compare different groups. Scale bar is 100 um. F, Multiplex cytokine levels in BM and plasma 

of mice at 4- and 8-weeks after transplantation. Cytokine levels are normalized to WT (dashed 

line at y=1). Two-way Anova with Tukey’s multiple comparison test was performed for 

statistical analysis. Statistical significance compared to WT is indicated as stars within 

individual Bars. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < .001; 

****P < .0001. See also Supplemental Figure S6.  

 

 

 

 

 



Role of Inflammation in the Pathogenesis of Myeloproliferative Neoplasms | Shivam Rai 
 

 54 

2.1.7. MPN disease initiation was slightly reduced by chronic treatment with aspirin 

in JAK2-V617F MPN mice 

To test the effect of chronic aspirin treatment on MPN disease initiation, we performed 

competitive transplantation at 1:100 dilution using a setup previously described (Figure 1A). 

Treatment of recipient mice with aspirin was started two days before transplantation and 

continued until the end of experiment at 18-weeks after transplantation (Figure 7A). Aspirin 

treated mice showed reduced platelet counts compared to untreated mice (Figure 7B). Aspirin 

treated mice also showed reduced Gr-1 engraftment at 18 weeks and slightly reduced frequency 

of MPN initiation compared to untreated mice (Figure 7C). We next performed transplantation 

at limiting dilution (1:250 ratio) and followed disease kinetics for 18-weeks in aspirin treated 

vs untreated animals (Figure 7D). Treatment did not affect overall health of mice in both 

experiments, as body weights remained stable during the course of entire treatment (Data not 

shown). Aspirin treated mice again showed marginal reduction in platelet counts compared to 

untreated mice (Figure 7E). Gr-1 engraftment slightly increased and frequency of MPN disease 

initiation only reduced marginally in aspirin treated mice compared to untreated control mice 

(Figure 7F). Overall, these results showed that long-term aspirin treatment only modestly 

reduces MPN initiation in JAK2-V617F mice.  
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Figure 7. MPN disease initiation was marginally reduced by chronic treatment with 

aspirin in JAK2-V617F MPN mice. A, Scheme of competitive transplantation at 1:100 

dilution into WT recipients is shown (left). 20,000 BM cells from tamoxifen induced VF;GFP 

mice mixed with 2 million BM cells from WT mice transplanted into lethally irradiated (12 Gy) 

WT recipients (n=24 per group). B, Hemoglobin, platelet and neutrophil counts (upper panel) 

in individual mice and mean GFP chimerism in Ter119, CD61 and Gr-1+ cells in the peripheral 



Role of Inflammation in the Pathogenesis of Myeloproliferative Neoplasms | Shivam Rai 
 

 56 

blood measured every 6 weeks until 18-weeks is shown (lower panel). C, Engraftment in Gr-

1 (GFP-chimerism >1%) at 18 weeks post-transplant and number of mice that developed MPN 

phenotype during 18-weeks follow-up is compared in Bar graph using contingency table and 

p value is computed using Fisher’s exact test. D, Scheme of competitive transplantation at 

1:250 dilution into WT recipients is shown (left). 8,000 BM cells from tamoxifen induced 

VF;GFP mice mixed with 2 million BM cells from WT mice transplanted into lethally 

irradiated (12 Gy) WT recipients (n=54 per group). E, Hemoglobin, platelet and neutrophil 

counts (upper panel) in individual mice and mean GFP chimerism in Ter119, CD61 and Gr-1+ 

cells in the peripheral blood measured every 6 weeks until 18-weeks is shown (lower panel). 

F, Engraftment in Gr-1 (GFP-chimerism >1%) at 18 weeks post-transplant and number of mice 

that developed MPN phenotype during 18-weeks follow-up is compared in Bar graph using 

contingency table and p value is computed using Fisher’s exact test. Mice were given aspirin 

starting from 2-days before transplantation until for 18-weeks for both experiments at indicated 

doses in drinking water. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < 

.001; ****P < .0001. 
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Supplementary Figure S1. Loss of IL-1β from hematopoietic cells reduces MPN disease 

initiation. A, GFP-chimerism in HSPCs in BM and spleen of mice that developed MPN 
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phenotype at 36 weeks after transplantation. Multiple t tests were performed for statistical 

analyses. B, Representative images of reticulin fibrosis staining in BM and H&E staining in 

spleen of mice that developed MPN at 36 weeks after transplantation. Histological grade of 

reticulin fibrosis in BM is shown. C, Levels of Inflammatory cytokines in BM lavage (1femur 

and 1 tibia) and plasma of mice that developed MPN at 36 weeks after transplantation. D, GFP-

chimerism in HSPCs in BM and spleen of mice that developed MPN phenotype at 36 weeks 

after transplantation. Multiple t tests were performed for statistical analyses. E, Representative 

images of reticulin fibrosis staining in BM and H&E staining in spleen of mice that developed 

MPN at 36 weeks after transplantation. Histological grade of reticulin fibrosis in BM is shown. 

F, Levels of Inflammatory cytokines in BM lavage (1femur and 1 tibia) and plasma of mice 

that developed MPN at 36 weeks after transplantation. 
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Supplementary Figure S2. IL-1β is produced by mutant hematopoietic cells. A, GFP-

chimerism in HSPCs in BM and spleen of mice that developed MPN phenotype at 36 weeks 

after transplantation. Multiple t tests were performed for statistical analyses. B, Representative 

images of reticulin fibrosis staining in BM and H&E staining in spleen of mice that developed 

MPN at 36 weeks after transplantation. Histological grade of reticulin fibrosis in BM is shown. 

C, Levels of Inflammatory cytokines in BM lavage (1femur and 1 tibia) and plasma of mice 

that developed MPN at 36 weeks after transplantation. 
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Supplementary Figure S3. JAK2-V617F mutant stem cells need IL-1β for optimal stem 

cell function. A, Leukocyte counts and red cell parameters in secondary transplanted (1:0) 

mice. Mean GFP-chimerism in CD11b+ monocytes, B220+ B cells and CD3+ T cell lineage 

is shown. Spleen weight of mice at terminal analysis is shown for both groups. B, Leukocyte 

counts and red cell parameters in secondary transplanted (1:1) mice. Mean GFP-chimerism in 

CD11b+ monocytes, B220+ B cells and CD3+ T cell lineage is shown. Spleen weight of mice 

at terminal analysis is shown for both groups.  
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Supplementary Figure S4. MPN initiation by JAK2-V617F mutant cells depends on IL-

1R1 signaling. A, GFP-chimerism in HSPCs in BM and spleen of mice that developed MPN 

phenotype at 36 weeks after transplantation. Multiple t tests were performed for statistical 

analyses. B, Representative images of reticulin fibrosis staining in BM and H&E staining in 

spleen of mice that developed MPN at 36 weeks after transplantation. Histological grade of 

reticulin fibrosis in BM is shown. C, Levels of Inflammatory cytokines in BM lavage (1femur 

and 1 tibia) and plasma of mice that developed MPN at 36 weeks after transplantation. D, GFP-

chimerism in HSPCs in BM and spleen of mice that developed MPN phenotype at 36 weeks 

after transplantation. Multiple t tests were performed for statistical analyses. E, Representative 

images of reticulin fibrosis staining in BM and H&E staining in spleen of mice that developed 

MPN at 36 weeks after transplantation. Histological grade of reticulin fibrosis in BM is shown. 

F, Levels of Inflammatory cytokines in BM lavage (1femur and 1 tibia) and plasma of mice 

that developed MPN at 36 weeks after transplantation. 
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Supplementary Figure S5. IL-1β promotes MPN disease initiation in non-conditioned 

Rag2-/- mice. A, GFP-chimerism in HSPCs in BM and spleen of mice with and without MPN 

phenotype at 30 weeks after transplantation. Multiple t tests were performed for statistical 

analyses. B, Spleen weight of mice with and without MPN phenotype at terminal analysis is 

shown for all groups. 
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Supplementary Figure S6. IL-1β from JAK2-V617F mutant cells destroys nestin+ stromal 

cells in BM. A, Complete blood counts in peripheral blood at 4-and 8-weeks after 

transplantation is shown. B, Spleen weight of mice at terminal analysis at 4-and 8-weeks after 

transplantation is shown. C, Frequency of Ter119-CD45-CD31-PDGFRa+ MSCs cells in the 

long bones (1 tibia and 2 hip bones) at terminal analysis of mice (from Figure 1B, Figure 2A 

and Figure 4) that developed MPN phenotype at 36-weeks after transplantation. 
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2.2. Manuscript 2: Pharmacological targeting of IL-1β together with 

JAK inhibition results in complete reversal of myelofibrosis in 

myeloproliferative neoplasm 
 

2.2.1. JAK2-V617F was associated with increased production of IL-1β in MPN 

patients  

We measured the serum levels of 10 pro-inflammatory cytokines in 60 MPN patients with 

JAK2-V617F mutation (20-ET, 20-PV and 20-PMF) and 20 normal controls (NC) 

(Supplemental Table S1). Except IFNg, all 9 other pro-inflammatory cytokines were elevated 

in the serum of MPN patients as compared to NC (Figure 1A). Serum levels of IL-1β and its 

antagonist IL-1RA correlated with JAK2-V617F allele burden in peripheral blood 

granulocytes, whereas no significant correlation was found for the other 8 pro-inflammatory 

cytokines (Figure 1B). IL-1β mRNA expression in granulocytes of 53 JAK2-V617F positive 

MPN patients was upregulated compared to 15 NC. PV patients showed higher IL-1β mRNA 

expression compared to ET and PMF.  Notably, IL-1β mRNA expression in granulocytes also 

correlated with JAK2-V617F allele burden (Figure 1C). IL-1β is synthesized as an inactive pro-

protein, pro-IL-1β, which is cleaved and activated intracellularly by inflammasome mediated 

caspase-1 activity (77).  We found caspase1 mRNA expression to be upregulated in 

granulocytes of MPN patients compared to NC, with highest levels found in PV, but without 

correlation to JAK2-V617F allele burden (Figure 1D).  
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Figure 1. JAK2-V617F correlated with increased production of IL-1b in MPN patients. A, 

Heatmap showing the inflammatory cytokine levels in the serum of nomal controls (NC, n=20) 

and MPN patients (n=60); essential thrombocythemia (ET, n=20), polycythemia vera (PV, 

n=20), primary myelofibrosis (PMF, n=20). The color bars indicate different disease groups. 

Heatmap shows Z scores. B, Graphs showing correlation between inflammatory cytokines in 

serum and % JAK2-V617F in peripheral blood granulocytes. C, IL-1β mRNA expression relative 

to b-actin in peripheral blood granulocytes of NC (n=15) and MPN patients (n=53); ET (n=16), 
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PV (n=19), PMF (n=18). Correlation between IL-1β mRNA expression and % JAK2-V617F in 

peripheral blood granulocytes. D, Caspase1 mRNA expression relative to b-actin in peripheral 

blood granulocytes of NC (n=15) and MPN patients (n=53); ET (n=16), PV (n=19), PMF (n=18). 

Correlation between Caspase1 mRNA expression and % JAK2-V617F in peripheral blood 

granulocytes. All data are presented as mean ± SEM. Non-parametric Mann-Whitney test was 

performed in A. Spearman correlation (r) and two-tailed t- test was performed in B, C, D. *P < 

.05; **P < .01; ***P < .001; ****P < .0001. 

 

2.2.2. HSCs from JAK2-V617F+ MPN patients showed increased IL-1 activity 

IL-1 signaling requires the formation of a complex between the ligands (IL-1β or IL-1α) and 

the interleukin-1 receptor, consisting of a dimer between IL1R1 and interleukin-1 receptor 

accessory protein (IL1RAcP) (77). We examined expression of IL1R1 and IL1RAcP proteins 

on primitive hematopoietic stem cells (HSCs) and progenitors (HSPCs) in peripheral blood of 

MPN patients by flow cytometry. The gating strategy and the cutoff for IL1R1 and IL1RAcP 

positivity is shown in Supplemental Figure S1. We found approximately 3-fold increase in the 

frequency of IL-1R1+ and IL1RAcP+ HSCs in MPN patients compared to NC, while the median 

fluorescent intensities (MFI) were highest in ET compared to PV, PMF or NC (Figure 2A and 

B). Similar differences in the frequencies and MFIs were also noted in HSPCs (Figure 2A and 

B). We also found a significant correlation between JAK2-V617F allele burden and the 

percentages of IL1R1+ or IL1RAcP+ HSCs and HSPCs from peripheral blood (Figure 2C-D), 

suggesting that the expression of JAK2-V617F may trigger the expansion of IL1R1+ or 

IL1RAcP+ HSCs and HSPCs in MPN patients. These results show a good correlation between 

increased IL-1 signaling and JAK2-V617F in MPN patients.  

 

To further address the relevance of IL-1 pathway in MPN progression to myelofibrosis, we 

analyzed previously published gene expression microarray dataset of peripheral blood CD34+ 

HSPCs from JAK2-V617F+ PMF patients and bone marrow CD34+ HSPCs from normal 

controls (104). Gene set enrichment analysis (GSEA) revealed significant enrichment for IL1R 

pathway (Figure 2E) in PMF patients. Furthermore, CD34+ HSPCs from PMF patients showed 

higher expression of IL1R pathway target genes compared to normal controls (Figure 2F).  
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Figure 2. HSCs from JAK2-V617F+ MPN patients show increased IL-1 activity. A, 

Representative histogram showing the expression of interleukin 1 receptor type 1 (IL-1R1) in 
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peripheral blood hematopoietic stem cell (HSC) from NC (n=5) and MPN patients (n=21); ET 

(n=8), PV (n=6) and PMF (n=7). Bar graph showing the percentages of IL-1R1+ HSC and 

hematopoietic stem and progenitor cells (HSPCs) including common myeloid progenitors 

(CMP), granulocyte macrophage progenitor (GMP), megakaryocyte erythroid progenitor (MEP) 

and megakaryocyte progenitor (MkP). Bar graph showing the median fluorescence intensity of 

IL-1R1 normalized to isotype control in peripheral blood HSC, CMP, GMP, MEP and MkP of 

NC, ET, PV and PMF. B, Representative histogram showing the expression of interleukin 1 

receptor accessory protein (IL-1RAcP) in peripheral blood HSC from NC (n=5) and MPN 

patients (n=21); ET (n=8), PV (n=6) and PMF (n=7). Bar graph showing the percentages of 

IL1RAcP+ HSC, CMP, GMP, MEP and MkP. Bar graph showing the median fluorescence 

intensity of IL-1RAcP normalized to isotype control in peripheral blood HSC, CMP, GMP, MEP 

and MkP of NC, PV, ET, and PMF. C, Correlation (r) and significance (p) between % JAK2-

V617F in peripheral blood granulocytes and percentages of IL-1R1+ HSPCs in the peripheral 

blood. D, Correlation (r) and significance (p) between % JAK2-V617F in peripheral blood 

granulocytes and percentages of IL-1RAcP+ HSPCs in the peripheral blood. E, Expression of 

IL1R pathway gene signatures is tested for enrichment by Gene Set Enrichment Analysis 

(GSEA) in peripheral blood CD34+ HSPCs from PMF patients and bone marrow CD34+ HSPCs 

from normal controls. Comparisons with p-value <0.05 and FDR q-value <0.05 were considered 

significant. Analysis of publicly available dataset (104). F, Heatmap representation of 

expression levels of IL1R pathway genes in CD34+ HSPCs from PMF patients and normal 

controls. Analysis of publicly available dataset (104). All data are presented as mean ± SEM. 

Statistical significance was determined using Multiple t tests without correction for multiple 

comparisons, with alpha=0.05 and each row was analyzed individually, without assuming a 

consistent SD for A and B. Spearman correlation (r) and two-tailed t- test was performed in C and 

D. *P < .05; **P < .01; ***P < .001; ****P < .0001. See also Supplemental Figure S1. 

 

2.2.3. Genetic deletion of IL-1β in a JAK2-V617F MPN mouse model 

To further examine the role of IL-1b in MPN pathogenesis, we crossed our SclCreER;JAK2-

V617F (VF) (89) mice with IL-1β  knock-out mice (105) and analyzed the resulting double 

mutant VF;IL-1β-/- mice after induction with tamoxifen. Loss of IL-1β did not alter survival, 

body weight, or spleen weight of VF versus VF;IL-1β-/- mice, but resulted in slightly lower red 

cell parameters and higher platelet and leukocyte counts (Figure 3A). No differences between 

VF and VF;IL-1β-/- mice were observed in the frequencies of HSCs and HSPCs in bone marrow 
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and spleen (Figure 3B), or in bone marrow, spleen and liver histology (Supplemental Figure 

S2). IL-1β levels in plasma and bone marrow lavage were significantly elevated in VF mice 

compared to WT mice, suggesting that the IL-1 activity is increased in MPN mice, but IL-1β 

was below detection limit in VF;IL-1β-/- mice, as expected (Figure 3C). IL-1α was not 

detectable in plasma, but was elevated in bone marrow of VF mice in parallel to IL-1b. 

Interestingly, VF;IL-1β-/- mice displayed lower levels of IL-1α than VF mice, contrary to the 

expectation that IL-1α would be upregulated to compensate for the loss of IL-1b. A trend 

towards lower IL-1RA levels was observed in plasma of VF and VF;IL-1β-/- mice compared to 

wildtype, no differences were found in bone marrow (Figure 3C, right panel). The ratio of IL-

1RA to IL-1α in bone marrow was reduced in VF compared to WT mice, but it was unchanged 

in VF;IL-1β-/- (Figure 3D). While in VF mice the levels of some pro-inflammatory cytokines 

were elevated in plasma or bone marrow, loss of IL-1β resulted in partial or complete 

normalization of these differences to WT levels (Figure 3E). Taken together, these results 

demonstrate that IL-1β deficiency in MPN mouse model reduced inflammation in the bone 

marrow, but apart from slightly increasing platelet and leukocyte numbers, did not affect the 

overall course of MPN disease.  
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Figure 3. Genetic deletion of IL-1β in a JAK2-V617F MPN mouse model. A, Wildtype (WT; 

n=9), IL-1β knock-out (IL-1β-/-; n=11), Scl;Cre;V617F (VF; n=18) and Scl;Cre;V617F; IL-1β 

knock-out (VF;IL-1β-/-; n=13) mice were induced with tamoxifen and disease kinetics were 
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followed for 36 weeks. Kaplan meier survival curve showing the percent survival of mice and 

the graph showing the time course of body weight after tamoxifen induction. Spleen weights at 

16 weeks after tamoxifen induction and complete blood counts are shown. B, Bar graphs 

showing the frequencies of HSCs and HSPCs in bone marrow (BM) and spleen of WT (n=9), 

IL-1β-/- (n=8), VF (n=10) and VF;IL-1β-/- (n=7) mice at 16 weeks after tamoxifen induction. C, 

left panel: IL-1β protein levels in plasma of WT (n=21), VF (n=21) and VF;IL-1β-/- (n=16) mice 

and  BM lavage (1 femur and 1 tibia) of WT (n=13), VF (n=11) and VF;IL-1β-/- (n=14) at 16 

weeks after tamoxifen induction. IL-1a levels (middle panel) and IL-1RA (right panel) in plasma 

and BM is shown. D, Graph showing the ratio of IL-1RA to IL-1a in the bone marrow. E, Pro-

Inflammatory cytokine levels in plasma and BM lavage of WT (n=8), VF (n=8) and VF;IL-1β-/- 

(n=4) mice at 16 weeks after tamoxifen induction. All data are presented as mean ± SEM. Two-

way ANOVA followed by Tukey’s multiple comparison tests were used for multiple group 

comparisons for blood counts. Two-tailed unpaired t test was performed for spleen weight. 

Multiple t tests without correction for multiple comparisons was performed in B and E. Non-

parametric Mann-Whitney test was performed in C and D. *P < .05; **P < .01; ***P < .001; 

****P < .0001. See also Supplemental Figure S2. 

 

2.2.4. Loss of IL-1β in JAK2-V617F mutant cells reduces MPN symptom burden and 

myelofibrosis 

Since IL-1β knockout is constitutional, VF;IL-1β-/- mice lack IL-1β expression in all tissues. 

To examine the effects of IL-1β deficiency confined to hematopoietic cells only, we performed 

bone marrow transplantations into lethally irradiated recipient mice (Figure 4). We found that 

platelet and leukocyte counts were lower, whereas red cell parameters were higher in VF;IL-

1β-/- compared to VF recipient mice (Figure 4A and Supplemental Figure S3A). No differences 

in the frequencies of HSPCs in bone marrow or spleen were observed (Supplemental Figure 

S3B). Spleen weight was reduced in VF;IL-1β-/- mice compared to VF (Figure 4B) and histo-

pathological analysis also revealed a significant reduction in the grade of reticulin fibrosis as 

well as reduction in osteosclerosis in bone marrow (Figure 4C). Extramedullary hematopoiesis 

in spleen and liver was decreased and splenic architecture was partially restored in VF;IL-1β-/- 

compared to VF mice (Supplemental Figure S3C). Similar changes in blood counts were 

observed when IL-1β-/- instead of WT mice were used as recipients (Figure 4D). However, there 

was no reduction in splenomegaly, grade of reticulin fibrosis or osteosclerosis in IL-1β-/- mice 

that received bone marrow from VF; IL-1β-/- mice compared to VF (Figure 4E-F and 
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Supplemental Figure S3 D-F). Thus, loss of IL-1β confined to hematopoietic cells reduced 

MPN symptom burden and progression to myelofibrosis, but generalized loss of IL-1β in all 

tissues partially prevented these favorable effects on disease outcome, similar to the non-

transplanted VF;IL-1β-/- mice (Figure 3). 
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Figure 4 Loss of IL-1β in JAK2-V617F mutant cells reduces MPN symptom burden and 

myelofibrosis. A, Schematic of non-competitive transplantation with 2 million BM cells from 
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tamoxifen induced VF or VF;IL-1β-/- donor mice into lethally irradiated WT recipients (n=15 per 

group). Complete blood counts measured every 4 weeks until 32 weeks after transplantation are 

shown. B, Bar graph shows the spleen weight at 32 weeks after transplantation. C, 

Representative images of bone marrow fibrosis (reticulin fibrosis) are shown at 32 weeks after 

transplantation. Histological grade of reticulin fibrosis in the BM is illustrated in the bar graph. 

