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Abstract

The distinct clinical features of myelofibrosis (MF) have been attributed in part to dysregulated 

inflammatory cytokine production. Circulating cytokine levels are elevated in MF patients; a 

subset of which have been shown to be poor prognostic indicators. In this study, cytokine 

overproduction was examined in MF patient plasma and in MF blood cells ex vivo using mass 

cytometry. Plasma cytokines measured following treatment with ruxolitinib remained markedly 

abnormal, indicating that aberrant cytokine production persists despite therapeutic JAK2 

inhibition. In MF patient samples, 14/15 cytokines measured by mass cytometry were found to be 

constitutively overproduced, with the principal cellular source for most cytokines being 

monocytes, implicating a non-cell-autonomous role for monocyte-derived cytokines impacting 

disease-propagating stem/progenitor cells in MF. The majority of cytokines elevated in MF 

exhibited ex vivo hypersensitivity to thrombopoietin (TPO), toll-like receptor (TLR) ligands, 

and/or tumor necrosis factor (TNF). A subset of this group (including TNF, IL-6, IL-8, IL-10) was 

minimally sensitive to ruxolitinib. All TPO/TLR/TNF-sensitive cytokines, however, were sensitive 

to pharmacologic inhibition of NFκB and/or MAP kinase signaling. These results indicate that 

NFκB and MAP kinase signaling maintain cytokine overproduction in MF, and that inhibition of 

these pathways may provide optimal control of inflammatory pathophysiology in MF.
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Introduction

Myeloproliferative neoplasms (MPNs) are systemic diseases of hematopoiesis. 

Hematopoietic clones harboring mutations in JAK2, CALR, MPL, or SH2B3 (LNK) exhibit 

constitutive activation of the JAK2 kinase,1–3 which leads to the phenotypically distinct 

MPNs: polycythemia vera (PV), essential thrombocythemia (ET), and myelofibrosis (MF), 

which can present de novo as primary myelofibrosis (PMF), or from phenotypic 

transformation of PV or ET (MF post-PV or post-ET). MF, in contrast to PV and ET, carries 

a poor prognosis, with a median survival ranging from months to years, depending on its 

clinical and molecular features.4,5 Its distinct clinical features include fibrosis of the bone 

marrow space, extramedullary hematopoiesis and consequent splenomegaly, mobilization of 

immature myeloid cells to the peripheral blood, and leukocytosis, frequently featuring 

hyperproliferation of multiple myeloid lineages, which can progress to the development of 

anemia and cytopenias, culminating in bone marrow failure.6 These clinical features have 

been hypothesized to be due in part to the overproduction of inflammatory cytokines, which 

is prevalent in MF. In particular, TGF-β overproduction occurs in MF and is hypothesized to 

be crucial for the fibrotic phenotype, as TGF-β is essential for bone marrow fibrosis induced 

by TPO overexpression in mice.3,7 Other cytokines, specifically circulating CXCL8/IL-8, 

IL-2R, IL-12, and IL-15, have been identified as negative prognostic indicators, when 

present at elevated levels in blood plasma.8 Furthermore, TNF (tumor necrosis factor, TNF-

α) has been hypothesized as a driver of clonal dominance in MPNs, based on evidence from 

a JAK2 V617F mutant retroviral mouse model.9 TNF is most frequently elevated in blood 

plasma of MF patients versus other MPNs,9 and activates the NFκB signaling pathway, 

which was found to be strongly hyperactivated in hematopoietic cells from patients with 

JAK2 V617F mutant MF.10 Therefore, there is substantial evidence implicating 

overproduction of cytokines as a prominent pathophysiologic mechanism in MF. Specific 

roles for individual cytokines, among the multiplicity overproduced in MF patients, 

however, remain incompletely understood.

MF patients can only be cured by allogeneic transplantation, which is not feasible in many 

patients.6 Best available therapy for MF currently includes treatment with the JAK inhibitor 

ruxolitinib. Ruxolitinib improves constitutional symptoms and splenomegaly in MF patients. 

It does not, however, eradicate the malignant clone, and shows only modest (at best) benefit 

for survival, reduction of clonal burden, or transformation to acute myeloid leukemia 

(AML), which is a common outcome in MF.6,11–14 Ruxolitinib has been shown to reduce 

elevated levels of circulating inflammatory cytokines in MF;15 however, it has not yet been 

clear if circulating cytokine levels are fully rectified with long-term ruxolitinib treatment.

Prior to this study, our group investigated intracellular signaling abnormalities in MF and 

post-MPN secondary AML (sAML), utilizing mass cytometry (CyTOF) on samples of 

patient bone marrow or peripheral blood.10 Mass cytometry enables the visualization of >30 
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antibody-labeled cellular parameters at single cell resolution.16,17 Thereby deviations from 

the normal state in multiple cellular parameters can be visualized simultaneously in 

immunophenotypically identified cell populations.10,16–19 The study identified prevalent 

signaling abnormalities in MF, namely elevation of markers of activated JAK-STAT, MAP 

kinase/PI3 kinase, and NFκB signaling pathways. NFκB signaling hyperactivation was 

validated in MF patient CD34+ hematopoietic stem and progenitor cells (HSPC) from 

analysis of a previously published expression dataset;20 however, it was also identified in 

other cell populations including B and T cells.10 Due to the multi-population distribution of 

NFκB signaling hyperactivation in MF, we hypothesized that it is largely driven non-cell-

autonomously by cytokines, including TNF, which is produced in MF patients and mouse 

cells transduced with JAK2 V617F mutant virus,9,10 and which is present at very low levels 

in healthy human blood plasma.8

In mouse model studies, Tnf was found to be essential for clonal dominance of transplanted 

JAK2 V617F mutant retrovirally transduced cells.9 Transplanted cells from mice lacking Tnf 

receptors, however, exhibited clonal advantage over normal competitors,21 suggesting Tnf is 

an endogenous inhibitor of normal hematopoiesis. Differential pro-malignant-clone effects 

of Tnf and NFκB signaling were also observed on leukemia-initiating cell (LIC) function 

and protection from apoptosis in AML mouse models.22,23 A mouse model with NFκB 

signaling hyperactivation due to elimination of the NFκB-suppressive mir-146a also 

exhibited fatal myeloproliferative disease, which, however, was dependent on T cell derived 

Il-6.24 Therefore multiple cytokines and cell populations have the potential to mediate 

pathophysiologic effects in MF. This makes mass cytometry a particularly advantageous tool 

for the study of cytokine production in MF, since both multiple cytokines and multiple cell 

populations can be assayed throughout patient versus healthy control hematopoiesis. The 

present study elucidates each of the following questions: which cytokines are recurrently 

overproduced in MF patients, in which cell populations are they produced, and which 

molecular signaling pathways are essential drivers for cytokine overproduction. 

Identification of the major signaling pathways driving cytokine production in MF can be a 

step toward improving the efficacy of best available therapy, currently with ruxolitinib.

Materials and Methods

Patient Samples

Patient and healthy donor control peripheral blood (PB) or bone marrow (BM) samples were 

obtained with written consent according to a protocol approved by the Washington 

University Human Studies Committee (WU no. 01–1014). Mononuclear cells (PBMC or 

BMMC) were obtained by Ficoll gradient extraction and cryopreserved according to 

standard procedures. Control peripheral blood samples listed with the LRS# alias 

(Supplementary Table S1) were extracted from leukocyte reductions system (LRS) chambers 

obtained from platelet donors according to protocol. Other control samples with aliases N# 

were extracted directly from PB or BM. Clinical and genetic information for patients studied 

is provided in Supplementary Table S2.
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Plasma cytokine analysis

Peripheral blood plasma collected under standard protocols was stored at −80°C, from 

normal control subjects (N=4), MF patients Pre- and Post-ruxolitinib (N=8), other 

ruxolitinib-naïve MF patients (N=7), and sAML patients (N=6). Concentrations of 30 

cytokines/chemokines were analyzed in duplicate using the Meso Scale Discovery platform 

with the V-PLEX human cytokine 30-plex kit (Meso Scale Discovery, Rockville, MD, 

USA). Statistical analysis was performed using GraphPad Prism.

Mass cytometry

Cell staining for mass cytometry followed either of two distinct protocols. For intracellular 

signaling experiments (Figure 1a, b, Figure 6d, Supplementary Figure S1; N=2 for both MF 

patients and healthy controls, although a more extensive set was examined in a prior 

study10), a protocol derived from Bendall et al., 2011,16 was used and previously described,
10 with a panel of antibodies previously described.10 The intracellular cytokine protocol has 

been previously described, and includes live surface marker staining followed by fixation, a 

saponin-based cell permeabilization and intracellular cytokine staining.25,26 Antibodies used 

for intracellular cytokine experiments are listed in Supplementary Table S3, while the 

procedure is described in Supplementary Methods. Samples (N=5 for normal bone marrow, 

N=9 for normal peripheral blood, N=13 for MF peripheral blood) were mass-channel 

barcoded following antibody staining,27 and readouts were recorded on a CyTOF2 mass 

cytometer (Fluidigm, South San Francisco, CA, USA). Data were analyzed in Cytobank 