Bar graph showing the percentage of mice with osteosclerosis in the BM. D, Schematic of non-

competitive transplantation with 2 million BM cells from tamoxifen induced VF or VF;IL-1β-/- 

donor mice into lethally irradiated IL-1β-/- recipients (n=15 per group). Complete blood counts 

measured every 4 weeks until 32 weeks after transplantation are shown. E, Bar graph shows the 

spleen weight at 32 weeks after transplantation. F, Representative images of BM fibrosis 

(reticulin fibrosis) are shown at 32 weeks after transplantation. Histological grade of reticulin 

fibrosis in the BM is illustrated in the bar graph. Stacking bar graph showing the percentage of 

mice with osteosclerosis in the BM. All data are presented as mean ± SEM. Multiple t tests 

without correction for multiple comparisons was performed in A and D. Two-tailed unpaired t test 

was performed in B, C, E and F. *P < .05; **P < .01; ***P < .001; ****P < .0001. See also 

Supplemental Figure S3. 

 

2.2.5. Pharmacological inhibition of IL-1β decreased myelofibrosis in MPN mice 

Based on the genetic studies, we hypothesized that pharmacological inhibition of IL-1β may 

also exert beneficial effects on myelofibrosis and course of the disease in VF mice. We used 

the previously described competitive transplantation model that allows monitoring blood and 

tissue parameters together with JAK2 mutant allele burden using a GFP reporter that is co-

expressed with JAK2-V617F (90). Bone marrow cells from VF;GFP and WT donor mice were 

mixed in 1:1 ratio and transplanted into lethally irradiated recipients (Figure 5A). The mice 

developed full PV phenotype with elevated blood counts within 12-16 weeks after 

transplantation (Supplemental Figure S4A). Groups of 6 mice were sacrificed at 12, 16, and 20 

weeks and the histological grade of reticulin fibrosis was determined (Figure 5B). At 20 weeks, 

when all mice within the group displayed myelofibrosis, the remaining mice were randomized 

and assigned to treatment groups. Anti-mouse IL-1β antibodies, ruxolitinib and combination 

of both (combo) were well tolerated and the body weights remained stable over the course of 

the 8-week treatment (Figure 5C). Anti-IL-1β antibody alone reduced platelet and monocyte 

counts, but increased red cell parameters, whereas ruxolitinib alone had the opposite effects on 

hemoglobin and platelets (Figure 5D and Supplemental Figure S4B). None of the treatments 
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was able to reduce the mutant allele burden in peripheral blood (Figure 5D) or HSPCs in bone 

marrow and spleen (Supplemental Figure S4C). Spleen size decreased only in mice treated 

with ruxolitinib or combo (Figure 5E). Vehicle treated mice showed megakaryocytic 

hyperplasia in bone marrow along with reticulin fibrosis and osteosclerosis (Figure 5F and 

Supplemental Table S2). Anti-IL-1β antibody reduced reticulin fibrosis as well as the 

percentage of mice with osteosclerosis, and showed additive effects on both parameters with 

ruxolitinib (Figure 5F). IL-1β antibody monotherapy or combination with ruxolitinib almost 

completely restored splenic architecture and reduced extramedullary hematopoiesis in liver 

(Supplemental Figure S4D). Anti-IL-1β antibody alone made IL-1β undetectable in bone 

marrow and plasma and also reduced the levels of some other pro-inflammatory cytokines 

(Figure 5G). The combination with ruxolitinib resulted in even greater suppression of cytokine 

levels (Figure 5G).  
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Figure 5. Pharmacological inhibition of IL-1β decreased myelofibrosis in MPN mice. A, 

Schematic of the experimental setup for the drug treatment cohort and regimen is shown. B, 

Histologic grade of BM reticulin fibrosis was determined before therapy in groups of n=6 mice 
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sacrificed at 12, 16 and 20 weeks after transplantation. C, Time course of body weight during 

drug treatment. D, Complete blood counts and mutant cell (GFP) chimerism in the peripheral 

blood during drug treatment is shown in erythroid (Ter119), megakaryocytic (CD61), 

granulocytic (Gr1) and monocytic (CD11b) lineages. E, Spleen weights of mice after 8 weeks 

of drug treatment. F, Representative images of reticulin fibrosis and H&E staining is shown and 

histological grade of reticulin fibrosis in the BM is illustrated in the bar graph. Stacking bar 

graph showing the percentage of mice with osteosclerosis in the BM. G, Heatmap plot showing 

the inflammatory cytokine levels in the BM lavage and plasma of mice after 8 weeks of drug 

treatment. The color bars indicate treatment groups. Heatmap shows Z scores. All data are 

presented as mean ± SEM. Two-way ANOVA followed by uncorrected Fisher’s LSD test was 

performed in C and D Two-way ANOVA followed by Dunnett’s multiple comparisons test was 

performed for GFP chimerism. Two-tailed unpaired t test was performed in E. Multiple t tests 

without correction for multiple comparisons was performed in G. *P < .05; **P < .01; ***P < .001; 

****P < .0001. See also Supplemental Figure S4. 

 

2.2.6. Pharmacological inhibition of the NLRP3 inflammasome decreased 

myelofibrosis in MPN mice 

Using the same experimental setup and mice transplanted with bone marrow from the same 

VF;GFP donor as in Figure 5A, we also assessed the effects of the NLRP3 inflammasome 

inhibitor MCC950 on the course of the disease and myelofibrosis (Figure 6). MCC950 and 

ruxolitinib were well tolerated and only a minor decrease in body weight occurred in mice 

treated with MCC950 or combo (Figure 6A). MCC950 alone slightly reduced hemoglobin 

levels, but otherwise did not alter blood counts (Figure 6B and Supplemental Figure S5A). 

Ruxolitinib increased platelet counts (Figure 6B), a phenomenon previously observed with 

ruxolitinib treatment (90). None of the treatments reduced the mutant allele burden in 

peripheral blood (Figure 6B) or HSPCs in bone marrow and spleen (Supplemental Figure S5B). 

NLRP3-inhibitor alone did not reduce spleen size, but showed additive effects when combined 

with ruxolitinib (Figure 6C). NLRP3-inhibitor reduced myelofibrosis and osteosclerosis and in 

combination with ruxolitinib showed synergism in reducing reticulin fibrosis (Figure 6D and 

Supplemental Table S2). Combination therapy also restored splenic architecture and reduced 

extramedullary hematopoiesis in liver (Supplemental Figure S5C). Compared to 

monotherapies, combination treatment resulted in stronger reduction of inflammatory 

cytokines in bone marrow and plasma (Figure 6E).  
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Figure 6. Pharmacological inhibition of the inflammasome decreased myelofibrosis in 

MPN mice. A, Time course of body weight during drug treatment. B, Complete blood counts 

and mutant cell (GFP) chimerism in the peripheral blood during drug treatment is shown in 
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erythroid (Ter119), megakaryocytic (CD61), granulocytic (Gr1) and monocytic (CD11b) 

lineages. C, Spleen weights of mice after 8 weeks of drug treatment. D, Representative images 

of reticulin fibrosis and H&E staining is shown and histological grade of reticulin fibrosis in the 

BM is illustrated in the bar graph. Stacking bar graph showing the percentage of mice with 

osteosclerosis in the BM. E, Heatmap plot showing the inflammatory cytokine levels in the BM 

lavage and plasma of mice after 8 weeks of drug treatment. The color bars indicate treatment 

groups. Heatmap shows Z scores. Two-way ANOVA followed by uncorrected Fisher’s LSD test 

was performed in A and B. Two-way ANOVA followed by Dunnett’s multiple comparisons test 

was performed for GFP chimerism. Two-tailed unpaired t test was performed in C. Multiple t 

tests without correction for multiple comparisons was performed in E. *P < .05; **P < .01; ***P 

< .001; ****P < .0001. See also Supplemental Figure S5. 

 

2.2.7. Pharmacological inhibition of PD-1 decreased myelofibrosis in MPN mice 

Using the same experimental setup and mice transplanted with bone marrow from the same 

VF;GFP donor as in Figure 5A, we evaluated the effects of the PD-1 inhibition on the course 

of the disease and myelofibrosis (Figure 7). Anti-mouse PD-1 antibodies, ruxolitinib and 

combination of both (combo) were well tolerated and the body weights remained stable during 

8-week drug treatment (Figure 7A). Anti-PD-1 antibody reduced platelet count, but increased 

red cell parameters, whereas ruxolitinib had the opposite effects on hemoglobin and platelets 

(Figure 7B and Supplemental Figure S6A). None of the treatments was able to reduce the 

mutant allele burden in peripheral blood or HSPCs in bone marrow, but anti-PD-1 alone or 

combo treatment reduced GFP chimerism in spleen HSPCs (Figure 7B and Supplemental 

Figure S6B). Anti-PD-1 alone did not reduce spleen size, but showed additive effects when 

combined with ruxolitinib (Figure 7C). Anti-PD-1 antibody reduced reticulin fibrosis as well 

as the percentage of mice with osteosclerosis, and showed additive outcome on both parameters 

with ruxolitinib (Figure 7D). Splenic architecture was partially restored by anti-PD-1 

monotherapy and the combination with ruxolitinib resulted in almost complete restoration of 

splenic architecture and reduced extramedullary hematopoiesis in liver (Supplemental Figure 

S6C). PD-1 inhibition had no major impact on proinflammatory cytokine levels apart from a 

small reduction in IL-5 and IL-6 (Figure 7E). Overall, the effects of anti-PD-1 resembled the 

effects of anti-IL-1b.  
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Figure 7. Pharmacological inhibition of PD-1 decreased myelofibrosis in MPN mice. A, 

Time course of body weight during drug treatment. B, Complete blood counts and mutant cell 

(GFP) chimerism in the peripheral blood during drug treatment is shown in erythroid (Ter119), 

megakaryocytic (CD61), granulocytic (Gr1) and monocytic (CD11b) lineages. C, Spleen 

weights of mice after 8 weeks of drug treatment. D, Representative images of reticulin fibrosis 
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and H&E staining is shown and histological grade of reticulin fibrosis in the BM is illustrated in 

the bar graph. Stacking bar graph showing the percentage of mice with osteosclerosis in the BM. 

E, Heatmap plot showing the inflammatory cytokine levels in the BM lavage and plasma of mice 

after 8 weeks of drug treatment. The color bars indicate treatment groups. Heatmap shows Z 

scores. Two-way ANOVA followed by uncorrected Fisher’s LSD test was performed in A and 

B. Two-way ANOVA followed by Dunnett’s multiple comparisons test was performed for GFP 

chimerism. Two-tailed unpaired t test was performed in C. Multiple t tests without correction for 

multiple comparisons was performed in E. *P < .05; **P < .01; ***P < .001; ****P < .0001. See 

also Supplemental Figure S5. 
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Supplemental Figure S3. Loss of IL-1β in JAK2-V617F mutant cells reduces MPN 

symptom burden and myelofibrosis. A, Peripheral blood count of the red cell parameters 
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after transplantation into WT recipients are shown.  B, Bar graphs showing the frequencies of 

HSCs and HSPCs in BM and spleen of WT recipients.  C, Representative images of spleen and 

liver histology (H&E staining) are shown at 36 weeks after transplantation into WT recipients.  

D, Peripheral blood count of the red cell parameters after transplantation into IL-1β-/- recipients 

are shown.  E, Bar graphs showing the frequencies of HSPCs in BM and spleen of IL-1β-/- 

recipients. F, Representative images of spleen and liver histology (H&E staining) are shown at 

36 weeks after transplantation into IL-1β-/- recipients. All data are presented as mean ± SEM. 

Statistical significance was determined by Multiple t tests without correction for multiple 

comparisons. *P < .05; **P < .01; ***P < .001; ****P < .0001. 
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Supplemental Figure S4. Pharmacological inhibition of IL-1β decreased myelofibrosis in 

MPN mice. A, Blood counts and GFP chimerism in peripheral blood before starting the therapy 
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in mice at week 12, 16 and 20 after transplantation. B, Leukocyte and red cell parameters during 

drug treatment. C, GFP chimerism in HSCs and HSPCs in the bone marrow and spleen at the 

end of drug treatment. D, Representative images of spleen and liver histology (H&E staining) 

after 8 weeks of drug treatment. All data are presented as mean ± SEM. Two-way ANOVA 

followed by uncorrected Fisher’s LSD test was performed for comparison with vehicle treated 

group in B. Two-way ANOVA followed by Dunnett’s multiple comparisons test was 

performed in C. *P < .05; **P < .01; ***P < .001; ****P < .0001. 
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Supplemental Table S1. Details of patients included in the study: 
Patient 

UPN 
Diagnosis Driver 

Mutation 
Sex Age at 

diagnosis 
Transition 

to AML 
VAF in 

GRA(%) 
Additional mutations (only 
pathogenic mutation) 

P012  ET JAK2V617F female     32 None 

P015  ET JAK2V617F female     57 None 

P017  PMF JAK2V617F male 66 AML 53 TP53 Arg273Cys 71% 

P018  ET JAK2V617F female 64 no 47 DNMT3A Arg882Cys 13% 

P019  PV JAK2V617F female 54 AML 49 TET2 Ser708X 49%; TP53 
His179Gln 13% 

P022  PV JAK2V617F female 27 no 60 None 

P023 PV JAK2V617F male 61 no 25 None 

P024 PV JAK2V617F male 49 no 80   

P033  PV JAK2V617F male 57 no 91 IDH1 Arg132HIs 16%; NFE2 
Pro79fs* 29% 

P034  ET JAK2V617F female 56 no 48 None 

P048  PMF JAK2V617F male 63 no 95 ASXL1 Glu883X 34% 

P050  ET JAK2V617F female 23 fibrosis 69 None 

P053  PV JAK2V617F male 66 no 49 None 

P069  PV JAK2V617F male 18 no 68 None 

P079  ET JAK2V617F male 51 no 36 TP53 Ile162Asn 15% 

P085  ET JAK2V617F male     28 None 

P093  PV JAK2V617F male 60 no 70 None 

P0103  PV JAK2V617F Female 32 no 95 None 

P0112  PV JAK2V617F female 48 no 97 None 

P0125  ET JAK2V617F female 66 no 7 CUX1 Arg588Gln 26% 

P0126  PV JAK2V617F female 47 no 95 NFE2 Glu216fs 33% 

P0127  PV JAK2V617F female 39 fibrosis 100 None 

P0144  PV JAK2V617F male 66 no 94 None 

P0148  PV JAK2V617F female 29 no 88 NRAS Gly12Ser 33% 

P0150  PV JAK2V617F male     65 None 

P0152  PV JAK2V617F female 65 no 24 None 

P0156  PV JAK2V617F male 71 no 95 None 

P0171  ET JAK2V617F male 42 no 7 KRAS Gly12Ser 3% 

P0178 PMF JAK2V617F male     96 ASXL1 Gln1201fs* 37% 

P0180 PMF JAK2V617F female 73 no 42 SRSF2 Pro95His 30%; TP53 
Arg248Trp 31% 

P0181 ET JAK2V617F Female   no 20 DNMT3A Gln816X 12% 

P0183  PMF JAK2V617F female     49 TET2 Arg1425X 47% 

P0184 ET JAK2V617F female 60 no 52 CBL Arg343X 11%; TET2 
Ile1177Asn 20% 

P0187  PMF JAK2V617F male 57 no 59 None 

P0191  PMF JAK2V617F male 67 no 100 NF1 Ala364Pro 5%; RUNX1 
Arg162Lys 13%; SUZ12 
Lys246fs* 25%, TET2 
Leu1231Pro 22%; TET2 
Asn1826fs* 5% 

P0193  ET JAK2V617F female 43 no 3 ASNS Gln486X 13% 

P0199 ET JAK2V617F female 50 no 24 DNMT3A Arg882Cys 43% 
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P0203  PMF JAK2V617F male 74   87 None 

P0204 ET JAK2V617F male 75 no 54 TET2 Trp954* 83% 

P0207  PV JAK2V617F female 47 no 7 None 

P0209  PV JAK2V617F male 65 fibrosis 99 CBL Cys404Tyr 83%; TET2 
Arg544X 50% 

P0212  PMF JAK2V617F male 70 no 37 None 

P0225  PV JAK2V617F female 76 no 82 None 

P0238 ET JAK2V617F female 61 no 37 None 

P0241 ET JAK2V617F female 39 no 41 None 

P0243 ET JAK2V617F female 71 no 42 None 

P0253 PMF JAK2V617F male 60 no 51 CBL Lys382Arg 34%; SF3B1 
Lys666Arg 19% 

P0257 ET JAK2V617F female 29 no 22 None 

P0266 ET JAK2V617F male     33 None 

P0268  ET JAK2V617F female 80 no 3 None 

P0273 ET JAK2V617F male 49 fibrosis 98 TET2 Ile1175fs* 40% 

P0284 PV JAK2V617F female 41 no 34 GATA2 Ala68Val 14% 

P0288 ET JAK2V617F female 56 no 31 None 

P0290 PMF JAK2V617F male 77 no 40 ASXL1 Arg417X 52%; EZH2 
Arg249Gln 86% 

P0298  PV JAK2V617F female 81 no 25 ASXL1 Tyr591X 47% 

P0300 PMF JAK2V617F male 52 no 40 None 

P0303 PV JAK2V617F male     51 None 

P0310  PMF JAK2V617F female 85 no 82 None 

P0311 ET JAK2V617F female 73 no 31 TET2 Val1417Phe 19% 

P0312  PV JAK2V617F female 77   83 EZH2 Glu681fs* 35%; TET2 
Gln810X 41% 

P0315 PV JAK2V617F female 71 no 68 KRAS Asp33Glu 9%; TET2 
Gln916X 34%; TET2 
Leu1322Gln 23% 

P0316  PMF JAK2V617F male     10 None 

P0322 PMF JAK2V617F male 83 no 45 None 

P0324  ET JAK2V617F female 81 no 6 TET2 Cys1135Tyr 22% 

P0326 PV JAK2V617F male 79 no 70 None 

P0329 PV JAK2V617F male 63 no 91 MYBL2 Gly211Ser 57% 

P0338 ET JAK2V617F male 47 no 37 None 

P0339  ET JAK2V617F female 69 no 3 ASXL1 Gly643fs* 29%; SH2B3 
His52Gln 8% 

P0342 PV JAK2V617F male 50 no 51 None 

P0347 PMF JAK2V617F male 69 no 48 SUZ12 Arg286* 31% 

P0349  ET JAK2V617F female     2 ASXL1 Gly645fs* 27%; EZH2 
Cys554Arg 43%; TET2 
Cys1292TRp 49% 

P0350 PMF JAK2V617F female 79   47 ASXL1 Arg965X 53% 

P0354 PV JAK2V617F female 64 no 66 None 

P0355 PV JAK2V617F female 60 no 32 None 

P0357 PV JAK2V617F male 64   43 None 

P0360 PMF JAK2V617F male 57   22 CRIM1 Asn406Ser 39%; HIF3A 
Asp558ASn 65% 
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P0365 ET JAK2V617F female 84   25 None 

P0370 PMF JAK2V617F male 59   35 None 

P0372 PV JAK2V617F male 58   80 None 

P0373 PMF JAK2V617F female 32   43 None 

P0376  PMF JAK2V617F male 64   51 ASXL1 Asp1004fs* 41%; IDH2 
Arg140Gln 43%; U2AF1 
Ser34Ala 36% 

P0379 ET JAK2V617F male 55   25 None 

P0382 PV JAK2V617F female 78   41 None 

P0389 PV JAK2V617F female 76   49 None 

P0414 ET JAK2V617F female     35 None 

P0415 PMF JAK2V617F male     73 None 

P0422 PV JAK2V617F male     20 DNMT3A Pro904Leu 18% 

P0425 PMF JAK2V617F male     45 JARID2 Ser949fs* 44% 

P0427 PV JAK2V617F female     44 None 

P0437 ET JAK2V617F male     29 None 

P0448 PMF JAK2V617F female     88 None 

P0455 PMF JAK2V617F male     57 ASXL1 Pro1324fs* 37% 

P0473 PV JAK2V617F female   fibrosis 88 None 

P0484 PMF JAK2V617F male     96 None 

P0486 PV JAK2V617F male     52 NFE2 Glu297_Arg300del 15% 

P0490 PV JAK2V617F male     38 TERT Ala801Thr 25% 

P0506 PV JAK2V617F male     100 None 

P0507 ET JAK2V617F male     100 TET2 Ser585X 46%; TET2 
Phe785fs* 46% 

P0510 ET JAK2V617F female     28 None 

P0525 PMF JAK2V617F male     45 TP53 Arg337Leu 47%; TP53 
Val143Met 48% 

P0529 PV JAK2V617F male     36 ASXL1 Val515fs* 37%; TET2 
Asn170fs* 8% 

P0532 PV JAK2V617F male     45 None 

P0534 PMF JAK2V617F female     34 MPL Tyr591Asp 24% 

P0544 ET JAK2V617F male     33 Not studied 

P0545 PV JAK2V617F male     31 Not studied 

P0548 PMF JAK2V617F female     59 Not studied 

P0550 PMF JAK2V617F female     47 Not studied 

 

Supplemental Table S2. Details of histopathological findings from bone marrow, spleen 

and liver of mice dosed with pharmacological inhibitors as indicated: 
Mouse Code Bone 

marrow 
Grade of reticulin 

fibrosis in BM 
Osteosclerosis 

in BM 
Spleen Liver 

Vehicle: 0.5%MC+Isotype ab 
     

1 MPN 2 YES MPN Focal 
EMH 

2 MPN 2 YES MPN Focal 
EMH 

3 MPN 2 YES Borderline 
MPN 

Normal 
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4 MPN 0 NO Borderline 
MPN 