(cytobank.org). Gating for specific cell populations (as in Figure 2e–h) is shown in 

Supplementary Figure S2. viSNE analysis was described previously,18 and conducted using 

Cytobank interface. Statistical analysis was performed using GraphPad Prism (GraphPad 

Software, La Jolla, CA, USA). Antibodies for supporting fluorescent flow cytometry 

experiments are listed in Supplementary Table S4.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed on a published dataset of gene 

expression in sorted PMF (N=42) and control CD34+ (N=15) cells.20 Published expression 

data was downloaded from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/ 

series GSE53482). GSEA was performed using software from Broad Institute (http://

software.broadinstitute.org/gsea/index.jsp), as described previously.10 Overexpression, in 

MF versus healthy control CD34+ cells, was ranked by GSEA score: Score = (μPMF 

μcontrol)/(SDPMF + SDcontrol), where μ=mean expression value among probes in microarray 

and SD=standard deviation of expression values for each gene.

Data Sharing Statement

For original data, contact Stephen Oh, stoh@wustl.edu. Mass cytometry data will be made 

public on Cytobank.org upon publication.
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Results

NFκB hyperactivation and multi-cytokine overproduction in MF patients persist despite 
therapeutic ruxolitinib.

NFκB pathway hyperactivation was previously identified as a prevalent signaling 

abnormality in MF and post-MPN sAML.10 NFκB activity in MF frequently exhibited a 

pan-hematopoietic pattern, in which nearly all hematopoietic cell populations observed ex 
vivo by mass cytometry exhibited levels of the activated NFκB subunit p65/RELA 

(phospho-S529) above those found in their healthy counterparts.10 In MF patients from the 

prior study,10 elevated levels of phospho-p65/RELA were visualized using the cell clustering 

algorithm viSNE (visualization of Stochastic Nearest-neighbor Embedding; Figure 1a, b, 

Supplementary Figure S1).18 A pan-hematopoietic distribution of activated NFκB subunit 

p65/RELA was observed, suggesting a non-cell-autonomous etiology, potentially mediated 

by TNF and other cytokines. In patients treated with ruxolitinib, pan-hematopoietic 

phospho-p65/RELA was observed to persist (Figure 1a, b, Supplementary Figure S1). 

Hypersensitivity of p65/RELA phosphorylation in response to TNF also persisted in HSPC, 

monocytes, and megakaryoblasts (Figure 1b).

Plasma cytokine levels were assayed in MF patients prior to and on therapy with ruxolitinib, 

in parallel with normal controls and post-MPN sAML patients (Figure 1c). Among assayed 

cytokines, five were significantly elevated in pre-ruxolitinib MF patient versus normal 

plasma, namely VEGF, IL-10, TNF, IL-16, and IL-6 (Figure 1d–h; Supplementary Table S5 

for P values). Of these five cytokines, three (VEGF, IL-10, and IL-16) remained significantly 

elevated in post-ruxolitinib samples, while the other two (TNF and IL-6) still showed a trend 

toward elevation rather than approximating reversion to normal (Figure 1d–h). A prior study 

showed reduced levels of multiple cytokines in plasma of MF patients after 28 days of 

ruxolitinib in vivo.15 In the present study, patients on prolonged treatment with ruxolitinib 

(Supplementary Table S2b, S5) exhibited only modest overall reductions in levels of any 

cytokine assayed from pre-ruxolitinib values. Levels of cytokines elevated in MF plasma, 

whether before or after in vivo ruxolitinib, were notably similar to those in sAML plasma, 

despite the high leukemic cell burden in the latter disease (Figure 1c).

MF patient elevated cytokines derive from distinct hematopoietic cell populations

An intracellular cytokine labeling protocol was employed to identify cytokine-producing 

cellular populations in MF patient blood samples, as quantified by mass cytometry. A panel 

of antibodies including surface markers for immunophenotyping, antibodies to 15 cytokines, 

and the activated cytotoxic T and NK cell marker Granzyme B, was utilized to identify 

cellular loci of cytokine expression (Supplementary Table S3). MF patient samples 

consisting of peripheral blood mononuclear cells (PBMC) were compared with control 

samples from healthy bone marrow and peripheral blood (BMMC and PBMC, Figure 2). 

Both PBMC and BMMC were deemed necessary as controls due to the presence of 

mobilized CD34+ HSPC and other immature cells in MF PBMC, which are very rare in 

normal PBMC, while normal BMMC may nonetheless underrepresent mature cell 

populations present in normal and MF PBMC. Cell populations were identified using 

surface marker labeling with viSNE18 or by gating schemata for Lin-CD34+ HSPC, 
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monocytes, megakaryoblasts, and immature myeloid cells (Supplementary Figure S2–S4). 

Megakaryoblasts analyzed were specifically an early CD34+CD61+ population 

(Supplementary Figure S3), similar to those described as megakaryocyte progenitors in 

published studies.28,29

In comparison with normal BMMC and PBMC samples, individual cytokines were 

overproduced in MF PBMC in multiple cell populations. In MF, HSPC are mobilized to the 

peripheral blood, and these were found to express high levels of IL-8/CXCL8 (Figure 2a; 

Supplementary Figure S5–S7). TNF, in contrast, was mainly expressed in MF monocytes, 

and minimally expressed in unstimulated normal control BM or PB samples (Figure 2b). 

HSPC and myeloid cells from MF patients reliably overproduced several to multiple 

cytokines compared to in-experiment controls, as was observed for MF patients with JAK2, 

MPL, or CALR mutations (Figure 2c–e; Supplementary Figure S7).

For the majority of the cytokines studied, the largest portion of signal in unstimulated 

samples derived from monocytes, in both MF patients and controls (Figure 2f). Across the 

MF patients studied versus controls, significant elevations in peripheral blood monocytes 

were observed for the cytokines TNF, CCL3/MIP-1α, IL-10, and intracellular latent TGFβ 
(Figure 2f). Additional cytokines, notably IL-6, IL-8/CXCL8, and CCL4/MIP1β, were 

significantly overproduced in immature myeloid cells, B cells, and/or CD8+ effector T cells 

from MF patients (Supplementary Figure S6). In monocytes and immature myeloid cells, the 

cytokines IL-6, IL-8/CXCL8, and CCL4/MIP1β, were frequently coexpressed with TNF, but 

not with TGFβ (Supplementary Figure S8). Contrarily, IL-12, IL-15, and VEGF, were more 

frequently coexpressed with TGFβ, while HSPC-expressed IL-8/CXCL8 was not 

preferentially coexpressed with either TNF or TGFβ (Supplementary Figure S8). Among 

monocyte subclasses, the strongest cytokine producers were the “classical” CD14+CD16- 

monocytes, although the less abundant CD14+CD16+ “inflammatory” monocytes, and 

CD16+CD14- “non-classical” monocytes and myeloid cells, all exhibited similar profiles of 

cytokine expression (Supplementary Figure S9).30

Myeloid cytokines are inducible by TPO, TNF, and TLR ligands

To identify signaling pathways driving cytokine production in MF, samples of MF or control 

PBMC were stimulated with ligands activating signaling pathways previously shown to be 

hyperactivated in MF HSPC and myeloid cells.10 The JAK-STAT and NFκB signaling 

pathways were chosen for study due to their previously identified hyperactivation in MF, and 

their sensitivity to stimulation by identified, distinct ligands. The cytokine TPO signals 

through the JAK-STAT signaling pathway, which is hyperactivated in human MF, and indeed 

roughly 5–10% of human MF patients harbor activating mutations in the TPO receptor gene 

MPL, while the MPL receptor is itself constitutively activated by binding the neomorphic C-

terminus of mutant CALR protein, which is present in the ~30% of human MF patients 

harboring CALR mutations.1,31 TNF activates the NFκB pathway (but not the JAK-STAT 

pathway),16 and this activation is hypersensitive in MF HSPC.10

Incubation with TNF induced a limited set of cytokines: IL-8/CXCL8 in Lin-CD34+ cells 

and monocytes, plus IL-6, CCL4/MIP1β, and IL-1RA in monocytes (Figure 3a, b). The 

NFκB pathway can also be activated by Toll-like receptors (TLRs), whose expression has 
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been shown to be upregulated in myelodysplastic syndromes.32,33 Gene-set enrichment 

analysis (GSEA) of a published dataset of gene expression in MF versus normal CD34+ 

HSPC20 revealed that members of the S100 family of endogenous TLR ligands are among 

the most overexpressed genes in MF HSPC (Figure 3c, d). The TLR agonists PAM3CSK4 

and R848 (resiquimod) activate TLR1/2 and TLR7/8 respectively. Therefore R848, and 

PAM3CSK4 were chosen, along with TPO, to test inducibility of cytokines in a set of MF 

PBMC samples including patients harboring JAK2, MPL, and CALR mutations. The JAK 

inhibitor ruxolitinib was included, along with stimulations, as a potential suppressor of 

cytokine induction.