Normal 

5 MPN 3 YES MPN Focal 
EMH 

6 MPN 3 YES MPN EMH 

7 MPN 2 YES MPN Focal 
EMH 

8 MPN 1 NO MPN Focal 
EMH 

9 MPN 1 YES MPN EMH 

10 MPN 2 YES MPN EMH 

11 MPN 1 NO MPN EMH 

12 MPN 2 NO MPN EMH 

JAK inhibitor: Ruxolitinib (30 mg/kg 
bid)+Isotype ab 

     

13 MPN 0 NO Borderline 
MPN 

Normal 

15 MPN 1 NO Borderline 
MPN 

Focal 
EMH 

16 MPN 0 YES MPN Focal 
EMH 

17 MPN 0 NO MPN Focal 
EMH 

18 MPN 0 NO Borderline 
MPN 

Focal 
EMH 

19 MPN 1 NO Borderline 
MPN 

Normal 

20 MPN 0 NO Borderline 
MPN 

Focal 
EMH 

21 MPN 0 NO Borderline 
MPN 

Focal 
EMH 

22 MPN 2 YES Borderline 
MPN 

Focal 
EMH 

23 MPN 1 NO MPN Focal 
EMH 

24 MPN 0 NO Borderline 
MPN 

Normal 

anti-IL-1b antibody  (10 mg/kg week)+ 
0.5% MC 

     

25 MPN 1 NO MPN Normal 

26 MPN 0 NO MPN Normal 

27 MPN 1 NO MPN Normal 

28 MPN 2 YES MPN Focal 
EMH 

29 MPN 0 NO MPN Normal 

30 MPN 1 NO MPN EMH 

31 MPN 0 NO MPN Normal 

32 MPN 1 NO MPN Focal 
EMH 

33 MPN 1 NO MPN Normal 

34 MPN 1 NO MPN Focal 
EMH 

35 MPN 1 NO MPN EMH 

36 MPN 1 NO MPN Focal 
EMH 

Combo (anti-IL-1+Ruxo) 
     

49 MPN 0 NO Borderline/N
ormal 

Normal 

50 MPN 0 NO Borderline/N
ormal 

Normal 

51 MPN 0 NO Borderline/N
ormal 

Normal 
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52 MPN 0 NO Borderline/N
ormal 

Normal 

53 MPN 0 NO Borderline/N
ormal 

Normal 

54 MPN 0 NO Borderline/N
ormal 

Normal 

55 MPN 0 NO Borderline/N
ormal 

Normal 

56 MPN 0 NO Borderline/N
ormal 

Normal 

57 MPN 0 NO Borderline/N
ormal 

Normal 

58 MPN 0 NO Borderline/N
ormal 

Normal 

59 MPN 0 NO Borderline/N
ormal 

Normal 

60 MPN 0 NO Borderline/N
ormal 

Normal 

anti-PD1 antibody  (10 mg/kg week)+ 
0.5% MC 

     

37 MPN 1 NO MPN Focal 
EMH 

38 MPN 1 NO MPN Normal 

39 MPN 1 YES MPN Focal 
EMH 

40 
     

41 MPN 1 NO MPN EMH 

42 MPN 1 NO MPN Normal 

43 MPN 1 NO Borderline/N
ormal 

Normal 

44 MPN 1 NO MPN Normal 

45 MPN 1 NO MPN Normal 

46 MPN 0 NO MPN Focal 
EMH 

47 MPN 1 NO Borderline 
MPN 

Focal 
EMH 

48 
     

Combo (anti-PD-1 + Ruxo) 
     

61 MPN 0 NO Borderline/N
ormal 

Normal 

62 MPN 0 NO Borderline/N
ormal 

Normal 

63 MPN 0 NO Borderline/N
ormal 

Normal 

64 MPN 1 NO Borderline/N
ormal 

Normal 

65 MPN 1 NO Borderline/N
ormal 

Normal 

66 MPN 0 NO Borderline/N
ormal 

Normal 

67 MPN 0 NO Borderline/N
ormal 

Normal 

68 MPN 0 NO Borderline/N
ormal 

Normal 

69 MPN 0 NO Borderline/N
ormal 

Normal 

70 MPN 0 NO Borderline/N
ormal 

Normal 

71 MPN 0 NO Borderline/N
ormal 

Normal 

72 MPN 0 NO Borderline/N
ormal 

Normal 

Vehicle: 0.5%MC+control food 
     

74 MPN 2 NO MPN Focal 
EMH 

75 MPN 1 YES MPN EMH 
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76 MPN 2 YES MPN Normal 

77 MPN 2 YES Normal Normal 

78 MPN 2 NO MPN Normal 

79 MPN 3 YES MPN Focal 
EMH 

80 MPN 3 YES MPN EMH 

82 MPN 1 NO MPN Focal 
EMH 

83 MPN 2 YES Normal Normal 

84 MPN 1 YES MPN Focal 
EMH 

JAK inhibitor: Ruxolitinib (30 mg/kg bid)+control 
food 

    

85 MPN 1 NO Normal Normal 

86 MPN 1 NO Normal Normal 

87 MPN 0 NO Normal Normal 

88 MPN 0 NO Borderline 
MPN 

Focal 
EMH 

89 MPN 1 YES Normal Normal 

90 MPN 0 NO Normal Normal 

91 MPN 1 NO Normal Focal 
EMH 

92 MPN 1 YES Normal Focal 
EMH 

93 MPN 1 YES Normal Focal 
EMH 

94 MPN 1 NO Normal Normal 

95 MPN 1 NO MPN Normal 

96 MPN 1 NO Borderline 
MPN 

Focal 
EMH 

NLRP3 inhibitor containing food pellet (0.1g 
MCC950/kg)+0.5% MC 

    

97 MPN 2 YES MPN EMH 

98 MPN 1 NO MPN Normal 

99 MPN 2 NO MPN EMH 

100 MPN 1 NO MPN Normal 

101 MPN 0 NO MPN Normal 

102 MPN 0 NO Borderline 
MPN 

Normal 

103 MPN 2 YES MPN Focal 
EMH 

104 MPN 1 NO MPN Normal 

105 MPN 2 YES MPN Focal 
EMH 

106 MPN 1 NO MPN Normal 

107 MPN 0 NO Borderline 
MPN 

Normal 

108 MPN 1 NO MPN Focal 
EMH 

Combo (NLRP3 inhibitor + Ruxo) 
     

109 MPN 1 YES Normal Normal 

110 MPN 0 NO Normal Normal 

111 MPN 0 NO Normal Normal 

112 MPN 1 NO Borderline 
MPN 

Normal 
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113 MPN 0 NO Normal Normal 

114 MPN 2 YES MPN Normal 

115 MPN 1 NO MPN Normal 

116 MPN 0 NO Normal Normal 

117 MPN 0 NO Borderline 
MPN 

Normal 

118 MPN 0 NO Normal Normal 

119 MPN 0 NO Borderline 
MPN 

Normal 

120 MPN 0 NO Normal Normal 
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3. Discussion 

3.1. IL-1β promotes expansion of JAK2-V617F clone 

Most of the studies to date investigated the association of chronic inflammation with the 

severity of MPN. However, the comprehensions of molecular or cellular mechanisms that drive 

inflammation in MPN and the relative contribution of individual cytokines as well as their role 

in driving clonal evolution during the early stages of MPN remains unclear. Prevalence of 

somatic mutations in peripheral blood in clonal hematopoiesis of indeterminate potential 

(CHIP) typically present at low variant allele frequency (VAF), increases with aging (93-

95,106,107). CHIP mutations including DNMT3A, TET2 and JAK2-V617F, have been 

frequently associated with hematological malignancies including MPN (93-95,107,108), 

however the prevalence of these mutations in general population is much higher than the 

incidence of any hematological malignancy. This suggests that in addition to the driver 

mutation itself, environmental factors like inflammation might contribute to clonal evolution 

of CHIP mutations (109). Moreover, people with history of auto-immune diseases showed 

increased risk of myeloid malignancies (49) including MPN (48). Another study showed that 

chronic immune stimulation in case of infection or injury can trigger the development of AML 

or MDS (47). Inflammation was also shown to drive clonal expansion of CHIP mutations and 

malignancy in non-hematological disorders. Inflammatory cytokines such as TNF-a and IFN-

g were shown to promote clonal hematopoiesis in ulcerative colitis patients (110). Further, 

inflammatory cytokines such as IL-6, TNF-a and IL-8 has been associated with increased risk 

of cardiovascular diseases and co-morbidities in people carrying DNMT3A or TET2 CHIP 

mutations (111,112).  

 

Since IL-1β acts as one of the major regulators to drive inflammatory processes via feed-

forward regulation and is implicated in various pathological diseases including in MPN 

progression (103), in this study we chose to investigate the relative contributions of IL-1β in 

MPN disease initiation. MPN is monoclonal disease originating from a single HSC in humans 

while it is polyclonal in mice (99). Tamoxifen induction in our JAK2-V617F mice model would 

induce the expression of JAK2-V617F in all hematopoietic stem cells of mice. We tested our 

hypothesis that IL-1β is necessary for early expansion of JAK2-V617F mutant cells and optimal 

MPN disease initiation by using an experimental set up that fairly mimics the healthy 

individuals with CHIP bearing low frequencies of premalignant JAK2-V617F clones. 

Therefore, we performed competitive BM transplantations at 1:100 dilution that resulted in 
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transplanting only 1-3 long-term hematopoietic stem cells (LT-HSCs) per recipient (99). Our 

results comprehensively revealed that loss of IL-1β from mutant donor cells significantly 

reduced the frequency of MPN disease initiation in mice and at later stage once the MPN was 

established, loss of IL-1β also reduced progression to myelofibrosis.  

 

3.2. IL-1β and megakaryopoiesis 

Apart from the effect on clonal expansion and MPN disease initiation, loss of IL-1β from 

mutant donor cells mainly affected platelet production even in mice that developed MPN after 

36-weeks follow-up. These results are in line with previous studies describing the critical role 

of IL-1β and IL-1 signaling in megakaryopoiesis and platelet production (113-122). IL-1β has 

been shown to induce NF-E2 expression, a key transcription factor regulating megakaryocyte 

maturation and differentiation (113). Megakaryocytes treated with IL-1β showed increased 

platelet production by increasing the expression of thrombopoietin (TPO) (122). Moreover, IL-

1β and IL-1R1 were shown to regulate megakaryocyte maturation and platelet activation (123). 

Recently, a study showed that platelets were important for complete activation of 

inflammasome complex and they influence the production of IL-1β (124). Interestingly, our 

data showed that mice receiving VF;GFP BM together with WT competitor cells displayed 

primarily erythrocytosis phenotype, while transplanting VF;GFP together with IL-1β-/- 

competitor cells showed mainly thrombocytosis phenotype in recipient mice. IL-1β levels were 

increased in BM and plasma when IL-1β-/- competitor cells were used . We speculate that IL-

1β production from VF;GFP cells was overcompensated in the absence of IL-1β production 

from competitor cells, thus, even a small increase in levels of BM IL-1β could have influenced 

the phenotype towards platelet-lineage. Similar to our observation, previous studies reported 

that chronic exposure of IL-1β in mice resulted in increased frequency of CD41+ expressing 

HSCs (40,42), additionally, acute inflammatory insults resulted in emergency 

megakaryopoiesis expanding the pool of Mk-biased HSCs (41).  

 

3.3. Source of IL-1β in MPN 

Our data from different transplantation setups using WT and/or IL-1β-/- recipients convincingly 

showed that mutant hematopoietic cells are primary source of elevated IL-1β production in 

MPN mice. Our data also showed that complete loss of IL-1β slightly prevented the favorable 

outcome on MPN disease initiation in mice. Cytokine analysis showed that complete loss of 

IL-1β resulted in significantly reduced levels of IL-1Ra in the BM. The elevated levels of IL-
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1β in BM of MPN mice warrants for a counter-regulation via IL-1Ra in controlling the 

damaging effects of IL-1 mediated inflammation in BM. The balance of IL-1 antagonists to 

IL-1 agonists has been reported to be crucial in controlling inflammatory responses in local 

tissues (100,101). 

 

3.4. JAK2-V617F HSC function depends on IL-1 signaling 

Our data from secondary transplantations demonstrated that JAK2-V617F stem cells required 

IL-1β for optimum stem cell function and long-term reconstitution capacity. Limiting dilution 

assay examined the number of non-engrafted mice with respect to number of donor BM cells 

transplanted in both transplantation settings and revealed significant reduction in the frequency 

of functional stem cells in BM upon loss of IL-1β from mutant donor cells. Similar to our 

results, a study reported the role of TNF-a in hematopoietic stem cell engraftment and function 

(125). Under homeostasis, IL-1β is produced at very low levels, however in pathological 

conditions, IL-1β can induce itself or IL-1a via IL-1R1 and activate IL-1 mediated 

inflammation (77,80,84). Our experiments revealed that the capacity of JAK2-V617F mutant 

cells to amplify IL-1 activity via IL-1R1 was important for MPN disease initiation and 

manifestation. Moreover, our data showed that IL-1R1 expression by non-hematopoietic cells 

was mediating the damaging effects of mutant cells derived IL-1β.  

 

3.5. IL-1β promotes MPN initiation in Rag2-/- mice 

Irradiation could cause a cytokine storm that may favor the engraftment and proliferation of 

donor cells (126,127) or it may damage stromal cells in the BM niche that may negatively 

affect donor cell engraftment (128,129). Transplantation of VF;IL-1β-/-;GFP BM into non-

conditioned Rag2-/- mice resulted in successful engraftment and development of MPN 

phenotype in about half of the cohort. Rag2-/- mice lack T/B-cell mediated adaptive immune 

responses however they possess elevated levels of innate immune cells including neutrophils, 

monocytes, macrophages, dendritic cells and natural killer (NK) cells (130,131). Elevated 

levels of IL-1β as indicated from our results or increase in other inflammatory cytokines from 

these innate immune cells in Rag2-/- mice could have favored engraftment and MPN disease 

initiation. Indeed, loss of IL-1R1 from donor cells prevented them from the IL-1 mediated 

inflammation resulting in reduced clonal expansion and MPN disease initiation. 
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3.6. IL-1β destroys BM niche to support MPN initiation 

Arranz et al. in a collaborative study with our laboratory, showed that elevated levels of IL-1β 

contributed to MPN progression partly via causing neuronal damage and reducing nestin+ 

stromal cells in JAK2-V617F mice (103). However, their study did not examine the role of IL-

1β in context of early expansion of JAK2-V617F clone during MPN disease initiation. 

Moreover, their data did not reveal the source of IL-1β in BM of MPN mice. Data from our 

genetic models (Figure 6) convincingly showed that IL-1β indeed caused neuronal damage and 

reduced nestin+ MSCs in BM that might have favored early expansion of JAK2-V617F clone. 

Multiplex cytokine analysis of 21-cytokines at early phase of MPN disease revealed that only 

IL-1β and IL-15 were elevated in plasma and BM of mice transplanted with VF cells. Of note, 

the level of IL-15 was increased at 4-weeks after transplantation but returned to WT level at 8-

weeks after transplantation. IL-15 is an important cytokine for lymphocyte activation and are 

mainly produced by monocytes/macrophages. It shares biological functions with IL-2 and is 

required for activation and proliferation of NK-cells (132). Studies have shown the important 

role of host derived NK-cells in anti-tumor response mediating the rejection of the graft (133), 

irradiation, however impairs the functionality of host NK-cells (134). In contrast, donor-

derived NK cells are the first lymphocyte subset to recover after stem cell transplant and has 

been shown to help the engraftment of donor cells (135) together with IL-15 (136). We 

speculate that elevated IL-15 levels during early phase of MPN disease increased the 

proliferation and activation of donor-derived NK cells that may have resulted in enhanced 

engraftment of donor cells. Interestingly, our data showed that loss of IL-1β from mutant donor 

cells resulted in significant reduction of IL-15 levels in BM and plasma, suggesting that IL-1β 

had a control over IL-15 production from monocytes/macrophages. We therefore hypothesize 

that IL-1β promotes early expansion of JAK2-V617F clone possibly via increased production 

of IL-15 that may induce donor-cell derived NK-cell proliferation and activation. 

 

3.7. Effect of aspirin on MPN initiation 

IL-1β increases the expression of inflammatory mediators such as cyclooxygenase type 2 

(COX-2) and prostaglandin E2 (84). Aspirin is a non-steroidal anti-inflammatory drug known 

to inhibits cyclooxygenase mediated prostaglandin production (137). Aspirin is known to have 

anti-platelet function, as it inhibits platelet activation and aggregation (138). MPN patients are 

routinely treated with low dose aspirin as it reduces the risk of thrombosis (139). Moreover, 

Cox-2 has been shown to be overexpressed in several cancers including colorectal, breast, lung, 
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stomach and pancreatic cancer (140) and also in CML and MPN (141). A study in Braf 

melanoma model showed therapeutic benefits of aspirin in combination with anti-PD1 

treatment (142). We examined the effects of chronic aspirin treatment on MPN initiation in 

mice. Aspirin treatment only modestly reduced the frequency of MPN initiation and mainly 

affected platelet counts in mice. Low dose aspirin has anti-thrombotic effects while high dose 

aspirin was shown to be anti-inflammatory (143), therefore higher doses of aspirin and/or 

longer treatment should be examined in context on MPN disease initiation. Moreover, 

combination of immunotherapy with aspirin might have a better impact on early expansion of 

JAK2-V617F clone and MPN manifestation. 

 

3.8. IL-1 signaling in MPN progression 

Studies in patients and preclinical mouse models have often linked MPN with chronic 

inflammatory state due to elevated production of inflammatory cytokines and have frequently 

associated inflammation with MPN progression to myelofibrosis and transformation to 

leukemia (144). IL-1β is one of the master regulators of the inflammatory state and its aberrant 

activity has been implicated in various pathological diseases including MPN (103). Our results 

from the first part strongly established the role of IL-1β in MPN disease initiation and once the 

MPN phenotype was developed, we showed that IL-1β was required for disease progression to 

myelofibrosis. These observations provided a strong rationale to investigate the role of IL-1β 

as an attractive therapeutic target in MPN disease progression and myelofibrosis. Our study 

revealed that JAK2-V617F mutation in MPN patients correlated with elevated production of 

IL-1β and increased frequencies of IL-1 receptor-expressing HSCs and HSPCs. By using 

genetic and pharmacological approaches, we have uncovered that targeting IL-1β reduces 

myelofibrosis in preclinical JAK2-V617F MPN mouse model. Furthermore, the combination 

therapy with Jak1/2 inhibitor resulted in complete abrogation of myelofibrosis. Our data 

provide insights into the role of IL-1β in MPN progression to myelofibrosis and provide a 

rationale for a clinical trial with anti-IL-1β antibody in MPN patients.  

 

3.9. Increased IL-1 signaling in MPN patients 

Although MPN can be caused by somatic driver mutations in HSCs, chronic inflammation 

resulting from increased production of inflammatory cytokines can play an important role in 

the progression of the disease. Several studies have shown elevated levels of pro- and anti-

inflammatory cytokines in MPN patients, including IL-1, IL-6, IL-8, IL-10, TNF-α and TGF-
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β (listed in Table 2, Introduction). Our results confirm that JAK2-V167F positive MPN patients 

have elevated levels of inflammatory cytokines in serum including IL-1β, IL-8, IL-1RA, IL-6, 

TNF-α, IL-13, IL-10, IL-4 and IL-2. Previous studies have shown increased levels of IL-1β in 

PMF patients compared to ET/PV patients, however, we observed no such differences in the 

levels of IL-1β among different MPN entities (64,65), probably because we measured IL-1 

levels at the time of diagnosis for most of the patients. High IL-1β levels in PV patients have 

been correlated with fibrotic transformation, poor prognosis and survival (64). We found that 

IL-1RA levels were higher in PV and PMF as compared to ET patients, suggesting an increase 

in IL-1 signaling during disease progression and fibrotic transformation in MPN patients.  

Therefore, it would be interesting to analyze ET/PV and pre-fibrotic PMF patients in this cohort 

and correlate fibrotic transformation to IL-1 levels in the follow-up serum samples. Of all 10 

cytokines measured, we found that only IL-1β and IL-1RA showed modest positive correlation 

with JAK2-V167F allele burden in peripheral blood. Our findings corroborate with a recent 

study that made similar observations in JAK2-V167F-positive PV patients (145). Of note, this 

study also reported that IL-1 cytokines correlated with JAK2-V167F mutation and but not with 

CALR mutations in MPN patients (145).  Our result showed that IL-1β might be directly 

regulated by JAK2-V167F mutation in MPN patients and other cytokines are regulated 

independently of JAK2-V167F possibly via IL-1β. IL-1β is a pleiotropic cytokine and is known 

to induce the production of other cytokines (80). Moreover, the supervised hierarchical 

clustering analysis of cytokines revealed that IL-8, IL-1RA and IL-6 clustered together with 

IL-1β, with IL-8 being closest to IL-1β (Figure 1). Recently a study in CD34+ bone marrow 

progenitors from acute myeloid leukemia (AML) patients also showed that IL-1β enhanced the 

production of several pro-inflammatory cytokines such as IL-6, IL-8, MCP-1, MIP-1a and 

MIP-1β (146).  

 

IL-1 Signaling is initiated by cytokine binding (either IL-1α or IL-1β) to its cognate receptor, 

IL-1R1, resulting in a conformational change that favors the binding of the co-receptor, IL-

1RAcP (Figure 9 and 10, Introduction).  Previous studies have shown the functional and 

prognostic role of IL-1 receptors primarily IL-1RAcP in AML and chronic myelogenous 

leukemia (CML) (146). Overexpression of IL-1RAcP in stem cells of a subset of AML and 

high-risk myelodysplastic syndrome (MDS) patients associated with poor survival and 

knockdown of IL-1RAcP resulted in apoptosis of MAL cells (147).  Antibodies targeting the 

IL-1RAcP showed therapeutic effect in the xenograft models of AML and CML (148,149). 

However, very little is known about the role and prognostic relevance of IL-1 receptors on 
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MPN disease outcome. We found significantly increased frequencies of IL-1 receptor 

expressing HSCs and HSPCs in peripheral blood of JAK2-V167F positive MPN patients. 

Notably, the frequencies of IL-1 receptor expressing HSCs showed very strong positive 

correlation with JAK2-V167F allele burden, suggesting that JAK2-V167F might be causing an 

expansion of IL-1R1+ or IL-1RAcP+ HSCs in MPN patients. Also, we noted that the frequency 

of IL-1RAcP+ HSCs and HSPCs were slightly higher than IL-1R1. One of the key features of 

IL-1 family is the redundancy among IL-1 cytokines that are capable of binding same cognate 

receptors. Co-receptor, IL-1RAcP is the most promiscuous receptor of the IL-1 family and it 

is used by several members of IL-1 family including IL-1β, IL-1α , IL-33, IL-36α, IL-36β and 

IL-36g (150), thus explaining its higher expression on HSCs and HSPCs compared to IL-1R1. 

Collectively, our results show elevated production of IL-1 cytokines as well as increased 

frequencies of IL-1 receptor-expressing HSCs and HSPCs, suggesting an overall increase in 

inflammatory IL-1 signaling pathway in MPN patients. Several studies in MPN have shown 

the activation of inflammatory NF-kB and MAPK pathway (46,144). Consistently, we found a 

significant enrichment of IL-1R pathway and differential expression of IL-1R targets including 

genes from NF-kB and MAPK pathway by analyzing previously published microarray gene 

expression datasets of CD34+ HSPCs from PMF patients.  

 

3.10. Genetic deletion of IL-1β in MPN mice 

IL-1β deficiency in JAK2-V617F MPN mice resulted in reduced levels of pro-inflammatory 

cytokines in the bone marrow, highlighting the pleiotropic role of IL-1β in inducing other 

cytokines. However, IL-1β deficiency but did not influence the course of MPN disease apart 

from marginally reducing red cell parameters or increasing leukocyte and platelet counts. IL-

1β deficient mice were reported to be completely resistant to turpentine-induced fever, 

demonstrating the critical role of IL-1 in fever development (105). A study in IL-1α and IL-1β 

knockout mice showed that IL-1α and IL-1β can induce each other. Moreover, they found that 

IL-1α mRNA expression in brain was reduced more than 30-fold in IL-1β ko mice compared 

to wt mice. However, IL-1β mRNA expression in brain was reduced by only 5-10-fold in IL-

1α ko mice, suggesting that IL-1α expression in brain was more dependent on IL-1β (151). 

Data from these studies suggest that complete loss of IL-1β from JAK2-V617F MPN mice 

might have influenced the steady-state expression of IL-1α.  
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IL-1α and IL-1β have numerous similarities as they bind the same receptor and activate similar 

biological responses. Despite numerous similarities, they have different amino acid sequences 

and differ in functional maturation and bioavailability. Only the cleaved mature form of IL-1β 

is biologically active and bind to IL-1R1 but IL-1α is active as both the precursor form (Pro- 

IL-1α) as well as the cleaved form and both forms of IL-1α can bind IL-1R1. Although, IL-1β 

is readily secreted and active only as a secreted protein, IL-1α functions as both secreted and 

membrane bound cytokine. IL-1α precursors are processed and cleaved into mature molecules 

by a calcium-activated cysteine protease associated with the plasma membrane, calpain. 

Presence of IL-1α in the circulation or body fluids indicate that the cytokine might be released 

from dying/necrotic cells (152). Mature IL-1α molecules are not readily secreted even under 

stimulatory conditions and therefore, they are not commonly found in the circulation or in body 

fluids. Likewise, we did not detect any IL-1α in the plasma. Interestingly, precursor form of 

IL-1α is biologically active and is constitutively expressed in all mesenchymal cells including 

epithelial cells, keratinocytes, brain astrocytes, fibroblasts and endothelial cells. IL-1α has also 

been shown to act as an autocrine growth factor in fibroblasts and endothelial cells (153,154). 

Membrane bound precursor IL-1α can participate in juxtacrine signaling mechanism by 

binding to IL-1R1 on neighboring cells and mediate inflammatory responses at the local site 

(84).  

 

At homeostasis, IL-1β is generally absent in cells or secreted at very low levels and is expressed 

only upon activation in cells of hematopoietic origin. However, IL-1α is constitutively 

expressed in wide variety of cell types at steady state and its expression can be increased in 

both hematopoietic and nonhematopoietic cells in response to appropriate stimuli (155). Since, 

IL-1β has been shown to have a better control over IL-1α expression, we speculate that 

complete loss of IL-1β might adversely affect steady-state functions of IL-1α in the BM 

microenvironment. Indeed, a study showed that secretion of IL-1α was dependent on IL-1β 

(156). We also observe that MPN mice deficient in IL-1β showed a small reduction in the levels 

of IL-1α in the BM fluid. However, the expression of membrane bound or cytosolic IL-1α in 

BM cells could be elevated, resulting in aberrant inflammatory responses in the BM 

microenvironment. Moreover, surface bound IL-1α and secreted IL-1α may exert different 

biological functions. A study suggested that surface-bound IL-1α but not secreted IL-1α was 

required for senescence associated production of IL-6 and IL-8 (157) and another study showed 

that surface-bound IL-1α caused destruction of cartilage during arthritis (158). Membrane 

bound IL-1α expression on human PBMCs was shown to induce the expression of IL-8 and 
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recruitment of neutrophils to the local inflammatory site. Interestingly, IL-1Ra treatment did 

not affect the expression of membrane bound IL-1α, suggesting that IL-1α is not anchored to 

the membrane via its receptor (159). Elevated membrane-bound expression of IL-1α by 

hematopoietic or non-hematopoietic cells could lead to recruitment of myeloid cells including 

neutrophils, leukocytes or macrophages to the BM and amplification of IL-1 signaling. 

Therefore, expression of IL-1α in all cellular compartments of hematopoietic and non-

hematopoietic BM cells needs to be thoroughly investigated in MPN mice deficient in IL-1β.  

Moreover, the balance between IL-1 ligands (IL-1α or IL-1β) and IL-1 receptor antagonist (IL-

1Ra) in local tissues influences the relative physiologic or pathophysiologic effects of IL-1 and 

determines the fate of inflammation (100). The ratio of IL-1Ra to IL-1α in the BM was 

significantly reduced in MPN mice but was unchanged in MPN mice deficient in IL-1β, 

compared to WT mice, indicating reduced IL-1 signaling. Nevertheless, it did not influence the 

disease outcome. To completely understand the extent of IL-1 signaling, levels of other 

regulators of IL-1 signaling such as decoy receptors (IL-1R2 and IL-18BP) or soluble signaling 

receptors (ST2 and IL-1RAcP) should be examined in MPN mice as well as MPN mice 

deficient in IL-1β. 

 

Non-competitive BM transplantation experiments in WT and IL-1β -/- mice revealed that loss 

of IL-1β restricted to hematopoietic cells resulted in decreased platelet and leukocyte counts, 

reduced splenomegaly, myelofibrosis and osteosclerosis. Loss of IL-1β restricted only to 

hematopoietic cells may have prevented the exaggerated expression of membrane-bound IL-

1α and thus prevented the aberrant IL-1α-driven inflammatory responses in the BM niche.  

 

Bone marrow fibrosis is a key pathological feature of myelofibrosis and is characterized by 

increased deposition of reticulin or collagen fibers, megakaryocytic hyperplasia with atypical 

features and extramedullary hematopoiesis (EMH) predominantly in spleen and liver 

(160,161). Abnormal megakaryocytes play a key role in the pathogenesis of BM fibrosis by 

releasing proinflammatory factors like IL-1β and TGF-β and secreting excessive amount of 

extra cellular matrix (ECM) components such as fibronectin, laminin and collagen (162). As 

discussed before, several studies have shown the important role of IL-1β and IL-1 signaling in 

megakaryopoiesis and platelet production (113-124). Consistent with these studies, our 

findings show that loss of IL-1β resulted in reduced number of platelets and reduced infiltration 

of megakaryocytes in the BM and spleen. BM fibrosis marked by excessive megakaryopoiesis 

has been correlated with a progressive decrease in erythropoiesis and development of anemia 
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in MPN patients (160). In line with this observation, we found that loss of IL-1β in 

hematopoietic cells resulted in replacement of excessive megakaryopoiesis with 

erythropoiesis. We found that hematopoietic deletion of IL-1β resulted in significant reduction 

of reticulin fibrosis. As a consequence of reduced reticulin fibrosis in the BM, EMH in spleen 

and liver were also reduced. In MPN, BM fibrosis is frequently accompanied by osteosclerosis, 

a condition characterized by thickening of bony trabeculae and new bone formation within the 

marrow. IL-1β has previously been shown to play an important role in bone metabolism (163) 

and interestingly, loss of IL-1β from hematopoietic cells also resulted in reduced frequency of 

mice with osteosclerosis.   

 

3.11. Pharmacological targeting of IL-1β in MPN mice 

Arranz et al. showed that aberrant levels of IL-1β causes apoptosis of Nestin+ mesenchymal 

stromal cells (MSCs) in the BM that favors the MPN disease progression and development of 

myelofibrosis (103). This study also showed that blocking IL-1 signaling by the administration 

of recombinant IL-1Ra (Anakinra) partially ameliorated disease phenotype without any effect 

on myelofibrosis (103). IL-1Ra binds both IL-1α and IL-1β and prevent their signaling 

activation. However, the half-life of the recombinant IL-1Ra, is very short and it is required in 

100-1000-fold molar excess of IL-1β to completely block IL-1 signaling (77,80,84). Modest 

effect of anakinra on MPN phenotype in the study by Arranz et al. could have been due to 

incomplete blockade of IL-1β signaling. In comparison, Anti-IL-1β antibody has a very long 

half-life and is required in minimal amount, probably because secretion of IL-1β is increased 

only 5-fold even in the most inflammatory conditions compared to healthy individuals. Also, 

Anti-IL-1β antibody has been shown to reduce the production of IL-1β several weeks after 

cessation of the therapy (97). These observations and our results from genetic studies therefore 

justified our rationale to use Anti-IL-1β antibody therapy in MPN.  

 

Moreover, constitutional loss of IL-1β did not give a favorable disease outcome in MPN mice 

possibly due to increased expression of membrane-bound IL-1 α in the BM microenvironment, 

resulting in aberrant IL-1α signaling. Genetic loss restricted to hematopoietic cells, however, 

resulted in reduced symptom burden and myelofibrosis, suggesting steady state signaling of 

membrane bound IL-1α was unharmed. Pharmacological inhibition of IL-1β using neutralizing 

antibodies should only affect IL-1β and spare IL-1α for its normal functions in host defense 

and homeostasis. Indeed, treatment with anti-IL-1β antibody resulted in reduced 
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thrombocytosis, myelofibrosis and osteosclerosis in JAK2-V617F MPN mice. Although 

treatment with current JAK1/2 inhibitors reduces MPN disease burden partly via reducing 

cytokine production, they show very little impact on MPN allele burden and have minimal 

effect on BM fibrosis. The combination treatment with anti-IL-1β antibody and JAK1/2 

inhibitor, ruxolitinib showed synergism in reducing reticulin fibrosis and resulted in complete 

reversal of myelofibrosis in all the mice.  

 

IL-1β is synthesized as an inactive pro-IL-1β protein, which is activated intracellularly by 

inflammasome activated caspase-1 (77). Inflammasomes are large multi protein complexes that 

assemble and function during inflammatory immune responses and mediate the activation of 

caspase-1 that subsequently cleave pro-IL-1β and pro-IL-18 into biologically active IL-1β and 

IL-18 respectively (81). Pharmacological inhibition of NLRP3 inflammasome with NLRP3 

inhibitor MCC950 in MPN mice did not affect peripheral blood counts probably because it 

could not reduce the levels of IL-1β in the BM or plasma. Caspase1-independent secretion of 

IL-1β is well described in the literature (84). A study showed that sterile inflammation-induced 

responses like fever or elevated IL-6 are absent in IL-1β deficient mice but present in caspase-

1 deficient mice (164). Neutrophil specific proteinase-3 was shown to process precursor IL-1β 

extracellularly (165,166). Other proteases like matrix metalloprotease 9 (MMP9), granzyme A 

or mast cell chymase have been shown to process extracellular IL-1β precursors (84). 

Treatment with MCC950 reduced reticulin fibrosis and osteosclerosis in BM and showed 

synergism with ruxolitinib in reducing reticulin fibrosis and splenomegaly. These effects could 

partly be due to reduced processing and secretion of IL-18 in mice treated with MCC950. 

 

3.12. Immunotherapy in MPN mice 

Immunotherapy is currently one of the key concepts in cancer treatment. Program cell death 1 

(PD-1) is an immune checkpoint protein that inhibits cellular responses in T cells when bound 

to its ligand PD-L1. Many solid cancers and hematological malignancies utilize PD-1 pathway 

to evade immune response by increasing the expression of PD1 or PD-L1 (167). PD-L1 

expression was shown to be elevated on the surface of JAK2-V617F mutant cells including 

monocytes, megakaryocytes and platelets and the overexpression was mediated by JAK-STAT 

signaling pathway (168). PD-1 antibodies block the interaction between PD-1 and PD-L1 and 

thus allow T-cell activation and anti-tumor response. Several FDA-approved PD-1 and PD-L1 

inhibitors are available that have shown therapeutic response in several malignancies (169). 
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Our results showed that treatment with PD-1 antibodies in mice reduced platelet counts and 

reticulin fibrosis in BM. The response with PD-1 antibody was very similar to IL-1β antibody 

in MPN mice. Recently a study showed that inflammation mediated by IL-1β caused 

immunosuppression in mouse breast cancer and blocking IL-1β synergized with anti-PD-1 in 

abrogating tumor (170). IL-1β antibody treatment during early disease phase could prevent the 

expansion of mutant cells and PD-1 antibody treatment could increase anti-tumor response by 

expanding cytotoxic CD8+ T cells, thus the combination of two might result in reduction of 

mutant allele burden. Collectively, our data and previously published data suggest that 

combination therapy with anti-IL-1β and anti-PD-1 antibody in MPN might have synergistic 

effect on the course of MPN disease and myelofibrosis. 

 

3.13. Conclusions and perspectives  

Our data from the first part of the study provided critical insights into the role of inflammation 

as the driver of clonal evolution in MPN and identified inflammation as a key factor in favoring 

the transition from CHIP to MPN phase. Our results revealed critical role of IL-1β and IL-1 

signaling in MPN disease initiation. Our data demonstrated that JAK2-V617F mutant cells are 

the primary source of IL-1β production that was necessary for long term reconstitution and 

expansion of functional JAK2-V617F HSCs. Our data also showed that early secretion of IL-

1β from JAK2-V617F mutant cells caused neuronal damage in the BM resulting in reduced 

number of nestin-positive stromal cells that favored expansion of mutant clone and MPN 

initiation.  

Results from second part of our study showed increased IL-1 signaling in JAK2-V617F-

positive MPN patients and mice and by using genetic or pharmacological approaches, we 

showed that IL-1β was required for MPN progression to myelofibrosis and inhibition of IL-1β 

reduced myelofibrosis. We also showed that combination of IL-1β with ruxolitinib was 

synergistic and completely reversed myelofibrosis in MPN mice. Our results showed that PD-

1 blockade mimicked the effects of anti-IL-1β therapy and reduced myelofibrosis in MPN 

mice. Thus, targeting inflammatory mediators like IL-1β, immunotherapy with PD-1 or a 

combination of anti-inflammatory and immunotherapy approach could be novel and promising 

therapeutic strategies in MPN patients.  

 

In addition to unraveling the role IL-1β in MPN disease initiation and progression, our findings 

have unveiled several key questions: 
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• What is the molecular basis of functional heterogeneity in HSCs lacking IL-1β? This 

could be addressed by RNA-seq experiments combined with analysis of cytokine 

secretion at single cell level 

 

• Can we prevent CHIP to MPN transition by targeting inflammation and how is this 

finding clinically relevant? Pharmacological inhibition of IL-1 signaling or high dose 

aspirin treatment or combination of both might prevent MPN initiation in non-

conditioned Rag2-/- mice. Levels of IL-1β or other inflammatory cytokines can be 

analyzed for any correlation with MPN disease development in individuals with CHIP 

mutations  

 

• Do genetic polymorphisms in IL-1β or other inflammatory genes affect MPN disease 

initiation and/or progression? Our cohort of MPN patients could be screened for 

polymorphisms in IL-1β and analyzed for any association with fibrotic transformation. 

Individuals with CHIP mutations might also harbor genetic polymorphisms in 

inflammatory genes that may promote disease initiation 

 

• What is the role of NK-cells and IL-15 in MPN mice? We need to further elaborate 

their role and impact on MPN disease outcome 

 

• Does microbiota influence IL-1β levels and MPN initiation? Experiments with SPF and 

germ-free mice together with our genetic models of IL-1β could address this point 

 

• Combination of anti-inflammatory drugs and immunotherapy needs to be tested for 

their effect on the course of the disease in our MPN mouse model. 
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4. Materials and Methods 

Key resources table 

 

Antibody/Reagent/Resource Product 

number 

Company 

CD4-Biotin 100404 BioLegend 

CD8a-Biotin 100704 BioLegend 

B220-Biotin 103204 BioLegend 

CD11b-Biotin 101204 BioLegend 

Gr1-Biotin 108404 BioLegend 

Ter119-Biotin 116204 BioLegend 

Ter119-APC 116212 BioLegend 

CD61-PE 104308 BioLegend 

CD11b-APC 101212 BioLegend 

Gr1-PECy7 108416 BioLegend 

B220-APCCy7 103224 BioLegend 

CD3-PE 100308 BioLegend 

CD71-PE 113808 BioLegend 

CD44-PECy7 103030 BioLegend 

Kit-APC 105812 BioLegend 

Kit-APCCy7 105826 BioLegend 

Kit-BV711 105835 BioLegend 

Sca1-PECy7 108114 BioLegend 

Sca1-APCCy7 108126 BioLegend 

Sca1-PerCPCy5.5 108124 BioLegend 

CD135/Flt3-PE 553842 BioLegend 

CD16-PE 101308 BioLegend 

CD16-PerCPCy5.5 101324 BioLegend 

CD41-BV605 133921 BioLegend 

PerCP/Cy5.5 anti-mouse CD105 120416 BioLegend 

CD150-PECy7 115914 BioLegend 

Alexa Fluor® 700 anti-mouse CD48 Antibody 103426 BioLegend 
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PE/Cyanine7 anti-mouse CD4 Antibody 100422 BioLegend 

APC/Cyanine7 anti-mouse CD8a Antibody 100714 BioLegend 

PE/Cyanine7 anti-mouse CD274 (B7-H1, PD-

L1)  
124314 BioLegend 

PE/Cyanine7 Rat IgG2b, κ Isotype Ctrl Antibody 400618 BioLegend 

PerCP/Cy5.5 anti-mouse CD274 (B7-H1, PD-

L1)  
124334 BioLegend 

PerCP/Cyanine5.5 Rat IgG2b, κ Isotype Ctrl  400632 BioLegend 

APC anti-mouse CD279 (PD-1) Antibody 135210 BioLegend 

APC Rat IgG2a, κ Isotype Ctrl Antibody 400512 BioLegend 

Ultra-LEAF™ Purified anti-mouse CD28 

Antibody 
102116 BioLegend 

Ultra-LEAF™ Purified anti-mouse CD3ε 

Antibody 
100340 BioLegend 

FITC anti-Human CD45 304038 BioLegend 

FITC Mouse IgG1, k Isotype Control 400108 BioLegend 

FITC anti-human Lineage Cocktail 348701 BioLegend 

Pacific Blue™ anti-human CD34 Antibody 343512 BioLegend 

APC anti-human CD38 Antibody 356606 BioLegend 

Brilliant Violet 605™ anti-human CD123 

Antibody 
306026 BioLegend 

PE/Cyanine5 anti-human CD41 Antibody 303708 BioLegend 

Anti-mouse CD34-AF647  BD Biosciences 

CD71-APC-H7 Mouse Anti Human 563671 BD Biosciences 

Human BD Fc Block™ 564220 BD Biosciences 

BV786 Mouse Anti-Human CD45RA 563870 BD Biosciences 

PE Mouse Anti-p38 MAPK (pT180/pY182)  612565 BD Biosciences 

PE Mouse IgG1, κ Isotype Control 551436 BD Biosciences 

PE Mouse IgG2b, κ Isotype Control  555058 BD Biosciences 

PE Mouse anti-Akt (pS473)  560378 BD Biosciences 

PE Mouse anti-NF-κB p65 (pS529) 558423 BD Biosciences 

BV786 Mouse Anti-Human CD45RA 563870 BD Biosciences 

PE Mouse Anti-Human CD42a  558819 BD Biosciences 
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Mouse IL-1ra/IL-1F3 Quantikine ELISA Kit MRA00 R&D Systems 

Mouse IL-1 alpha/IL-1F1 Quantikine ELISA Kit MLA00 R&D Systems 

Human IL-1 RI PE-conjugated Antibody FAB269P-100 R&D Systems 

Goat IgG PE-conjugated Antibody IC108P R&D Systems 

Human IL-1 RAcP/IL-1 R3 PE-conjugated 

Antibody 
FAB676P 

R&D Systems 

Mouse IgG1 PE-conjugated Antibody IC002P R&D Systems 

Mouse IL-1ra/IL-1F3 Quantikine ELISA Kit MRA00 R&D Systems 

Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit MLB00C R&D Systems 

Mouse IL-1 alpha/IL-1F1 Quantikine ELISA Kit MLA00 R&D Systems 

V-PLEX Proinflammatory Panel 1 Mouse Kit K15048D-1 Mesoscale Discovery 

V-PLEX Proinflammatory Panel 1 Human Kit K15049D-1 Mesoscale Discovery 

V-PLEX Human IL-1RA Kit K151WTD-1 Mesoscale Discovery 

Sytox Blue S34857 Thermo Fisher Scientific 

Streptavidin-Pacific Blue S11222 Thermo Fisher Scientific 

Applied Biosystems™ High-Capacity cDNA 

Reverse Transcription Kit 
4368814 Thermo Fisher Scientific  

ACK Lysing Buffer A1049201 Thermo Fisher Scientific 

Pierce 16% Formaldehyde Methanol Free 28908 Thermo Fisher Scientific 

Collagenase type I powder 17100017 Thermo Fisher Scientific 

TaqMan™ Gene Expression Assay 

(FAM) Hs01555410_m1 (IL1B) 
4331182 Thermo Fisher Scientific 

TaqMan™ Gene Expression Assay (FAM) 

Hs00354836_m1 (CASP1) 
4331182 Thermo Fisher Scientific 

TaqMan™ Gene Expression Assay (FAM) 

Hs01060665_g1 (ACTB) 
4331182 Thermo Fisher Scientific 

TaqMan Universal PCR Master Mix 4304437 Thermo Fisher Scientific 

LS Columns 130-042-401 Miltenyi Biotec 

Lineage Cell Depletion Kit, human 130-092-211 Miltenyi Biotec 

Versacomp antibody capture kit B22804 Beckman  

PBS D8537 Sigma 

Sepharose 17-0140-01 VWR international 

Trizol T9424 Merck (Sigma) 
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Trifast Peq Gold FL 30-2110 Axon Lab AG 

Ficoll Lymphprep 1114547 Axon Lab AG 

Human Serum H5667 Sigma Aldrich 

Fetal Bovine Serum F7524 Sigma Aldrich 

QIAamp DNA Mini Kit 51306 Qiagen 

Animal-Free Recombinant Human IL-1β, 10ug AF-200-01B Peprotech 

Stemspan SFEM 09600 StemCell Technologies 

Chloroform 32211-1L Sigma Aldrich 

2-Propanol 59300-1L Sigma Aldrich 

UltraPure Glycogen 10814-010 Thermo Fisher Scientific 

Ethanol 1.00983.1000 VWR international 

 

Patient cohort 

Blood samples and clinical data of MPN patients were collected at the University Hospital 

Basel, Switzerland. The study was approved by the local Ethics Committees (Ethik 

Kommission Beider Basel. Written informed consent was obtained from all patients in 

accordance with the Declaration of Helsinki. The diagnosis of MPN was established according 

to the 2016 revision of the World Health Organization classification of myeloid neoplasms and 

acute leukemia (171). The Basel cohort of sporadic MPN includes ET, PV, PMF and MPN-

unclassified patients.  