Ex vivo production of several myeloid-produced cytokines, including TNF (Figure 3e, f), 

exhibited hypersensitivity to stimulation by TLR ligands in MF patients versus normal 

controls. Dose-response experiments demonstrated that monocytes from JAK2 mutant MF 

patients were more sensitive to low doses of R848 than normal control monocytes (Figure 

3g, Supplementary Figure S10). Cytokines inducible by R848 and PAM3CSK4 included 

those inducible by TNF (Supplementary Figure S11). Another set of cytokines basally 

overproduced in MF, notably including TGFβ, VEGF, and IFNγ, were not induced by TNF 

or TLR ligands (Figure 3h, Supplementary Figure S10).

Incubation with TPO induced cytokines including IL-8, TNF, and CCL4/MIP-1β, in Lin-

CD34+ cells (Figure 4a, Supplementary Figure S12). An overview of cytokine production 

by viSNE, however, revealed that TPO induced cytokine production outside of CD34+ cells 

as well, with the induced cells being predominantly identifiable as CD14+ monocytes 

(Figure 4b). Cytokine induction by TPO in both MF and control monocytes could be entirely 

suppressed by co-incubation with the JAK inhibitor ruxolitinib (Figure 4c).

MF overproduced cytokines were separable into three groups based on their responses to 

TPO and ruxolitinib in monocytes. The first group, composed of CCL3/MIP-1α, CCL4/

MIP-1β, and IL1RA (Figure 4d, Supplementary Figure S13), showed TPO induction and 

reduction of both basal and TPO-induced levels by ruxolitinib. The second group, including 

TNF, IL-6, IL-8, and IL-10, showed induction by TPO but no reduction of basal levels by 

ruxolitinib. The third group, including TGFβ, VEGF, and IFNγ, did not respond to either 

TPO or ruxolitinib. Cytokines that were induced by TLR ligands were invariably also 

induced by TPO, while those that were insensitive to TLR ligands were also insensitive to 

TPO and ruxolitinib.

TPO stimulation of FACS-sorted CD14+ monocytes resulted in nearly identical cytokine 

responses to those observed in monocytes in ex vivo PBMC samples (Figure 5). These 

findings indicate that the effect of TPO on monocytes was likely direct, mediated via 

monocyte expressed MPL, which was identified on a subset of monocytes from both MF and 

normal control samples (Figure 6a–c). MPL expressing monocytes and megakaryoblasts also 

expressed low to intermediate levels of CD34, suggesting they were a relatively immature 

subset within the total CD14+ and CD61+ populations (Figure 6b, c). These CD34 low to 

intermediate expressing cells were 22–34% of monocytic lineage cells in both normal bone 

marrow and MF blood samples. In the megakaryocytic lineage, they represented 45–50% of 

normal bone marrow CD61+CD14- cells, and 54–62% of the equivalent cells in MF blood 
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samples. The MPL/CD110 antibody utilized for this experiment, clone 1.6.1 (originally 

developed by Immunex Corporation), was identified independently as being strongly 

specific for MPL among multiple human MPL/CD110 antibodies tested, and able to sort 

xenotransplantable human hematopoietic stem cells (HSC) from within the labeled 

CD34+CD38- cell population.34 Monocytes from MF patients were observed to harbor high 

basal levels of phosphorylated STAT3 (pSTAT3) and STAT5 (pSTAT5), consistent with 

JAK2 hyperactivation, which could be further elevated by TPO, consistent with MPL 

expression, and suppressed by ruxolitinib (Figure 6d, e).

In addition to ruxolitinib, other JAK inhibitors were used to verify whether resistance to 

suppression by JAK2 inhibition was a consistent feature of MF overexpressed cytokines. 

Basal cytokine production was compared to cytokine levels after incubation with 5μM 

ruxolitinib, momelotinib (JAK1/JAK2/JNK1/TBK1/IKBKE inhibitor),35–38 itacitinib (JAK1 

inhibitor),39 pacritinib (JAK2/FLT3 inhibitor), or fedratinib (JAK2/FLT3 inhibitor).40 

Itacitinib showed little if any reduction of cytokine production, while momelotinib, 

pacritinib, and fedratinib showed profiles similar to ruxolitinib, but with possibly greater 

potency, in reducing basal levels of CCL4/MIP-1β, IL-8/CXCL8 and IL1RA 

(Supplementary Figure S14).

Inhibition of NFκB and MAP kinase signaling reduces MF myeloid cytokine production.

The observation that only a subset of MF elevated myeloid cytokines exhibited reductions in 

basal levels by ruxolitinib suggested that the residual basal cytokine overproduction was not 

directly dependent on ongoing JAK2 kinase activity. Signaling pathways potentially 

responsible include NFκB, which is activated by TLR ligands and hyperactive in MF,10,32 

and MAP kinases, which include a subset activated by TNF and thereby potentially 

hyperactive in MF, as well as in MDS and AML.9,22,23,41–43 A set of inhibitors was 

therefore chosen to assess sensitivity of basally elevated cytokine production in MF to 

blockade of these signaling pathways. These included pevonedistat (MLN4924), a NEDD8-

activating enzyme (NAE) inhibitor, which blocks NFκB activation by preventing the 

NEDDylation and consequent degradation of IκBα.44,45 Also tested were the MEK inhibitor 

trametinib,46 the p38 MAPK inhibitor VX-745,47 and JNK inhibitor 8 (JNKi8).48,49

In JAK2 mutant HEL cells, pevonedistat was shown to inhibit degradation of IκBα (Figure 

7a), without affecting levels of p-p65/RELA or pSTAT3/5 (Figure 7a, b). In MF monocytes, 

TPO/TNF/TLR ligand inducible cytokines exhibited inhibition by pevonedistat of in vitro 
cytokine induction (Figure 7c, d; Supplementary Figure S15). Basally elevated MF 

cytokines not inducible by TPO, TNF, or TLRs, such as IFNγ and TGFβ, were also 

unaffected by pevonedistat (Supplementary Figure S15).

Individual patients, with the most pronounced basal elevations of TPO/TNF/TLR ligand 

inducible cytokines, exhibited partial reductions of median basal cytokine elevations with all 

of the inhibitors pevonedistat, trametinib, VX-745, and JNKi8 (Figure 8a; Supplementary 

Figure S16, S17). This included strong inhibition of CXCL8/IL-8 in Lin-CD34+ cells and of 

CCL4/MIP1β in monocytes, with pevonedistat, trametinib, and VX-745 (Figure 8b). 

Particular cytokines were, contrarily, induced by these inhibitors: including CXCL8/IL-8 

induced by JNKi8, and TGFβ by trametinib and JNKi8, in monocytes (Figure 8b). The 
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highest cytokine expressing cells, represented by the 90th percentile, showed a broader range 

of cytokines inhibited by pevonedistat, trametinib, and VX-745, including inhibition of TNF, 

IL-6, IL-10, CXCL8/IL-8, CCL3/MIP-1α, CCL4/MIP-1β, and IL1RA, in monocytes 

(Figure 8c–g; Supplementary Figure S17).

Discussion

Previous studies have established that (1) multiple cytokines are abnormally produced in MF 

patients,15 and can be associated with poor survival;8 that in mouse models of MPNs (either 

JAK2 or MPL mutant), multiple cytokines are also overproduced, including non-cell-

autonomously by nonmalignant cells;50 and that TNF specifically is required for clonal 

dominance in a JAK2 mutant mouse model.9 The present study establishes that (1) 

ruxolitinib therapy broadly reduces but does not rectify cytokine overproduction in human 

MF; (2) ruxolitinib does not reliably eliminate widespread NFκB hyperactivation in MF 

blood cells; (3) monocytes are the cell population most responsible for cytokine 

overproduction in MF blood; (4) MF overproduced cytokines divide into subsets sensitive to 

induction by TPO and TLR ligands and either sensitive or insensitive to ruxolitinib, or, 

alternatively, insensitive to all three conditions; and (5) basally elevated levels of the 

TPO/TLR/ruxolitinib sensitive cytokines can be partially reduced by inhibitors of NFκB, 

MEK, p38-MAPK, and JNK. Collectively, these findings indicate that cytokine 

overproduction in MF myeloid cells is driven by multiple signaling pathways beyond JAK-

STAT. Notably, these implicated signaling pathways can all be activated by TNF, and have 

been implicated in both malignant cell survival in AML22,23 and myeloproliferation in stress 

hematopoiesis.51

Our prior studies of intracellular signaling in MF revealed prevalent hyperactivation of 

NFκB and MAP kinase, as well as JAK-STAT, signaling.10 NFκB hyperactivation has since 

been identified in the MPL mutant retroviral mouse model;52 therefore this aberrant 

signaling is a consequence of the primary molecular defect. Cytokine elevations in this 

mouse model have been attributed to STAT3 and epigenetic reprogramming.50,52 In this 

study, a set of MF elevated cytokines, including TNF, was observed to be driven partly by 

each of the NFκB, MAP kinase, and JAK-STAT pathways. The observation that TPO 

induced production of these cytokines was blocked by pevonedistat as effectively as by 

ruxolitinib implies that an intact NFκB pathway is necessary for maximal production of 

these cytokines in MF, which therefore suggests a potential benefit from NFκB and/or MAP 

kinase inhibition in MF therapy.