 

Processing of blood samples from MPN patients 

Whole blood without anticoagulants were centrifuged at 2300 g for 10 minutes. The clear 

supernatant, serum was collected and stored at -80 °C. Whole blood containing EDTA as 

anticoagulant is centrifuged at 100 g for 10 minutes. The supernatant containing platelet-rich 

plasma was collected for subsequent sephadex column purification of platelets 

(Sepharose,VWR). The remaining red part of the blood was diluted 1:2 in PBS. This dilution 

was used to overlay Ficoll. After centrifugation at 100 g for 30 minutes, five layers were 

formed: plasma, peripheral blood derived mononuclear cells (PBMCs), Ficoll Plaque, 

granulocytes and erythrocytes. PBMCs and granulocytes were isolated separately. Both 

fractions were red cell lysed with ACK lysis buffer at room temperature for 10 minutes. The 

main fraction of the PBMCs were frozen in FBS+10 % DMSO media in liquid nitrogen. A 

small fraction of cells was frozen at -80 °C in PBS for DNA preparation. The granulocytes 

were frozen at -80 °C in PBS for DNA preparation and in TriFast for RNA preparation.  
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Quantification of JAK2-V617F variant allele frequency (VAF) in genomic DNA of MPN 

patients 

DNA from granulocytes was prepared using the QIAamp DNA Mini Kit using manufacturer’s 

instructions. An allele-specific polymerase chain reaction (AS-PCR) was performed for the 

detection of JAK2-V617F in genomic DNA (172). PCR amplification was performed with 

wild-type JAK2-specific forward primer 5’-GTTTCTTAGTGCATCTTTATTATGGCAGA-

3’ and reverse primers 5’-6Fam- AAATTACTCTCGTCTCCACAGAA-3’ and 5’6Fam-

TTACTCTCGTCTCCACAGAC-3’. The amplicons generated by AS-PCR were analyzed by 

fragment analysis with ABI3130xl Genetic Analyzer (Applied Biosystems Inc). The mutant 

allele burden was calculated by Peak heightmut / (Peak heightmut + Peak heightwt) x 100 %.  

Preparation of RNA from patient granulocytes 

Granulocytes were isolated from peripheral blood and stored in TriFast. 1 mL TriFast was 

vigorously mixed with 0.2 mL of chloroform. After 15 minutes incubation on ice, the 

samples were centrifuged for 15 minutes at 4 °C and 12000 g. The aqueous phase was 

transferred to a pre-cooled tube containing 0.5 mL isopropanol including 1 μL of glycogen. 

After mixing, the samples were incubated 15 minutes on ice and centrifuged for 15 minutes 

at 4 °C and 12000 g. Then, the supernatant was discarded and 1 mL of 75 % ethanol was 

added to wash the pellet. After brief vortexing, the samples were centrifuged for 15 minutes 

at 4 °C and 12000 g. All ethanol was removed and the pellet was dissolved in 30 μL of 

RNAse free water and stored at -80 °C. 500 ng-1µg RNA from granulocytes were then 

reverse transcribed to cDNA using High-Capacity cDNA Reverse Transcription Kit from 

Applied Biosystems according to manufacturer’s instructions. 

qPCR                                                                                                                           

IL-1Β (Assay ID: Hs01555410_m1) and Caspase 1 (Assay ID: Hs00354836_m1) gene 

expression in human granulocytes were quantified by TaqMan gene expression assay. Gene 

expression was normalized to Actinb (Assay ID: Hs01060665_g1) which was used as 

endogenous control. Each sample was run in triplicates using 25 ng cDNA in a 384 well plate 

and the qPCR was performed using VIIA 7 real time PCR instrument from Applied 

Biosystems.  
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Transgenic mice 

Mice with Cre-recombinase inducible human JAK2V617F transgene (FF1) were generated 

directly in the C57BL/6 background in our laboratory (89).The FF1 mice were crossed with 

SclCreER transgenic mice to generate SclCreER;V617F (VF) mice which allow inducible 

activation of the FF1 transgene in hematopoietic cells. Cre expression in transgenic mice was 

induced by intraperitoneal (i.p) injections of 100μg/g body weight tamoxifen for 5 consecutive 

days. We crossed our tamoxifen inducible MPN mice (VF) with the previously described 

constitutive IL-1β knock out mice to generate a triple transgenic mouse line, VF; IL-1β-/-. We 

crossed our VF mice with the previously described constitutive IL-R1 knock out mice to 

generate a triple transgenic mouse line, VF; IL-1R1-/-. UBC-GFP transgenic mice that were 

made directly in the C57BL/6 background and constitutively express enhanced GFP in all 

hematopoietic lineages (173) were crossed with our VF transgenic mice to generate a triple 

transgenic mouse line, VF;GFP. VF; IL-1β-/- as well as VF; IL-1R1-/- transgenic mice were also 

crossed with UBC-GFP mice to generate VF; IL-1β-/-;GFP and VF; IL-1R1-/-;GFP 

respectively. In most of the transplantation assays, BM cells from VF;GFP, VF; IL-1β-/-;GFP 

and VF; IL-1R1-/-;GFP transgenic mice were used as transplantation donors.The recipient 

C57BL/6 mice used for transplantations were purchased from Janvier Labs. Rag2-/- mice were 

used as recipients in non-conditioned transplantation settings. Nestin-GFP reporter mice were 

used as recipients in some transplantation setting to study the role of BM stromal cells in MPN 

disease initiation and progression (103). All mice in this study were kept under specific 

pathogen-free conditions with free access to food and water in accordance to Swiss Federal 

Regulations.  

Competitive and non-competitive BM transplantation assays 

In most of the transplantation experiments, mutant cells expressed GFP, thus allowing tracking 

of mutant cell chimerism in all hematopoietic lineages. Transplantations were performed with 

BM cells harvested from transgenic mice induced with tamoxifen for 6-8 weeks. For the first 

set of transplantation experiments, 2 million BM cells isolated from VF or VF; IL-1β-/- donor 

mice were transplanted into lethally irradiated WT or IL-1β-/-  female recipients. In consecutive 

rounds of competitive transplantations, 1 million BM cells isolated from VF;GFP donor mice 

were mixed with 1 million WT BM cells in 1:1 ratio and transplanted into lethally irradiated 

WT  female recipients. For transplantations at high or limiting dilutions, 20,000 or 8,000 total 

BM cells from VF;GFP, VF; IL-1β-/-;GFP and VF; IL-1R1-/-;GFP mixed with 2 million 
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support cells from WT or IL-1β-/-  or IL-1R1-/-  mice in 1:100 or 1:250 ratio and transplanted 

into lethally irradiated WT or IL-1β-/-  or IL-1R1-/- recipients. Blood samples were taken from 

lateral tail vein every 4–6 weeks to determine the percentage of GFP-positive versus negative 

cells in the peripheral blood (PB) and for complete blood counts (CBC). CBC were determined 

on an Advia120 Hematology Analyzer using Multispecies Version 5.9.0-MS software (Bayer). 

In the final phase of the experiment, the recipients were euthanized by CO2 asphyxiation and 

the tissue/blood samples were taken for further analysis.  

Flow cytometry with human cells 

PBMCs from MPN patients and normal controls were thawed and Fcg receptors were blocked 

using Human Fc Block antibody (#564220, BD). Cells were stained with the following anti-

Human antibody cocktail: Lineage-FITC, CD34-Pacific Blue, CD38-APC, CD123-BV605, 

CD45RA-BV786, CD41-PE-Cy5, IL-1R1-PE or IL-1RAcP-PE. Sytox-Green (Invitrogen) was 

used to exclude dead cells during FACS analysis. For phosphoflow analysis, lineage cells were 

depleted from PBMCs using Human Lineage depletion kit (#130-092-211, Miltenyi Biotec). 

Depleted cells were cultured at 37oC in RPMI+5% Human serum (H5667, Sigma) for 2 hours 

and stimulated with IL-1β (Peprotech, #AF-200-01B) for 20 minutes and immediately fixed 

(BD Cytofix Fixation Buffer, #554655) followed by staining with surface markers: Lineage-

FITC, CD34-Pacific Blue, CD38-APC. Cells were then permeabilized (BD Phosphoflow 

Perm/Wash Buffer I, #557885) and stained with phosphoflow antibodies (1) PE Mouse Anti-

p38 MAPK (pT180/pY182) (#612565, BD) and Isotype (PE Mouse IgG2bκ, #555058, BD. (2) 

PE Mouse anti-NF-κB p65 (pS529) (#558423, BD) and Isotype (PE Mouse IgG1κ, #551436, 

BD). Cells were washed with perm/wash buffer and resuspended in staining media and 

analyzed by flow cytometer.  

 

Flow Cytometry with mouse cells 

Total BM cells were harvested from long bones (2 tibias and 2 femurs) by crushing bones with 

mortar and pestle using staining media (Dulbecco’s PBS+ 3% FCS+ pen/strep). Cells were filtered 

through 70μm nylon mesh to obtain a single-cell suspension. Total spleen cells were harvested by 

crushing the spleen against 100 μm cell strainer. Red blood cells were lysed (ACK buffer, 

Invitrogen). Sytox-Blue (Invitrogen) was used to exclude dead cells during FACS analysis. Live, 

singlet cells were selected for gating. Cells were analyzed on a Fortessa Flow Cytometer (BD 

biosciences). Data were analyzed using FlowJo (version 10.7.1) software. The following 

monoclonal antibody and fluorophore combinations were used for FACS analysis: A mixture of 
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biotinylated monoclonal antibodies CD4, CD8, B220, TER-119, CD11b, and Gr-1 was used as 

the lineage mix (Lin). Sca-1-APC-Cy7, CD117 (c-kit)-BV711, CD48-AF700, CD150 (SLAM)-

PE-Cy7, CD34-AF647, CD16-PE, CD41-BV605, CD105-PerCP-Cy5.5 (all from BioLegend).  

For peripheral blood chimerism following antibodies were used: TER-119-APC, CD61-PE 

CD11b-APC, Gr1-PE-Cy7, B220-APC-Cy7, CD3-PE (all from BioLegend).  

 

For mouse stromal cells: Mouse bones were crushed in 5 ml of 0.25% collagenase I/20% FBS in 

PBS solution and the bones and cells were transferred to a 50 ml falcon tube. Bones and cells were 

incubated at 37oC for 45 minutes. 10 ml of staining media was added to each tube and the cells 

were filtered through 70μm nylon mesh to obtain a single-cell suspension. Cell pellet obtained 

after centrifugation was then subjected to RBC lysis using ACK lysis buffer. Cells were washed 

and centrifuged to obtain erythrolysed BM cells. Live Cells were counted using hemocytometer 

and trypan blue dead cell exclusion criteria. Cells were then stained with the following antibody 

cocktail to stain stromal cells in the BM: CD45-PE-Cy7, CD31-PerCP-Cy5.5, TER-119-APC, 

Sca-1-APC-Cy7, PDGFRa-PE (all from BioLegend) and Sytox Blue dye (Thermo Fisher) was 

used for Dead cell exclusion. 

 

Cytokine Analysis and ELISA  

Mouse blood was collected in EDTA tubes by cardiac puncture. The blood was centrifuged at 

4000 g for 20 minutes at 4 oC. The supernatant blood plasma was collected and stored at -80 

oC. One femur and one tibia bone from mouse was flushed with 500ul PBS using a 23-gauge 

needle in an Eppendorf tube until the bone was cleared of all cells. Bones were discarded and 

the cell suspension was centrifuged at 300 g for 10 minutes at 4 oC. The supernatant or the BM 

lavage was collected in a new Eppendorf tube and stored at -80 oC until further use. IL-1Β and 

other pro-inflammatory cytokine levels in mouse BM and plasma and Human serum were 

measured by ELISA kits from R&D systems and Mesoscale Discovery according to 

manufacturer’s instructions. Single analyte data was plotted in GraphPad Prism software using 

an XY data table and the standard curve was analyzed using a sigmoidal 4-PL equation and the 

values of unknowns were interpolated. Multiplex cytokine data from a 96-well plate was read 

using mesoscale Meso Sector S 600 instrument and the data was analyzed with Discovery 

Workbench 4.0 software. The cytokine data were then normalized by Z score transformation 

using the scale () function in R and visualized with the heatmap.2 function of the gplots 

package.  
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Histology  

Bones (sternum and/or femur), spleens and livers were fixed in 4% phosphate-buffer formalin, 

embedded in paraffin and sectioned. Tissue sections were stained with H&E and Gömöri for 

the analysis of reticulin fibers. Pictures were taken with 10x, 20x and 40x objective lens using 

Nikon Ti inverted microscope and NIS Software.  

Nerve Fibers and Schwann Cell staining (performed in collaboration with Dr. Simon Mendez-

Ferrer): Skull bones from mice were fixed in 2% formaldehyde/PBS solution for 2 hours at 4 

oC. Skull bones were then washed with PBS and stored in PBS at 4 oC until further analysis. 

Femur bones from mice were fixed with 2% formaldehyde/PBS solution for 24 hours at 4 oC 

on the shaker. Femurs were washed with PBS and transferred to an Eppendorf tube containing 

250mM EDTA solution for decalcification for 10 days at 4 oC. Decalcified bones were then 

transferred to 30% sucrose/PBS solution for 24 hours and then to 50% OCT and 50% (30% 

sucrose/PBS) solution for another 24 hours. Bones were then embedded in OCT and kept at -

80 oC until cryosectioning. Immunofluorescence staining of cryostat sections and the whole 

mount staining of the calvaria (skull bones) were performed. The antibodies used were anti-

TH (Rabbit pAb, Millipore) and anti- GFAP (Rabbit pAb, Dako). Confocal images were 

acquired with a laser scanning confocal microscope (Zeiss LSM 700). At least 3 different 

sections were used for quantification using ImageJ software.  

Pharmacological treatments in vivo                                                           

 BM cells isolated from VF;GFP donor mice were mixed with WT BM cells in 1:1 ratio (total 

2 million cells) and transplanted into lethally irradiated WT  female recipients (n=144). Mice 

(n=6) selected randomly from the cohort and sacrificed at week-12, -16 and -20 post-transplant 

to assess the grade of BM fibrosis by reticulin staining. At week 20 post-transplant, mice were 

randomized into 10 groups of 12 mice each and dosed with the following drugs for 8 weeks: 

1. Vehicle: 0.5% methylcellulose (oral gavage) + isotype antibody (10 mg/kg*qw, i.p.) 

2. Ruxolitinib (30 mg/kg*bid, oral gavage) + isotype antibody (10 mg/kg*qw, i.p.) 

3. anti-mouse IL-1Β antibody (10 mg/kg*qw, i.p.) + 0.5% methylcellulose (oral gavage) 

4. combination of ruxolitinib (30 mg/kg*bid, oral gavage) and anti-mouse IL-1Β antibody 

(10 mg/kg*qw, i.p.) 

5. anti-mouse PD1 antibody (10 mg/kg*qw, i.p.) + 0.5% methylcellulose (oral gavage) 
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6. combination of ruxolitinib (30 mg/kg*bid, oral gavage) and anti-mouse PD1 antibody 

(10 mg/kg*qw, i.p.)  

7. Vehicle: 0.5% methylcellulose (oral gavage) + control food pellets 

8. Ruxolitinib (30 mg/kg*bid, oral gavage) + control food pellets 

9. NLRP3 inhibitor (MCC950) containing food pellets (0.1g MCC950/kg) 

10. combination of ruxolitinib (30 mg/kg*bid, oral gavage) and NLRP3 inhibitor 

(MCC950) containing food pellets (0.1g MCC950/kg) 

anti-mouse IL-1Β antibody, anti-mouse PD1 antibody, NLRP3 inhibitor (MCC950) containing 

food pellets (0.1g MCC950/kg) and Ruxolitinib phosphate salt were supplied by Novartis 

Pharma AG (Basel, Switzerland. For the aspirin treatment, Aspirin (from Sigma, #A5376) was 

dissolved in drinking water and the water was changed every 3rd day. Transplant recipients 

were treated with 150ug/ml or 600 ug/ml Aspirin starting from the day before transplantation 

until 18 weeks post-transplant.  

Statistical Analyses  

Blood count and organ weights of mice were recorded as indicated in figure legends. 

Histological staining from sternum/femur, spleen and liver was analyzed by a pathologist. The 

number of animals and replicates can be found in the respective figure legends. The unpaired 

two-tailed Student’s t-test analysis was used to compare the mean of two groups. Normality 

tests were performed to test whether the data follows a normal distribution. When the 

distribution was not normal, non-parametric Mann-Whitney t-tests were performed. For 

samples with significantly large variances, Welch’s correction was applied for t-test.  Multiple 

t-tests with or without correction were also performed for the comparison of multiple groups 

or one- way ANOVA analyses followed by Tukey’s multiple comparison tests were used for 

multiple group comparisons, or two-way ANOVAs with subsequent Holm-Sidak’s multiple 

comparison tests was performed. Survival rate in mouse experiments was represented with 

Kaplan-Meier curves and significance was estimated with the log-rank test. Data were analyzed 

and plotted using Prism software version 7.0 (GraphPad Inc). All data are represented as 

Mean±SEM. Significance is denoted with asterisks (*p<0.05, **p<0.01, ***p < 0.001, ****p 

< 0.0001).  
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Inhibition of interleukin-1β reduces myelofi-
brosis and osteosclerosis in mice with JAK2-
V617F driven myeloproliferative neoplasm

Shivam Rai1, Elodie Grockowiak2,3,4, Nils Hansen1, Damien Luque Paz1,
Cedric B. Stoll1, Hui Hao-Shen1, Gabriele Mild-Schneider1, Stefan Dirnhofer5,
Christopher J. Farady 6, Simón Méndez-Ferrer2,3,4 & Radek C. Skoda 1

Interleukin-1β (IL-1β) is a master regulator of inflammation. Increased activity
of IL-1β has been implicated in various pathological conditions including
myeloproliferative neoplasms (MPNs). Here we show that IL-1β serum levels
and expression of IL-1 receptors on hematopoietic progenitors and stem cells
correlatewith JAK2-V617Fmutant allele fraction in peripheral blood of patients
with MPN. We show that the source of IL-1β overproduction in a mouse model
of MPN are JAK2-V617F expressing hematopoietic cells. Knockout of IL-1β in
hematopoietic cells of JAK2-V617F mice reduces inflammatory cytokines,
prevents damage to nestin-positive niche cells and reducesmegakaryopoiesis,
resulting in decrease of myelofibrosis and osteosclerosis. Inhibition of IL-1β in
JAK2-V617F mutant mice by anti-IL-1β antibody also reduces myelofibrosis and
osteosclerosis and shows additive effects with ruxolitinib. These results sug-
gest that inhibition of IL-1β with anti-IL-1β antibody alone or in combination
with ruxolitinib could have beneficial effects on the clinical course in patients
with myelofibrosis.

Myeloproliferative neoplasms (MPNs) are clonal disorders of the
hematopoietic stem cell (HSC), caused by somatic mutations in JAK2,
MPL, or CALR resulting in increased proliferation of the erythroid,
megakaryocytic, and myeloid lineages1,2. MPN can manifest in one of
three phenotypic subtypes, polycythemia vera (PV), essential throm-
bocythemia (ET), and primary myelofibrosis (PMF)1. Myelofibrosis is
characterized by increased deposition of reticulin and/or collagen
fibers, megakaryocytic hyperplasia with atypical features and extra-
medullary hematopoiesis in spleen and liver3. Abnormal mega-
karyocytes play a key role in the pathogenesis of myelofibrosis by
releasing profibrotic factors such as TGF-β and producing excessive
amounts of fibronectin, laminin, and collagen3.

Inflammatorycytokines areknown tobe elevated inMPNpatients,
with highest levels present in patients with advanced stages of PMF4,5.