Contrarily, a set of MF overproduced cytokines, including IFNγ and TGF-β, was refractory 

to all stimuli or inhibitors tested. Therefore, ongoing expression of these cytokines does not 

appear to be reliant on JAK-STAT, MAP kinase, or NFκB signaling. Since TGF-β has been 

implicated in bone marrow fibrosis, and IFNγ responsive genes have been associated with 

stress hematopoiesis53 and thrombocytosis,54 it is plausible that signaling other than JAK-

STAT, MAP kinase, or NFκB, will need to be targeted for optimal therapeutic benefit in MF. 

It is possible, however, that inhibitors of JAKs and MAP kinases could also successfully 

inhibit signaling downstream of IFNγ and TGF-β.
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While the JAK inhibitors momelotinib, pacritinib, and fedratinib showed some ability to 

reduce basal MF overproduced cytokines beyond that observed with ruxolitinib, this may be 

attributed to their inhibitory actions on other signaling molecules besides JAK2: JNK1, 

TBK1, and IKBKE (the latter two upstream of NFκB), in the case of momelotinib,35,38 and 

a combination of IRAK1 for pacritinib, and MAP kinases downstream of active FLT3, for 

both pacritinib and fedratinib.40,55 Itacitinib, in contrast, showed less reduction of MF 

cytokine production than ruxolitinib. In clinical studies, momelotinib therapy led to 

reductions in plasma cytokine levels similar to those observed for ruxolitinib,56,57 while 

itacitinib and fedratinib did not.39,58 Itacitinib, however, was shown to reduce a few specific 

molecules, including RANTES and CD40 ligand,39 suggesting there may be an important 

role for JAK1 in production of particular cytokines, as well as the essential role of JAK1 in 

sensitivity to type I interferons and IL-3.53

Most importantly, the consequences of cytokine overproduction in MF disease pathogenesis 

remain relatively unexplored. As observed here, MF cytokine overproduction is reduced but 

not abrogated by ruxolitinib therapy. This is likely relevant for disease features that remain 

refractory to ruxolitinib, including malignant clonal burden and marrow fibrosis. Cytokines 

are expected to have fibrogenic, proliferative, and pro-malignant-survival effects in MF. 

TNF, however, is known to promote pro-apoptotic as well as anti-apoptotic signaling:22,23,59 

this pro-apoptotic signaling is in fact upregulated in MF,10 and harnessing it while inhibiting 

anti-apoptotic signaling is a plausible therapeutic strategy.59 Among the most upregulated 

cytokines observed in MF, IL-8/CXCL8 was previously shown to be a pro-survival and 

proliferative factor for MDS and AML blasts, in which it is also frequently upregulated,60 as 

well as being a poor prognostic indicator in MF.8 Whether individual cytokines, or signaling 

pathways activated by multiple cytokines, are more relevant targets for MF therapy, remains 

to be clarified by future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

1. Ruxolitinib therapy does not fully rectify in vivo cytokine overproduction in 

myelofibrosis.

2. Cytokine overproduction in myelofibrosis is driven by NFκB and MAP 

kinase signaling pathways, as well as JAK-STAT.
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Figure 1. Persistence of NFκB activation and plasma cytokine elevations in myelofibrosis despite 
ruxolitinib.
a. Mass cytometry surface marker labeling to identify cell populations in viSNE.18 viSNE 

plots show (top to bottom) labeling for CD34+ (HSPC), CD14+ (monocytes), CD61+ 

(megakaryoblasts), and CD3+ (T cells) populations. Samples are (left to right) normal 

control bone marrow N23, MF2 (JAK2 V617F mutant MF post ET) blood immediately prior 

to commencing ruxolitinib therapy, and MF2 blood after 13 months of ruxolitinib therapy. b. 
Mass cytometry labeling of p-p65/RELA for samples illustrated in a. Upper panels are basal 
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unstimulated p-p65/RELA. Lower panels are p-p65/RELA following 15 minute ex vivo 

incubation with 20ng/mL TNF. c. Plasma cytokine levels observed in patient samples, 

normalized to levels observed in healthy controls. Error bars indicate mean +/− 95% CI. 