Studies in patients and preclinical mouse models of MPN have linked
inflammation with MPN progression to myelofibrosis6–8. IL-1β is con-
sidered a master regulator of inflammation that controls the produc-
tion of multiple pro-inflammatory cytokines and induce its own
expression via a positive feedback loop in an autocrine or paracrine
manner9,10. JAK2-V617F increases IL-1β levels in amousemodel of MPN
and IL-1β was implicated in damaging Schwann cells and sympathetic
nerve fibers that are required for maintaining nestin-positive stromal
cells in the bone marrow HSC niche11. Moreover, chronic exposure to
IL-1β favors HSC differentiation towards myeloid lineages at the
expense of self-renewal12.

IL-1β and IL-1α, another member of the IL-1 cytokine family, both
signal through the same receptor heterodimer by binding to IL-1R1,
which induces a conformational change favoring the recruitment of
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co-receptor, IL-1RAcP10. The resulting trimeric complex via conserved
cytosolic Toll- and IL-1R-like (TIR) domain rapidly assembles two
intracellular signaling proteins, myeloid differentiation primary
response gene 88 (MYD88) and interleukin-1 receptor-activated pro-
tein kinase (IRAK) 4 and initiating intracellular signaling13. IL-1 signaling
in the extracellular space is regulated by diverse mechanisms at mul-
tiple levels including receptor antagonists, and soluble or plasma
membrane-anchored receptors or co-receptors, reflecting the need for
tight regulation of the IL-1 system14,15. In particular, the IL-1 receptor
antagonist (IL-1RA) binds IL-1R1 with higher affinity than IL-1β or IL-1α
and limits the recruitment of IL-1RAcP, thereby reducing IL-1 inflam-
matory signaling10.

The discovery of the JAK2-V617F mutation in MPN has led to the
development and approval of a JAK1/2 inhibitor, ruxolitinib for the
treatment of PMF patients with splenomegaly and constitutional
symptoms16. While ruxolitinib reduces the production of circulating pro-
inflammatory cytokines, it has shown little effect on myelofibrosis
progression17. Recently, therapies targeting inflammatory pathways
beyond JAK1/2 inhibition has shownpromise in reducingmyelofibrosis7,8.

In this study, we examine the functional relevance of IL-1β in MPN
pathogenesis using genetic and pharmacological approaches. Our
study reveals that JAK2-V617Fmutation inMPNpatients correlateswith
elevated production of IL-1β. Genetic deletion of IL-1β from JAK2-V617F
mutant cells, or pharmacological inhibition of IL-1β are effective in
reducing myelofibrosis and osteosclerosis in a preclinical mouse
model of MPN. Similar results have been obtained in a study by Dr.
Mohi and colleagues18.

Results
JAK2-V617F is associated with increased expression of IL-1 in
MPN patients
To assess the status of IL-1 signaling in MPN patients, we measured IL-
1β and IL-1 receptor antagonist (IL-1RA) expression in a cohort of 120
MPN patients with JAK2-V617F mutation and 20 normal controls (NC)
(Fig. 1a, b and Supplementary Data 1). Overall, serum IL-1β and IL-1RA
levels were elevated in MPN patients compared to NC (Fig. 1a, b) and
within the MPN group, PV and PMF patients showed higher serum
levels of IL-1β and IL-1RA than ET patients (Fig. 1a, b). IL-1β and IL-1RA
levels correlatedwith JAK2-V617F allele burden in DNA fromperipheral
blood granulocytes, whereas no correlation with allele burden was
found for other pro-inflammatory cytokines (Supplementary Fig. 1a,
b). IL1B (IL-1β) mRNA and IL1RN (IL-1RA) mRNA expression in granulo-
cytes was higher in MPN patients than NC (Fig. 1a, b, lower panel) and
PV patients showed the highest IL1B mRNA within the MPN group
(Fig. 1a, b, lower panel). IL1B mRNA expression also correlated with
JAK2-V617F allele burden in granulocytes, but no correlation of IL1RN
expression with JAK2-V617F allele burden was found. IL-1β is synthe-
sized as an inactive pro-protein, pro-IL-1β, which is cleaved and acti-
vated intracellularly by inflammasome mediated caspase-1 activity14.
We found caspase1mRNA expression to be elevated in granulocytes of
PV patients compared to NC, but caspase1 mRNA expression in MPN
patients did not correlate with JAK2-V617F allele burden (Supplemen-
tary Fig. 1c). Serum TGF-β1 levels were elevated in MPN patients
(Supplementary Fig. 3a), and showed a weak negative correlation with
JAK2-V617F allele burden (Supplementary Fig. 3a), but no correlation
between TGF-β1 and IL-1β serum levels was found (Supplemen-
tary Fig. 3b).

IL-1 signaling requires the formation of a complex between the
ligands (IL-1β or IL-1α) and the interleukin-1 receptor, consisting of a
dimer between IL-1R1 and interleukin-1 receptor accessory protein (IL-
1RAcP)14. We examined the proportion of IL-1R1 and IL-1RAcP-positive
hematopoietic stem cells (HSCs) and progenitors (HSPCs) in periph-
eral blood of MPN patients by flow cytometry. The gating strategy and
the overall frequencies of HSPCs in peripheral blood are shown in
Supplementary Fig. 2a, b and the cutoff for IL-1R1 and IL-1RAcP

positivity is shown in Supplementary Fig. 2c. We found approximately
a 3-fold increase in the frequency of IL-1R1+ and IL-1RAcP+ HSCs and
HSPCs in MPN patients compared to NC (Fig. 1c, d). We also found a
strong correlation between JAK2-V617F allele burden in granulocytes
and the percentages of IL-1R1+ or IL-1RAcP+ HSCs and HSPCs in per-
ipheral blood (Fig. 1c, d, and Supplementary Fig. 2d, e), suggesting that
the expression of JAK2-V617Fmay trigger the expansion of IL-1R1+ or IL-
1RAcP+ HSPCs inMPNpatients. To further address the relevance of IL-1
signaling inMPNpathogenesis,we analyzed previously published gene
expression microarray dataset of peripheral blood CD34+ HSPCs from
JAK2-V617F+ PMFpatients and bonemarrowCD34+ HSPCs fromnormal
controls19. Gene set enrichment analysis (GSEA) revealed significant
enrichment for IL-1R pathway (Fig. 2a) in PMF patients with higher
expression of IL-1R pathway target genes compared to normal controls
(Fig. 2b). Overall, these results show a good correlation between JAK2-
V617F and increased IL-1 signaling in MPN patients.

We have extensively characterized an inducible SclCreER;JAK2-
V617F (VF) mousemodel that faithfully captures many aspects of MPN
includingprogression tomyelofibrosis20,21. InVFmicewe alsoobserved
upregulated expression of IL-1R pathway genes by RNA sequencing of
sorted HSCs, bipotent megakaryocyte-erythroid precursors (pre-
MegE) and megakaryocyte progenitors (MkP) (Fig. 2c). Thus, IL-1 sig-
naling is upregulated in JAK2-V617F positive MPN patients and in mice
expressing JAK2-V617F.

Complete knockout of IL-1β in a JAK2-V617F MPN mouse model
reduces inflammatory cytokines but does not affect the overall
course of MPN disease
To further examine the role of IL-1β in MPN pathogenesis, we crossed
our SclCreER;JAK2-V617F (VF)20,21 mice with IL-1β−/− mice22 and analyzed
the resulting double mutant VF;IL-1β−/− mice after induction with
tamoxifen. VF;IL-1β−/− mice did not show altered survival, body weight,
spleen weight, or grade of reticulin fibrosis versus VF single mutant
mice, showed only slightly reduced red cell parameters, and overall no
significant changes in platelet and leukocyte counts compared to VF
(Fig. 3a and Supplementary Fig. 4a). Also no differences between VF
and VF;IL-1β−/− mice were observed in the frequencies of HSCs and
HSPCs in bonemarrow and spleen (Supplementary Fig. 4b), or in bone
marrow, spleen, and liver histology (Supplementary Fig. 5a, b). IL-1β
levels in bonemarrow lavage and plasmawere significantly elevated in
VF mice compared with wildtype (WT) mice, while IL-1β as expected
was absent in VF;IL-1β−/− mice (Fig. 3b). IL-1α, the other family member
that signals through the same receptor, was not detectable in plasma,
but was elevated in bone marrow of VFmice along with IL-1β (Fig. 3b).
Interestingly, VF;IL-1β−/− mice displayed lower levels of IL-1α than VF
mice, contrary to the expectation that IL-1α would be upregulated to
compensate for the loss of IL-1β, but consistent with IL-1α being
expressed downstreamof IL-1R1 signaling23. No differenceswere found
in IL-1Ra levels in bone marrow and plasma between VF and VF;IL-1β−/−

mice (Supplementary Fig. 4c). While the levels of some pro-
inflammatory cytokines were elevated in bone marrow or plasma of
VF mice compared to WT, loss of IL-1β resulted in partial or complete
normalization of these differences in the bonemarrow (Fig. 3c). Taken
together, these results show that complete loss of IL-1β in this MPN
mouse model reduced inflammatory cytokines in the bone marrow,
but the expansion of MPN cells and the overall course of disease
remained unaffected.

Loss of IL-1β in JAK2-V617F mutant hematopoietic cells reduces
MPN symptoms and myelofibrosis
Since VF;IL-1β−/− mice lack IL-1β expression in all tissues, we examined
the effects of IL-1β deficiency confined only to hematopoietic cells by
performing transplantations of bone marrow cells into lethally irra-
diated recipient mice (Fig. 4). We found that in contrast to the non-
transplanted mice (Fig. 3), platelet and leukocyte counts were lower,
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whereas red cell parameters were higher in recipient mice transplanted with bone marrow from VF;IL-1β−/− donors compared to
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Fig. 1 | JAK2-V617F correlated with increased IL-1 expression in MPN patients.
a Upper panel: Serum IL-1β (pg/ml) in normal controls (NC; n = 20) and MPN
patients (n = 120); ET (n = 42), PV (n = 44), PMF (n = 34). Correlation (r) between
% JAK2-V617F in granulocytes and log transformed serum IL-1β in MPN patients.
Limit of detection is shown by dashed green line at y = 0.01 pg/ml. Lower panel:
IL-1β mRNA expression relative to β-actin in granulocytes of NC (n = 12) and
MPN patients (n = 46); ET (n = 11), PV (n = 18), PMF (n = 17). Correlation between
log transformed IL1B mRNA expression and % JAK2-V617F. b Upper panel:
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(n = 44), PMF (n = 34). Correlation (r) between % JAK2-V617F and log trans-
formed serum IL-1RA. Lower panel: IL1RN (IL-1RA) mRNA expression relative to
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progenitor (MkP). Graph showing correlation (r) between % JAK2-V617F and
percentages of IL-1R1 + HSCs. d Representative histogram showing the
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data and exact p values are provided as a Source Data file.
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VF donors (Fig. 4a and Supplementary Fig. 6a). In line with reduced
platelet counts, mice transplanted with bone marrow from VF;IL-1β−/−

donors showed reduced frequencies of pre-MegE in bonemarrow and
spleen (Supplementary Fig. 6b) as well as reduced number of mega-
karyocytes per visual field in the bonemarrow (Supplementary Fig. 7a).
Moreover, mice transplanted with VF;IL-1β−/− bone marrow showed
significantly reduced TGF-β1 levels in the bone marrow compared to
VF donors (Supplementary Fig. 7b). IL-1β levels in bone marrow and
plasma were low in mice transplanted with VF;IL-1β-/ cells, indicating

the source of IL-1β overproduction in VF mice are mainly the JAK2-
mutant hematopoietic cells (Supplementary Fig. 7c). Spleen weight
was slightly reduced in VF;IL-1β−/− recipient mice compared to VF
(Fig. 4b), and histology of bone marrow revealed reduction in the
grade of reticulinfibrosis aswell as reduction in the percentage ofmice
with osteosclerosis (Fig. 4c and Supplementary Fig. 8). Extramedullary
hematopoiesis in spleen and liver was decreased and splenic archi-
tecturewas partially conserved in recipients ofVF;IL-1β−/− bonemarrow
compared to VF bonemarrow (Supplementary Fig. 6c). No differences
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Fig. 2 | Expression of IL-1 pathway genes are upregulated inMPN. a Expression
of IL-1R pathway gene signatures is tested for enrichment by Gene Set Enrich-
ment Analysis (GSEA) in peripheral blood CD34+ HSPCs from PMF patients
(n = 23) and bone marrow CD34+ HSPCs from normal controls (n = 15). Com-
parisons with p-value <0.05 and FDR q-value <0.05were considered significant.
Analysis of publicly available dataset19. Affymetrix data were dowloaded as
normalized expression levels from Gene Expression Omnibus database
(GSE53482)19 using the GEOquery package (R, Vienna, Austria. https://www.R-
project.org/). The normalization of the expression data was checked by box-
plot representation. Gene Set Enrichment Analysis (GSEA) was performed with
the GSEAv4.1.0 software (Broad Institute). All gene sets were obtained from
GSEA website (https://www.gsea-msigdb.org). Enrichment map was used for

visualization of the GSEA results. Normalized Enrichment score (NES) and False
discovery rate (FDR) p-values were applied after a 10,000 gene set permuta-
tions. bHeatmap representation of expression levels of IL-1R pathway genes in
CD34+ HSPCs from PMF patients (n = 23) and normal controls (n = 15). Analysis
of publicly available dataset19. c Heatmap representation of the differential
expression of IL-1 signaling pathway genes in hematopoietic stem cells (HSC;
Lin−Sca1+cKit+CD48−CD150+), megakaryocyte-erythroid precursors (MEP or
pre-MegE; Lin−Sca1−cKit+CD41−CD16−105−CD150+) and megakaryocyte pro-
genitors (MkP; Lin−Sca1−cKit+CD41+CD150+) between VF (n = 3) and WT (n = 3)
mice is shown (left). Barcode plots showing custom Gene Set Enrichment
Analysis (GSEA) of the Biocarta IL-1R pathway in HSC, pre-MegE (or MEP) and
MkP from VF vs WT (right). Source data are provided as a Source Data file.
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were observed inWTmice transplantedwith bonemarrow from IL-1β−/−

donors versusWT donors (Fig. 4 and Supplementary Fig. 6). Histology
was also normal in mice transplanted with bone marrow from IL-1β−/−

donors or WT donors (data not shown).

When IL-1β−/− mice were used as recipients, we observed similar
changes in blood counts as in WT recipient mice (Fig. 4d). Until week
20, platelet counts in recipients of VF;IL-1β−/− bone marrow were lower
than in mice transplanted with VF bone marrow and at 16 weeks there
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Fig. 3 | Genetic deletion of IL-1β in a JAK2-V617F MPN mouse model. aWildtype
(WT; n = 9), IL-1β knock-out (IL-1β−/−; n = 11), Scl;Cre;V617F (VF; n = 18) and
Scl;Cre;V617F; IL-1β knock-out (VF;IL-1β−/−; n = 13)micewere induced with tamoxifen
and disease kinetics were followed for 36 weeks. Complete blood counts, grade of
reticulin fibrosis at 16- and 32-weeks after tamoxifen and spleen weight at 16 weeks
after tamoxifen induction are shown. Kaplan-Meier survival curve showing the
percent survival of mice Grey area represents normal range. Two-way ANOVA fol-
lowed by Tukey’s multiple comparison tests were used for multiple group com-
parisons for blood counts. Two-tailed unpaired t test was performed for spleen
weight. b left panel: IL-1β protein levels in BM lavage (1 femur and 1 tibia) of WT

(n = 13), VF (n = 11) and VF;IL-1β−/− (n = 18) and plasma ofWT (n = 21), VF (n = 21) and
VF;IL-1β−/− (n = 20) mice at 12–16 weeks after tamoxifen induction. IL-1α levels
(middle panel) BMandplasma is shown (n = 4 per group). Two-tailed unpaired non-
parametric Mann–Whitney t-test was performed. c Pro-Inflammatory cytokine
levels (normalized to WT; dotted line) in BM lavage and plasma of WT (n = 8), VF
(n = 8) and VF;IL-1β−/− (n = 4)mice at 16 weeks after tamoxifen induction. Two-tailed
unpaired t-tests were performed for multiple comparisons. Grey asterisk repre-
sents the comparison between WT and VF or VF;IL-1β−/− All data are presented as
mean ± SEM. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001. See also Supplemen-
tary Figs. 4 and 5. Source data and exact p values are provided as a Source Data file.
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was a trend towards lower grade of myelofibrosis (Fig. 4f). However,
after 24 weeks the platelet count was higher in VF;IL-1β−/− recipients
than in VF recipients, and at terminal workup no differences in sple-
nomegaly, grade of reticulin fibrosis or osteosclerosis were detected
between the two genotypes (Fig. 4e, f and Supplementary Figs. 6d–f
and 8). Thus, at advanced disease stage, IL-1β−/− mice transplanted with

bone marrow from VF;IL-1β−/− mice resembled in phenotype non-
transplanted VF;IL-1β−/− mice. While loss of IL-1β restricted to hemato-
poietic cells showed a trend towards increased levels of IL-1Ra in BM,
this trend was not observed in mice with complete loss of IL-1β in all
tissues (Supplementary Fig. 7c), suggesting that the overall activity of
IL-1 signaling is reduced when IL-1β is lost in hematopoietic cells only.
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Pharmacological inhibition of IL-1β decreases myelofibrosis in
MPN mice
Since the genetic deletion of IL-1β in hematopoietic cell showed ben-
eficial effects on myelofibrosis, we also tested the effects of pharma-
cological inhibition of IL-1β. We used our previously described
competitive transplantation model that allows monitoring blood and
tissue parameters together with JAK2 mutant allele burden using a
separate UBC-GFP reporter transgene that was crossed with the VF
mice21. Bonemarrowcells fromVF;GFP andWTdonormiceweremixed
in 1:1 ratio and transplanted into lethally irradiated recipients (Fig. 5a).
The mice developed full PV phenotype with elevated blood counts
within 12-16 weeks after transplantation (Supplementary Fig. 9a).
Groups of 6 mice were killed at 12, 16, and 20 weeks and the histolo-
gical grade of reticulin fibrosis was determined (Fig. 5b). At 20 weeks,
when all mice within the group displayedmyelofibrosis, the remaining
mice were randomized and assigned to treatment groups. Anti-mouse
IL-1β antibodies, ruxolitinib and combination of both (combo) were
well tolerated and did not alter body weight during the 8-week treat-
ment (Fig. 5c). Anti-IL-1β antibody alone reduced platelet and mono-
cyte counts, but prevented the decrease in red cell parameters,
whereas ruxolitinib alone had the opposite effects on hemoglobin and
platelets (Fig. 5d and Supplementary Fig. 9b). None of the treatments
was able to reduce the mutant allele burden in peripheral blood
(Fig. 5d) or hematopoietic progenitors in bone marrow and spleen
(Supplementary Fig. 9c). Spleen size decreased only in mice treated
with ruxolitinib or combo (Fig. 5e).

Vehicle treatedmice showedmegakaryocytic hyperplasia in bone
marrowalongwith reticulinfibrosis andosteosclerosis (Fig. 5f). Anti-IL-
1β antibody reduced reticulin fibrosis aswell as the percentage ofmice
with osteosclerosis, and showed additive effects on both parameters
with ruxolitinib (Fig. 5f). IL-1β antibody alone or combination with
ruxolitinib almost completely restored splenic architecture and
reduced extramedullary hematopoiesis in liver (Supplementary
Fig. 9d). Anti-IL-1β antibody treatment did not affect IL-1α levels in BM
and plasma (Supplementary Fig. 9e). Anti-IL-1β antibody made IL-1β
undetectable in bone marrow and plasma and also reduced the levels
of some other pro-inflammatory cytokines (Fig. 5g). The combination
with ruxolitinib resulted in even greater suppression of cytokine levels
(Fig. 5g). Anti-IL-1β antibody alone reduced the levels of bone marrow
TGF-β1 (Supplementary Fig. 10b).WTmice transplanted withWT bone
marrow cells and treated with anti-IL-1β antibody for 8 weeks showed
only a minor decrease in lymphocyte numbers, but otherwise no
effects on blood counts, spleen weight or bone marrow HSPCs were
observed (Supplementary Fig. 10c–g). We confirmed that anti-IL-1β
antibody also reduced fibrosis in non-transplanted VF mice (Supple-
mentary Fig. 11).

Thus, contrary to the expectations from the complete genetic
ablation of IL-1β in all tissues, pharmacological inhibition of IL-1β
showed beneficial effects onmyelofibrosis and course of the disease in
VF mice comparable to the genetic ablation of IL-1β in hematopoietic
tissues only.

Deletion of IL-1β in JAK2-V617F mutant hematopoietic cells
prevents the loss of nestin+ mesenchymal stromal cells in bone
marrow
VFmice were previously shown to display loss of nestin-positive MSCs
in bone marrow that was associated with favoring MPN disease
manifestations11. To test whether loss of IL-1β in JAK2-mutant donor
cells could prevent the destruction of nestin-positive MSCs, we used
mice that express a Nestin-GFP reporter transgene as recipients for
transplantationswith bonemarrow fromVF, orVF;IL-1β−/−, orWTdonor
mice (Fig. 6a)24. Mice transplanted with VF bone marrow developed
full MPN phenotype (Fig. 6b, c and Supplementary Fig. 12a–c) and
showed reduced numbers of Nestin-GFP+ and Nestin-GFP+;PDGFRa+

MSCs in BM compared to WT controls (Fig. 6d, e). In contrast, reci-
pients of VF;IL-1β−/− BM showed normal or even increased numbers of
Nestin-GFP+ MSCs in BM (Fig. 6d, e), accompanied by reduced blood
counts, in particular normalized platelet counts (Fig. 6b). Importantly,
recipients ofVF;IL-1β−/−BMalso showed lower gradeof reticulinfibrosis
(Fig. 6f), strengthening the link to platelet counts. Consistent with
previous observations11, VF mice displayed reduced abundance of
Schwann cells and sympathetic nerve fibers in the skull bone marrow
(Fig. 6g, h). Importantly, VF;IL-1β−/− donor cells failed to inflict damage
to neuroglial cells and sympathetic nerve fibers in Nestin-GFP recipient
mice, and showed Schwann cells and sympathetic nerve fibers den-
sities similar to WT controls (Fig. 6g, h). Neuropathy in the skull
bone marrow of recipients of VF BM correlated with a significant
reduction in Nestin-GFP +MSC numbers, whereas comparable num-
bers of Nestin-GFP +MSC were observed in recipients of VF;IL-1β-/ and
WT bone marrow (Fig. 6i). We measured the levels of 21 cytokines in
bone marrow and plasma, and found increased levels of IL-1β in reci-
pients of VF BM, but not in recipients of VF;IL-1β-/ orWT bone marrow
(Supplementary Fig. 12d).

Overall, these results demonstrate that secretion of IL-1β from
JAK2-mutant BM cells is required to cause neuroglial damage in the BM
niche resulting in loss of nestin+ MSCs and to maintain high platelet
counts. Loss of IL-1β in JAK2-mutant hematopoietic cells prevented
these alterations and correlates with reduced MPN progression to
myelofibrosis and osteosclerosis.

Discussion
IL-1β and IL-1RA levels were elevated in serum of JAK2-V617F positive
MPNpatients (n = 120), withmean levels higher in PV and PMFpatients
than in ET patients. Also consistent with previous studies4,5, we
detected elevated levels of several pro-inflammatory cytokines inMPN
patients including IL-8, IL-6, TNF-α, IL-13, IL-10, IL-4, and IL-2. Similar to
a recent study in PV patients25, only IL-1β and IL-1RA showed correla-
tion with JAK2-V617F allele burden in peripheral blood (Fig. 1a, b). In
addition, we found that the two receptor proteins, IL-1R1 and IL-1RAcP,
were expressed at higher levels and in a higher percentage of HSPCs in
peripheral blood from MPN patients compared to normal controls
(Fig. 1c, d). IL-1R1 and IL-1RAcP were previously shown to be upregu-
lated in acute myeloid leukemia (AML) and chronic myelogenous

Fig. 4 | Loss of IL-1β in JAK2-V617F mutant cells reduces MPN symptom burden
andmyelofibrosis. a Schematic of non-competitive transplantationwith 2million
BM cells from tamoxifen induced VF, WT, VF; IL-1β−/−, or IL-1β−/− donor mice into
lethally irradiated WT recipients (n = 15 per group). Complete blood counts
measured every 4 weeks until 32 weeks after transplantation are shown. Two-
tailed unpaired t-tests without correction for multiple comparisons was per-
formed. Grey area represents normal range. b Bar graph shows the spleen weight
at 32 weeks after transplantation. Two-tailed unpaired t test was performed.
c Representative images of bone marrow fibrosis (reticulin fibrosis) are shown at
32-weeks after transplantation. Histological grade of reticulin fibrosis in the BM at
16- and 32-weeks after transplantation is shown in the bar graph. Two-tailed
unpaired t test was performed. Bar graph showing the percentage of mice with
osteosclerosis in the BM. d Schematic of non-competitive transplantation with 2

million BM cells from tamoxifen induced VF, WT, VF;IL-1β−/−, or IL-1β−/− donor
mice into lethally irradiated IL-1β−/− recipients (n = 15 per group). Complete blood
counts measured every 4 weeks until 32 weeks after transplantation are shown.
Two-tailed unpaired t-tests without correction for multiple comparisons was
performed. Grey area represents normal range. e Bar graph shows the spleen
weight at 32 weeks after transplantation. Two-tailed unpaired t test was per-
formed. f Representative images of BM fibrosis (reticulin fibrosis) are shown at
32 weeks after transplantation. Histological grade of reticulin fibrosis in the BM at
16- and 32-weeks after transplantation is shown in the bar graph. Bar graph
showing the percentage of mice with osteosclerosis in the BM. All data are pre-
sented as mean ± SEM. *P < 0.05; **P < 0.01; ***P <0.001; ****P < 0.0001. See also
Supplementary Figs. 6–8. Source data and exact p values are provided as a Source
Data file.
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leukemia (CML) patients26–29. Furthermore, we found a strong corre-
lation between the percentages of IL-1R1 + and IL-1RAcP+ HSPCs and
JAK2-V617F allele burden, suggesting that JAK2-V617F induces expres-
sion of IL-1β, which in turn upregulates expression of its own
receptors30,31. IL-1RAcP is also used by other IL-1 family ligands,
including IL-33, IL-36α, IL-36β, and IL-36γ10, which fits with the higher

percentage of HSPCs that are positive for IL-1RAcP compared to IL-1R1
that is used by IL-1β and IL-1α only. These data are compatible with a
model suggesting that upregulating IL-1β is a primary event for the
activation of inflammatory signaling in JAK2-V617F positive MPN6,7.

VF;IL-1β−/− double mutant mice showed reduced levels of pro-
inflammatory cytokines in bone marrow compared to VF (Fig. 3c),
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illustrating the role of IL-1β in controlling other cytokines10. However,
complete loss of IL-1β in non-transplanted VF mice did not sub-
stantially change the course of the disease, in particular, these mice
showednodifferences in the grade ofmyelofibrosis (Fig. 3a).VF;IL-1β−/−

mice showed only slightly reduced red cell parameters, and overall no
significant changes in platelet and leukocyte counts compared toVF. In
contrast, transplantation of VF;IL-1β−/− bonemarrow intoWT recipients
resulted in decreased platelet counts, reduced infiltration of mega-
karyocytes in BM and spleen and reduced degree ofmyelofibrosis and
osteosclerosis (Fig. 4a–c). Also IL-1β−/− recipients transplanted with
VF;IL-1β−/− bone marrow as expected initially displayed lower platelet
counts and at 16 weeks showed a trend towards lower grade of MF
(Fig. 4). However, after 24 weeks the platelets increased in these VF;IL-
1β−/−transplanted mice to levels higher than in the VF-transplanted
group and at 32 weeks there was no difference in the grade of mye-
lofibrosis between the two groups. Thus, transplantation of VF;IL-1β−/−

bone marrow into IL-1β deficient recipients, similar to complete IL-1β
knockout, abolished the beneficial effects on myelofibrosis and
osteosclerosis. Nevertheless, anti-IL-1β antibody alone effectively
eliminated IL-1β protein, reduced platelet counts and also reduced the
grade of myelofibrosis compared with vehicle (Fig. 5 and Supple-
mentary Fig. 11). The reasons for the discrepancies in phenotypes
between loss of IL-1β in hematopoietic tissues only versus the com-
plete genetic loss of IL-1β and the effects of anti-IL-1β antibody remain
unclear, but might be partly explained by developmental compensa-
tion when IL-1β is deleted throughout life. The beneficial effects on
myelofibrosis and osteosclerosis in our mouse models strongly cor-
related with the reduction in platelet counts in the various settings of
inhibiting or deleting IL-1β.

The mechanism by which IL-1β promotes myelofibrosis involves
direct effects on megakaryopoiesis and on bone marrow micro-
environment. Platelets and megakaryocytes have been shown to be
prime drivers in the pathogenesis of myelofibrosis32,33. IL-1β has a
direct positive effect on megakaryopoiesis34–37 and promotes poly-
ploidisation of megakaryocytes through NFκB and MAPK signaling38.
TGFβ release from platelets has been implicated as a key mediator
of the pro-fibrotic process39. Our data is in-line with these studies, as
we also observed increased TGFβ1 serum levels in MPN patients
(Supplementary Fig. 3) and reduced TGFβ1 levels in bone marrow
of VF mice with genetic or pharmacological inhibition of IL-1β
(Supplementary Figs. 7b and 10b). Furthermore, we show that delet-
ing IL-1β in VF hematopoietic cells prevented neuropathy, i.e. damage
inflicted on the Schwann cells and sympathetic nerve fibers11. As a
consequence, nestin-positive MSCs were preserved in bone marrow
of VF;IL-1β−/− mice and the presence of nestin-positive MSCs corre-
lated with reduced myelofibrosis (Fig. 6). A link between increase
of nestin+ MSCs and reduced myelofibrosis was also found in our
clinical phase II trial using Mirabegron, a β−3 sympathomimetic

agonist, that corrected the damage inflicted by the MPN clone on the
nestin+ MSCs40.

Anti-IL-1β antibody completely neutralized IL-1β in bonemarrow
and plasma of VF mice and substantially reduced reticulin fibrosis
and osteosclerosis (Fig. 5). This antibody is selective for IL-1β and
does not bind IL-1α (Supplementary Fig. 9e). The half-life of this anti-
IL-1β antibody (01BSUR) in mice was >300 h (Novartis internal data),
and has shown efficacy in several pre-clinical models41–43. Anakinra, a
recombinant form of naturally occurring human IL-1Ra partially
ameliorated disease phenotype in VF mice, but showed no effect on
myelofibrosis11. The half-life of Anakinra is only 4–6 h and an up
to1000-fold molar excess over IL-1β is required to completely block
IL-1 signaling10. Ruxolitinib alone only partially decreased IL-1β levels
and IL-1β has been shown to act on cells even at picomolar
concentrations14,44. Ruxolitinib alone showed variable effects on
fibrosis in preclinical mouse models. The effects were mainly
dependent on the dose and duration of treatment. Higher doses of
ruxolitinib (60–90mg/kg, BID) or longer treatment regimen (more
than 3 weeks) were effective in reducing myelofibrosis in mice7,45,
whereas, shorter treatment and/or lower dose (30mg/kg; 3 weeks,
QD) did not reduce myelofibrosis46. We used ruxolitinib at 30mg/kg
BID, but we treated for 8 weeks. Thus, our results are comparable
with the other reports. The anti-IL-1β antibody showed additive
effects with ruxolitinib in reducing myelofibrosis, osteosclerosis as
well as inflammatory cytokines in MPN mice. This is in line with a
recent report, which showed that inhibiting the NF-kB inflammatory
pathway using a BET-inhibitor in combination with ruxolitinib was
more effective thanmonotherapy in reducingmyelofibrosis in aMPN
mouse model7.

Using genetic and pharmacological approaches, we show that IL-
1β inhibition reduced myelofibrosis in a preclinical JAK2-V617F MPN
mouse model. Furthermore, the combination therapy with Jak1/2
inhibitor resulted in complete reversal of myelofibrosis and osteo-
sclerosis. Our data highlight the role of IL-1β in MPN disease progres-
sion to myelofibrosis and provide a rationale for a clinical trial with
anti-IL-1β antibody in MPN.

Methods
MPN patients
Blood samples and clinical data of MPN patients were collected at the
University Hospital Basel, Switzerland. The study was approved by the
local Ethics Committees (Ethik Kommission Beider Basel). Written
informed consent was obtained from all patients in accordance with
the Declaration of Helsinki. The diagnosis of MPN was established
according to the 2016 revision of the World Health Organization
classification of myeloid neoplasms and acute leukemia47. Information
on diagnosis, progression, and gene mutations are specified in Sup-
plementary Data 1.

Fig. 5 | Pharmacological inhibition of IL-1β decreased myelofibrosis in MPN
mice. a Experimental setup of the drug treatment. b Grade of reticulin fibrosis was
determined before therapy in groups of n = 6 mice killed at 12-, 16-, and 20-weeks
after transplantation. c Time course of body weights (n = 12 mice per treatment
group). Two-wayANOVA followed by uncorrected Fisher’s LSD test was performed.
d Blood counts and mutant cell (% GFP) chimerism in the peripheral blood of
vehicle (n = 12); ruxolitinib (n = 11); anti-IL-1β (n = 12); combo (n = 12) treatedmice in
erythroid (Ter119), megakaryocytic (CD61), granulocytic (Gr1), and monocytic
(CD11b) lineages. Two-way ANOVA followed by uncorrected Fisher’s LSD test was
performed. Two-way ANOVA followed by Dunnett’s multiple comparisons test was
performed for GFP chimerism. e Spleen weights of vehicle (n = 12); ruxolitinib
(n = 11); anti-IL-1β (n = 12); combo (n = 12) treated mice after 8 weeks of drug
treatment. Two-tailed unpaired t-test was performed. Grey area represents normal
range. f Representative images of reticulin fibrosis and H&E staining is shown and
histological grade of reticulin fibrosis in the BM is illustrated in the bar graph.

Similar results were obtained with other mice in each condition. Stacking bar
graph showing the percentage of mice with osteosclerosis in the BM of vehicle
(n = 12); Ruxolitinib (n = 11); anti-IL-1β (n = 12); and combo (n = 12). Two-tailed
unpaired t test was performed for comparisons of fibrosis grades between dif-
ferent groups. p value is computed using Fisher’s exact test for presence or
absence of osteosclerosis in bone marrow. g Heatmap plot showing the inflam-
matory cytokine levels in the BM lavage and plasma of mice after 8 weeks of drug
treatment. Vehicle (n = 12); Ruxolitinib (n = 11); anti-IL-1β (n = 12); combo (n = 12).
The color bars indicate treatment groups. Heatmap shows Z scores. Two-tailed
unpaired t-tests without correction for multiple comparisons was performed.
Green-colored asterisk is used for comparison of vehicle vs. anti-IL-1β; salmon for
vehicle vs. ruxolitinib; plum for vehicle vs. combo. All data are presented as
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. See also Supple-
mentary Figs. 9–11. Source data and exact p values are provided as a Source
Data file.
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Quantification of JAK2-V617F variant allele frequency in geno-
mic DNA
DNA from granulocytes was prepared using the QIAamp DNAMini Kit
using manufacturer’s instructions. An allele-specific polymerase chain
reaction (AS-PCR) was performed for the detection of JAK2-V617F in
genomic DNA48. PCR amplification was performed forward primer 5′-

GTTTCTTAGTGCATCTTTATTATGGCAGA-3′ and reverse primers 5′−6
Fam-AAATTACTCTCGTCTCCACAGAA-3′ and 5′−6Fam-TTACTCTCGT
CTCCACAGAC-3′. The amplicons generated by AS-PCR were analyzed
by fragment analysis with ABI3130xl Genetic Analyzer (Applied Bio-
systems Inc.). The mutant allele burden was calculated by Peak
heightmut/(Peak heightmut + Peak heightwt) × 100%.
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qPCR
IL1B (IL-1β), IL1RN (IL-1RA), CASP1 (caspase1) and ACTB (β-actin) gene
expression in human granulocytes were quantified by TaqMan gene
expression assay (Assay ID: Hs01555410_m1, Hs00893626_m1,
Hs00354836_m1 and Hs01060665_g1; ThermoFisher Scientific). Each
sample was run in triplicates using 25 ng cDNA in a 384 well plate and
the qPCR was performed using VIIA 7 real time PCR instrument from
Applied Biosystems.

Transgenic mice
Tamoxifen inducible SclCreER;V617F (VF) mice were described
previously20. VF mice were crossed with UBC-GFP strain49, and bone
marrow (BM) cells from VF;GFPmice that co-express GFP as a reporter
were used for competitive transplantations. Double mutant VF;IL-1β−/−

mice were generated by crossing VF mice with previously described
mice lacking IL-1β50. We used Nestin-GFP reporter mice as transplan-
tation recipients24. Cre-recombinase expression in transgenicmicewas
induced by intraperitoneal (i.p.) injections of 100μg/g body weight
tamoxifen (Sigma Aldrich) for 5 consecutive days. All mice were of
pure C57BL/6N background, and kept under specific pathogen-free
conditions with free access to food and water in accordance to Swiss
federal regulations. All animal experiments were approved by the
Cantonal Veterinary Office of Basel-Stadt, Switzerland.

Bone marrow transplantations
Transplantations were performed with BM cells harvested from
transgenic mice 6–8 weeks after induction with tamoxifen. For non-
competitive transplantation assays, erythrocyte depleted total BM
cells (2 million) isolated from C57BL/6 (WT), VF or VF;IL-1β−/− donor
mice were transplanted into lethally irradiated WT, IL-1β−/−, or Nestin-
GFP recipients. The WT recipients were purchased from Janvier Labs.
Blood samples were taken from lateral tail vein every 4–6 weeks to
measure complete blood counts (CBC). CBCwere determined using an
Advia120 Hematology Analyzer using Multispecies Version 5.9.0-MS
software (Bayer). In the final phase of the experiment, the recipients
were euthanized by CO2 asphyxiation and the tissue/blood samples
were taken for further analysis.

Flow cytometry
Frozen PBMCs from MPN patients and normal controls were thawed
and stained after blocking Fcγ receptors (#564220, BD) with following
human antibodies: lineage-FITC (1:20; 348701), CD34-Pacific Blue
(1:100; 343512), CD38-APC (1:50; 356606), CD123-BV605 (1:100;
306026), and CD41-PE-Cy5 (1:50; 343512) from BioLegend, CD45RA-
BV786, (1:50; 563870; BD biosciences) and IL-1R1-PE (1:20; FAB269P),
IL-1RAcP-PE (1:20; FAB676P) or isotype goat IgG-PE antibody (1:20;
IC108P) from R&D systems. Mouse BM cells were harvested from long
bones (2 tibias and 2 femurs) by crushing boneswithmortar and pestle
using stainingmedia (Dulbecco’s PBS + 3% FCS + pen/strep). Cells were
filtered through 70μm nylon mesh to obtain a single-cell suspension.

Total spleen cells were harvested by crushing the spleen against
100μm cell strainer. Red blood cells were lysed (ACK buffer, Invitro-
gen) and stainedwith following antibodies for FACS analysis: amixture
of biotinylated monoclonal antibodies CD4 (1:200; 100404), CD8
(1:200; 100704), B220 (1:200; 103204), TER-119 (1:100; 116204), CD11b
(1:400; 101204), and Gr-1(1:400; 108404) from BioLegend was used as
the lineage mix (Lin) together with Sca-1-APC-Cy7 (1:100; 108126),
CD117 (c-kit)-BV711 (1:100; 105835), CD48-AF700 (1:100; 103426),
CD150 (SLAM)-PE-Cy7 (1:100; 115914), CD16-PE (1:100; 101308), CD41-
BV605 (1:100; 133921), CD105-PerCP-Cy5.5 (1:100; 120416) from Bio-
Legend and CD34-AF647 (1:25; 560230; BD biosciences) were used as
primary antibodies. Cells were washed and stained with streptavidin
pacific blue secondary antibody (Invitrogen).Mouse stromal cells were
obtained by crushing mouse bones directly in 0.25% collagenase I in
20%FBS/PBS solution anddigesting bones and cells at 37 °Cwater bath
for 45min. Cells were filtered through 70μm nylon mesh, red blood
cells were lysed (ACK buffer, Invitrogen) and cells were stained with
CD45-PE-Cy7 (1:100; 103114), CD31-PerCP-Cy5.5 (1:100; 102420), TER-
119-APC (1:200; 116212), Sca-1-APC-Cy7 (1:100; 108126), PDGFRα-PE
(1:100; 135906) from BioLegend. Sytox-Blue or Green (Invitrogen) was
used to exclude dead cells during FACS analysis. Live, singlet cells were
selected for gating. Cells were analyzed on a Fortessa Flow Cytometer
(BD biosciences). Data were analyzed using FlowJo (version 10.7.1)
software.

Cytokine analysis
Mouse blood was collected in EDTA tubes by cardiac puncture and
platelet depleted plasma was collected by centrifuging the blood
at 5000×g for 20min at 4 °C. Mouse BM lavage was collected by
flushing one femur and one tibia with 500 μl PBS and centrifuging
the cell suspension at 300×g for 10min at 4 °C. IL-1β and other pro-
inflammatory cytokine levels in mouse BM and plasma as well as in
human serum were measured by ELISA kits from R&D systems and
Mesoscale Discovery according to manufacturer’s instructions.
Single analyte data was plotted in GraphPad Prism software using
an XY data table and the standard curve was analyzed using a
sigmoidal 4-PL equation and the values of unknowns were inter-
polated. Multiplex cytokine data from a 96-well plate was read
using Mesoscale Meso Sector S 600 instrument and the data was
analyzed with Discovery Workbench 4.0 software. The cytokine
data were then normalized by Z score transformation using the
scale () function in R and visualized with the heatmap.2 function of
the gplots package.

Histology
Bones (sternum and/or femur), spleens and livers were fixed in for-
malin, embedded in paraffin and sectioned. Tissue sections were
stained with H&E and Gömöri for the analysis of reticulin fibers. Pic-
tures were taken with ×10, ×20, and ×40 objective lens using Nikon Ti
inverted microscope and NIS Software. For staining nerve fibers and

Fig. 6 | Deletion of IL-1β in JAK2-V617F mutant hematopoietic cells prevented
the loss of nestin+ MSCs in bone marrow. a Scheme of non-competitive (1:0)
transplantation into Nestin-GFPmice. b Complete blood counts at 4-weeks (VF;
n = 7, VF;IL-1β−/−; n = 6, and WT; n = 4) and 8-weeks (VF; n = 7, VF;IL-1β−/−; n = 6,
and WT; n = 4) after transplantation. c Spleen weights after 8 weeks of trans-
plantation (VF; n = 7, VF;IL-1β−/−; n = 6, and WT; n = 4). d Number of
Ter119−CD45−CD31−GFP+ cells in BM (1 tibia and 2 hip bones) at 4-weeks (VF;
n = 7,VF;IL-1β−/−; n = 5, andWT;n = 4) and8-weeks (VF;n = 6,VF;IL-1β−/−; n = 6, and
WT; n = 4) after transplantation. e Total number of Ter119-CD45-CD31-GFP+ cells
co-expressing platelet derived growth factor receptor α (PDGFR α) at 4-weeks
(VF; n = 7, VF;IL-1β−/−; n = 5, and WT; n = 4) and 8-weeks (VF; n = 6, VF;IL-1β−/−;
n = 6, andWT; n = 4). f Grade of reticulin fibrosis 8-weeks after transplantation.
VF; n = 7, VF;IL-1β−/−; n = 6, and WT; n = 4. g Representative images of glial
fibrillary acidic protein (GFAP)-positive Schwann cells in skull BM and

quantification of GFAP area at 4-weeks (VF; n = 7, VF;IL-1β−/−; n = 5, andWT; n = 4)
and 8-weeks (VF; n = 6, VF;IL-1β−/−; n = 6, and WT; n = 4) after transplantation
(right). h Representative images of tyrosine hydroxylase (TH)-positive sym-
pathetic nerve fibers in skull BM and quantification at 4-weeks (VF; n = 7,
VF;IL-1β−/−; n = 5, andWT; n = 4) and 8-weeks (VF; n = 7, VF;IL-1β−/−; n = 6, andWT;
n = 4) after transplantation (right). i Representative images of Nestin-GFP cells
in skull BM and quantification at 4-weeks (VF; n = 7, VF;IL-1β−/−; n = 5, and WT;
n = 4) and 8-weeks (VF; n = 7, VF;IL-1β−/−; n = 6, and WT; n = 4) (right). Similar
results were obtainedwith othermice of each genotype ing–i (left panel). Scale
bar is 100 µm in g–i (left panel). Statistical significances in all graphs were
determined by multiple unpaired two-tailed t-tests. Grey area represents
normal range. All data are presented as mean ± SEM. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. See also Supplementary Fig. 12. Source data and
exact p values are provided as a Source Data file.
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Schwann cells, mouse skull bones were fixed in 2% formaldehyde/PBS
solution for 2 h at 4 °C, washed with PBS and stored in PBS at 4 °C until
further analysis. The whole mount immunostaining of the skull bones
was performed and antibodies used for immunofluorescence staining
were anti-TH (Rabbit pAb, Millipore) and anti-GFAP (Rabbit pAb,
Dako). Confocal images were acquired with a laser scanning confocal
microscope (Zeiss LSM700). At least 3 different sectionswere used for
quantification using ImageJ software.

Pharmacological treatments in vivo
BMcells fromVF;GFP donormiceweremixedwith BMcells ofWT in 1:1
ratio (2 million cells) and transplanted into lethally irradiated (12 Gy)
WT female recipients. Mice (n = 6) selected randomly from the cohort
and killed at week-12, −16, and −20 post-transplant to assess the grade
of reticulin fibrosis in BM. At 20-weeks post-transplant, mice were
randomized into following 4 groups of 12 mice each and treated for 8-
weeks: (1) Vehicle: 0.5% methylcellulose (oral gavage) + isotype anti-
body (10mg/kg*qw, i.p.), (2) Ruxolitinib (30mg/kg*bid, oral gavage) +
isotype antibody (10mg/kg*qw, i.p.), (3) mouse IgG2a anti-mouse IL-1β
antibody41–43 (01BSUR) (10mg/kg*qw, i.p.) + 0.5%methylcellulose (oral
gavage), and (4) Combination of ruxolitinib (30mg/kg*bid, oral
gavage) and anti-mouse IL-1β antibody (10mg/kg*qw, i.p.). Mouse
IgG2a isotype control antibody, anti-mouse IL-1β antibody and rux-
olitinib phosphate salt were supplied by Novartis Pharma AG (Basel,
Switzerland).

Isolation of RNA and RNA sequencing analysis
RNA-Seq analysis was performed as previously described51,52. Briefly,
RNA from FACS sorted long-term hematopoietic stem cell (HSC;
Lin−Sca1+cKit+CD48−CD150+), megakaryocyte-erythroid precursors
(MEP or pre-MegE; Lin−Sca1−cKit+CD41−CD16−105−CD150+) and mega-
karyocyte progenitors (MkP; Lin-Sca1-cKit+CD41+CD150+) from bone
marrow were prepared using Picopure RNA isolation kit (Applied
Biosystems). The quality and concentration of total RNA was deter-
mined onAgilent 2100Bioanalyzer using the Eukaryote Total RNAPico
Assay (RNA Index number >7 was used for quality check). RNA was
reverse transcribed and cDNA amplified with SMART-Seq v2 or v4
(Takara). Libraries werepreparedwithNextera XT (Illumina) according
tomanufacturer’s instructions. Samples were pooled to equalmolarity
and run on the Fragment Analyzer for quality check and used for
clustering on the NextSeq 500 instrument (Illumina). Samples were
sequenced using theNextSeq 500HighOutput kit 75-cycles (Illumina),
andprimary data analysis was performedwith the IlluminaRTAversion
2.1.3 and bcl2fastq-2.16.0.10.

Statistical analyses
Blood count and organ weights of mice were recorded as indicated in
figure legends. Histological staining from sternum/femur, spleen, and
liver was analyzed by a pathologist. The number of animals and
replicates can be found in the respective figure legends. The unpaired
two-tailed Student’s t-test analysis was used to compare the mean of
two groups. Normality tests were performed to test whether the data
follows a normal distribution. When the distribution was not normal,
non-parametric Mann–Whitney t-tests were performed. For samples
with significantly large variances, Welch’s correction was applied for t-
test. Two-tailed unpaired multiple t-tests with or without correction
were also performed for the comparison of multiple groups or one-
way or two-way ANOVA analyses followed by Dunn’s, Tukey’s or Bon-
ferroni’s multiple comparison tests were used for multiple group
comparisons. Survival rate in mouse experiments was represented
with Kaplan-Meier curves and significance was estimated with the log-
rank test. Data were analyzed and plotted using Prism software version
7.0 (GraphPad Inc.). All data are represented as mean± SEM. Sig-
nificance is denoted with asterisks (*p <0.05, **p <0.01, ***p <0.001,
****p < 0.0001).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
RNAseq dataset used in this study are available at GEO database with
accession numbers GSE132570 and GSE116571. All other data that
support the findings of this study are available within the article, its
supplementary information, or Source Data file. Source data are pro-
vided with this paper.
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Supplementary Figure 1 (related to Figure 1)
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Supplementary Figure 1. Proinflammatory serum cytokines in JAK2-V617F-positive MPN patients. a, Heatmap showing 
the inflammatory cytokine levels in the serum of nomal controls (NC, n=20) and MPN patients (n=60); essential thrombocythemia 
(ET, n=20), polycythemia vera (PV, n=20), primary myelofibrosis (PMF, n=20). The color bars indicate different disease groups. 
Heatmap shows Z scores. Two-tailed non-parametric unpaired Mann-Whitney t-test was performed for p values. Black asterisk 
for comparison of NC vs MPN; yellow for NC vs ET; red for NC vs PV and brown for NC vs PMF. b, Graphs showing correlation of 
pro-inflammatory cytokine levels in serum with % JAK2-V617F in peripheral blood granulocytes. Spearman correlation (r) and 
unpaired two-tailed t- test was performed. c, Caspase1 mRNA expression relative to β-actin in peripheral blood granulocytes of 
NC (n=12) and MPN patients (n=46); ET (n=11), PV (n=18), PMF (n=17). Two-tailed non-parametric unpaired Mann-Whitney 
t-test was performed for p values. Correlation between Caspase1 mRNA expression and % JAK2-V617F in peripheral blood
granulocytes. Spearman correlation (r) and two-tailed t- test was performed. All data are presented as mean ± SEM. *P < .05; **P
< .01; ***P < .001; ****P < .0001. Source data and exact p values are provided as a Source Data file.
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Supplementary Figure 2 (related to Figure 1)
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Legend to Supplementary Figure 2. Expression of IL-1 receptors on peripheral blood HSCs and HSPCs in MPN 
patients. a, Gating strategy for hematopoietic stem cells (HSCs) and lineage committed hematopoietic stem and 
progenitor cells (HSPCs) including common myeloid progenitors (CMP), granulocyte macrophage progenitor (GMP), 
megakaryocyte erythroid progenitor (MEP) and megakaryocyte progenitor (MkP) in peripheral blood mononuclear 
cells from NC and MPN patients (ET, PV and PMF). b, Frequencies of HSCs and HSPCs in peripheral blood of NC 
(n=5), ET (n=6), PV (n=5) and PMF (n=7). Two-way ANOVA was performed for statistical comparisons. c, Representa-
tive plots showing the gating strategy and expression patterns of interleukin 1 receptor type 1 (IL1R1), interleukin 1 
receptor accessory protein (IL1RAcP) and isotype control on HSC, CMP, GMP, MEP and MkP from NC and MPN 
patients. d, Correlation (r) and significance (p) between % JAK2-V617F in peripheral blood granulocytes and percent-
ages of IL-1R1+ HSPCs in the peripheral blood of NC (n=5), ET (n=6), PV (n=5) and PMF (n=7). e, Correlation (r) and 
significance (p) between % JAK2-V617F in peripheral blood granulocytes and percentages of IL-1RAcP+ HSPCs in 
the peripheral blood of NC (n=5), ET (n=6), PV (n=5) and PMF (n=7). Spearman correlation (r) and two-tailed t- test 
was performed for correlation analysis in d and e. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < 
.001; ****P < .0001. Source data and exact p values are provided as a Source Data file.
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Supplementary Figure 3 (related to Figure 1)
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Supplementary Figure 3. TGF-β serum levels in correlation with JAK2-V617F allele burden and IL-1β 
serum levels in MPN patients. a, Graph showing serum TGF-β1/2/3 levels (pg/ml) in normal controls (NC; 
n=20) and MPN patients (n=60); ET (n=19), PV (n=21), PMF (n=20) (left). Ordinary one-way ANOVA with 
Tukey’s multiple comparison tests were performed for statistical comparisons. b, Correlation (r) and signifi-
cance (p) between % JAK2-V617F in peripheral blood granulocytes and serum TGF-β1/2/3 levels in MPN 
patients (left panel). Correlation (r) between serum TGF-β1/2/3 levels with  serum IL-1-β levels in MPN 
patients (right panel). Peason correlation (r) and two-tailed t- test was performed for correlation analyses. 
All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < .001; ****P < .0001. Source data and 
exact p values are provided as a Source Data file. 
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Supplementary Figure 4 (related to Figure 3)

c

Frequencies of hematopoieitic stem cells and progenitors 16-weeks after tamoxifen induction
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Supplementary Figure 4. Phenotype of non-transplanted VF;IL-1β-/- mice. a, Graphs showing the time course of
body weights and complete blood counts after tamoxifen induction. Wildtype (WT; n=9), IL-1β knock-out (IL-1β-/-; n=11), 
Scl;Cre;V617F (VF; n=18) and Scl;Cre;V617F; IL-1β knock-out (VF;IL-1β-/-; n=13) mice were induced with tamoxifen and 
disease kinetics were followed for 36 weeks. Two-way ANOVA with Tukey’s test was performed for multiple comparisons. 
b, Bar graphs showing the frequencies of HSCs and HSPCs in bone marrow (BM) and spleen of WT (n=9), IL-1β-/- (n=8), 
VF (n=10) and VF;IL-1β-/- (n=7) mice at 16 weeks after tamoxifen induction. Multiple unpaired two-tailed t-tests were 
performed for multiple comparisons. c, IL-1Ra levels in BM and plasma of WT (n=4),VF (n=4) and VF;IL-1β-/- (n=4) mice
at 16 weeks after tamoxifen induction. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < .001; ****P < .0001. 
Source data and exact p values are provided as a Source Data file.
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Supplementary Figure 5 (related to Figure 3) 

b

a Reticulin staining of bone marrow 16- and 32-weeks after tamoxifen induction

Spleen  and liver histology (H&E) at 16- and 32-weeks after tamoxifen induction 

VF VF;IL-1β-/-WT IL-1β-/- Grade of reticulin fibrosis

16
-w

ee
ks

Sp
le

en

Supplementary Figure 5. Histology of non-transplanted VF;IL-1β-/- mice. a, Representative images of reticulin
fibrosis in bone marrow (BM) are shown at 16-weeks (upper panel) and 32-weeks (lower panel) after tamoxifen 
induction. Histological grade of reticulin fibrosis in the BM is illustrated in the bar graph (right). All data are presented 
as mean ± SEM. *P < .05; **P < .01; ***P < .001; ****P < .0001. b, Representative images of spleen and liver histology 
(H&E staining) are shown at 16-weeks (WT; n=4, IL-1β-/- ;n=4, VF; n=5 and VF;IL-1β-/-; n=3) and 32-weeks (WT; 
n=4, IL-1β-/- ;n=4, VF; n=4 and VF;IL-1β-/-; n=3) after tamoxifen induction. Scale bar is 20 µm. Similar images were 
obtained with other biologically independent mice in each genotype in a and b.
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Supplementary Figure 6 (related to Figure 4)
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Legend to Supplementary Figure 6 (related to Figure 4)

Supplementary Figure 6. Loss of IL-1β in JAK2-V617F mutant cells reduces MPN symptom burden and mye-
lofibrosis. a, Peripheral blood count of the red cell parameters after transplantation into WT recipients are shown. 
n=15 biologically independent mice per group.  b, Bar graphs showing the frequencies of HSCs and HSPCs in BM 
and spleen of WT recipients transplanated with WT (n=6), IL-1β-/- (n=6), VF (n=12) or VF;IL-1β-/- (n=8) bone marrow. 
c, Representative images of spleen and liver histology (H&E staining) are shown at 36 weeks after transplantation in 
WT recipients transplanated with WT (n=6), IL-1β-/- (n=6), VF (n=12) or VF;IL-1β-/- (n=8) bone marrow.  d, Peripheral 
blood count of the red cell parameters after transplantation into IL-1β-/- recipients are shown. n=15 biologically inde-
pendent mice per group. e, Bar graphs showing the frequencies of HSPCs in BM and spleen of IL-1β-/- recipients 
transplanated with WT (n=4), IL-1β-/- (n=4), VF (n=7) or VF;IL-1β-/- (n=7) bone marrow. f, Representative images of 
spleen and liver histology (H&E staining) are shown at 36 weeks after transplantation in IL-1β-/- recipients transpla-
nated with WT (n=4), IL-1β-/- (n=4), VF (n=7) or VF;IL-1β-/- (n=7) bone marrow. All data are presented as mean ± 
SEM. Statistical significances were determined by Two-tailed unpaired multiple t-tests without correction for multiple 
comparisons in a, b, d and e. Similar results were obtained with other mice of each genotype in c and f. *P < .05; **P 
< .01; ***P < .001; ****P < .0001. Source data and exact p values are provided as a Source Data file.
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Supplementary Figure 7 (related to Figure 4)

Supplementary Figure 7. Level of TGF-β and IL-1 cytokines in WT and IL-1β-/- recipients transplanted with 
VF or VF;IL-1β-/- bone marrow. a, Bar graphs show the number of megakaryocytes per high power visual field 
(HPF) at magnification 400x in WT recipients transplanted with VF (n=12) or VF;IL-1β-/- (n=8) bone marrow and 
IL-1β-/- recipients transplanted with VF (n=7) or VF;IL-1β-/- (n=7) bone marrow. Ten HPF were counted for each 
mouse and each dot represents the average number of megakaryocytes per 10 HPF. b, TGF-β cytokine levels in 
bone marrow of WT recipients transplanted with VF (n=9) or VF;IL-1β-/- (n=6) bone marrow and IL-1β-/- recipients 
transplanted with VF (n=5) or VF;IL-1β-/- (n=6) bone marrow (right panel). One-way ANOVA with Tukey’s multiple 
comparison test was perfored for statistical comparisons between groups. c, Graphs show IL-1β, IL-1α, and 
IL-1Ra levels of WT recipients transplanted with VF (n=12) or VF;IL-1β-/- (n=8) bone marrow and IL-1β-/- trans-
planted with VF (n=7) or VF;IL-1β-/- (n=7) bone marrow. Statistical significance was determined by Two-tailed 
unpaired non-parametric Mann-Whitney t-test. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < 
.001; ****P < .0001. Source data and exact p valuse are provided as a Source Data file.
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Endosteal areas of bone marrow at 32-weeks after transplantation, Gömöri staining for reticulin fibers  

Supplementary Figure 8 (related to Figure 4)

Supplementary Figure 8. Reticulin fibrosis in bone marow of WT and IL-1β-/- recipients transplanted with VF and 
VF;IL-1β-/- bone marrow. Representative images of reticulin fibrosis in the endosteal areas of the bone marrow from two
mice per genotype are shown. Scale bar is 50 µm. Similar results were obtained in other biologically independent mice for 
each genotype.
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Supplementary Figure 9 (related to Figure 5)
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Legend to Supplementary Figure 9 (related to Figure 5)

Supplementary Figure 9. Pharmacological inhibition of IL-1β in MPN mice. a, Blood counts and GFP chimerism 
in peripheral blood before starting the therapy in mice (n=48) at week 12, 16 and 20 after transplantation. b, Red cell 
parameters during drug treatment. Vehicle (n=12); Rux (n=12); anti-IL-1β (n=12); combo (n=12). Two-way ANOVA 
followed by uncorrected Fisher’s LSD test was performed for comparison with vehicle treated group. c, GFP 
chimerism in HSCs and HSPCs in the bone marrow and spleen at the end of drug treatment. Vehicle (n=12); Rux 
(n=11); anti-IL-1β (n=12); combo (n=12). Two-way ANOVA followed by Dunnett’s multiple comparisons test was 
performed. d, Representative images of spleen and liver histology (H&E staining) after 8 weeks of drug treatment. 
Vehicle (n=12); Rux (n=11); anti-IL-1β (n=12); combo (n=12). Similar images were obtained with other biologically 
independent mice in each genotype in d. e, IL-1α levels in bone marrow and plasma of mice after 8-weeks of drug 
treatment. Vehicle (n=10); Rux (n=10); anti-IL-1β (n=10); combo (n=10). Two-tailed unpaired t-tests were performed 
for statistical comparisons. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < .001; ****P < .0001. 
Source data and exact p values are provided as a Source Data file.
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Supplementary Figure 10 (related to Figure 5)
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Legend to Supplementary Figure 10

Supplementary Figure 10. Effect of anti-IL-1β treatment on WT mice transplanted with WT bone marrow cells. 
a, Bar graphs show the number of megakaryocytes per high power visual field (HPF) at magnification 400x in Vehicle 
(n=12); Rux (n=11); anti-IL-1β (n=12) and combo (n=12) treated mice. Ten HPF were counted for each mouse and 
each dot represents the average number of megakaryocytes per 10 HPF. b,TGF-β levels in bone marrow of Vehicle 
(n=8); Rux (n=9); anti-IL-1β (n=7) and combo (n=9) treated mice. One-way ANOVA with Tukey’s multiple comparison 
test was performed for statistical comparisons between groups. c, Schematic of the experimental setup for the drug 
treatment and regimen is shown. d, IL-1β protein levels in the bone marrow lavage of WT mice after 8 weeks of treat-
ment with either isotype or anti-IL-1β antibody (n=4 per group). Two-tailed unpaired t-test was performed for the 
statistical comparison between groups. e, Spleen weights of mice after 8 weeks of drug treatment (n=4 per group). f, 
Complete blood counts and mutant cell (GFP) chimerism in the peripheral blood during drug treatment is shown (n=4 
per group) in erythroid (Ter119), megakaryocytic (CD61), granulocytic (Gr1) and monocytic (CD11b) lineages. Red 
cell parameters are also shown (bottom). Grey area represents normal range. g, GFP chimerism after 8-weeks of 
drug treatment in hematopoietic stem cells (HSCs) and progenitors (HSPCs) are shown in bone marrow and spleen 
(n=4 per group). All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < .001; ****P < .0001. Source data 
are provided as a Source Data file.
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Supplementary Figure 11. Effect of anti-IL-1β antibody treatment on bone marrow fribrosis in non-transplanted MPN 
mice. a, Schematic drawing of the experimental setup for the drug treatment and regimen. WT (n=12) and MPN (VF) mice 
(n=12) were induced with tamoxifen. Treatment with anti-IL-1β antibody or isotype control antibody started 28-weeks after 
tamoxifen induction. n=6 mice per group. b, IL-1β protein levels in the bone marrow lavage of mice (n=6 mice per group) after 
8 weeks of treatment with either isotype or anti-IL-1β antibody. Two-tailed unpaired t-test was performed for the statistical 
comparison between groups.c, Spleen weights of mice after 8 weeks of drug treatment (n=6 mice per group). d, Representative 
images of reticulin fibrosis in the bone marrow of each VF mice treated with isotype control antibody or anti-IL-1β antibody is 
shown. Histological grade of reticulin fibrosis is shown (right). Two-tailed unpaired t-test was performed for the statistical 
comparison between groups. Scale bar is 50 µm. e, Representative images of reticulin fibrosis in the bone marrow of WT mice 
treated with isotype control antibody or anti-IL-1β antibody is shown. Scale bar is 50 µm. Similar results were obtained with other 
mice of each genotype in d and e. f, Complete blood counts of mice (n=6 mice per group) during drug treatment is shown.Grey 
area represents normal range. All data are presented as mean ± SEM. *P < .05; **P < .01; ***P < .001; ****P < .0001. Source 
data are provided as a Source Data file.  
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Supplementary Figure 12 (related to Figure 6)
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Supplementary Figure 12. Transplantation of VF and VF;IL-1β-/- BM into Nestin-GFP recipients. a, Blood counts at 
4-weeks (VF; n=7, VF;IL-1β-/-; n=6, and WT; n=4) and 8-weeks (VF; n=7, VF;IL-1β-/-; n=6, and WT; n=4) after transplantation.
b, Spleen weight of mice at  4-weeks (VF; n=7, VF;IL-1β-/-; n=6, and WT; n=4) after transplantation is shown. c, Frequencies
of hematopoietic stem cells and progenitors in bone marrow and spleen at 4-weeks (VF; n=7, VF;IL-1β-/-; n=6, and WT; n=4)
and 8-weeks (VF; n=6, VF;IL-1β-/-; n=6, and WT; n=4) after transplantation. Two-Way ANOVA follwed by Dunnetts Multiple
comparison test was performed for statistical comparison of groups. Grey shaded area represents normal range. d, Multiplex
cytokine levels in BM and plasma of mice at 4-weeks (VF; n=6, VF;IL-1β-/-; n=6, and WT; n=4) and 8-weeks (VF; n=6, VF;IL-1
β-/-; n=6, and WT; n=4) after transplantation. Cytokine levels are normalized to WT (dashed line at y=1). Two-way Anova with
Tukey’s multiple comparison test was performed for statistical analysis. All data are presented as mean ± SEM. *P < .05; **P
< .01; ***P < .001; ****P < .0001. Source data are provided as a Source Data file.
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