Cytokines are positioned left to right by rank of highest to lowest fold elevation in pre-

ruxolitinib MF plasma versus healthy control (measured values shown in Supplementary 

Table S5). Bars are normalized to mean of levels in healthy controls (N=4; Supplementary 

Table S1), including zero values, but cytokines undetected in normal plasmas are excluded 

(Supplementary Table S5). Patient sample sizes are MF Pre- and Post-ruxolitinib, N=8; 

sAML, N=6. d-h: Individual plasma cytokine measurements (mean of two replicates per 

individual from MSD array), comparing normal control (Normal), MF patients prior to 

commencing ruxolitinib therapy (MF Pre-Rux), and the same patients on ruxolitinib (MF 

Post, Rux; see Supplementary Table S2B for durations of ruxolitinib treatment). Error bars = 

mean +/− SEM. Significance was determined by Mann-Whitney U-test for disease versus 

normal comparisons, and by paired T-test for pre- versus post-ruxolitinib comparisons: *, 

P<0.05; **, P<0.01. d. VEGF. e. IL-10. f. TNF. g. IL-16. h. IL-6.
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Figure 2. Cytokine overproduction in MF myeloid cell populations.
a-d: viSNE analysis comparing normal control N32 bone marrow, N32 blood, and blood 

from MF20 (JAK2 V617F mutant PMF). a. CD34 (upper panels) and CXCL8/IL-8 (lower 

panels) are shown, with arrows indicating HSPC. b. CD14 (upper panels) and TNF (lower 

panels) are shown, with black arrows indicating monocytes and red arrow indicating a subset 

of monocytes expressing TNF in MF20 blood. c-e. Heat maps showing median staining for 

15 cytokines plus granzyme B, normalized to normal control blood levels (left column of 

each panel) on ArcSinh ratio scale.16 Heat map panels show (left to right) blood from two 
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MF patients versus one healthy control (from an individual experiment) for the cell 

populations: Lin-CD34+ HSPC, CD14+ monocytes (Mono), CD34+CD61+ 

megakaryoblasts, and CD11b+CD11c+CD34- immature myeloid cells (Imm Myel). c. JAK2 
V617F mutant MF patients MF2, MF26, MF20, and MF23 versus controls. d. MPL mutant 

patients MF21 and MF24 versus controls. e. CALR mutant patients MF13 and MF19 versus 

controls. f. Percent of monocytes manually gated as clearly positive for expression of each of 

the 15 cytokines. Plots show samples for normal peripheral blood (N=7) and MF blood 

(N=13: 7 JAK2 V617F mutant, 4 CALR mutant, 2 MPL W515L/K mutant). Error bars 

indicate median +/− interquartile range. Significance was determined by Mann-Whitney U-

test: *, P<0.05; **, P<0.01. g. Biaxial plots illustrating positive versus negative gating (as 

used in f and Supplementary Figure S7) for TNF from a normal blood control sample and 

two JAK2 V617F mutant MF patients.
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Figure 3. NFκB activating ligands induce a set of MF overproduced cytokines.
a. Biaxial graphs showing production of CXCL8/IL-8 in the Lin-CD34+ population basally 

(left) or following 4-hour incubation with 20ng/mL TNF (right). Bone marrow from healthy 

control N31 (above) is compared to blood from MF patient MF15 (JAK2 V617F mutant MF 

post ET, below). The positive gate shows cells with CXCL8/IL-8 levels above ~99% of the 

basal control population. b. Cytokine induction by TNF in monocytes. Column graph shows 

the percent of cells identified as expressing a given cytokine (from biaxial flow plots; 

Supplementary Figure S7), both basally and following 4-hour incubation with 20ng/mL 
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TNF. Data are shown from both normal blood control samples (N=3) and MF patient 

samples (N=6; 4 JAK2 V617F mutant, 2 CALR mutant, Supplementary Table S2). Error 

bars = mean +/− SEM. Statistical significance is shown between basal and TNF-treated 

samples where identified (*, P<0.05) by Wilcoxon sign-rank test. c. Heat map of gene 

expression profiling (GEP) analysis, showing the top 25 most upregulated genes in MF 

versus normal bone marrow CD34+ cells, ranked by gene set enrichment analysis (GSEA) 

score (“Materials and Methods”). d. TLR and NFκB signaling related genes from among the 

50 most upregulated genes in MF CD34+ cells ranked by GSEA.10,20 Genes denoted by 

arrows in c are listed (those in the ranking range of 1–25, plus two additional genes in the 

ranking range of 26–50), with corresponding GSEA rank, mean fold change (MF/control), 

and mean –log(P). These include S100 family endogenous TLR ligands (peach highlight), 

inflammatory cytokines that are targets of NFκB signaling10 (yellow highlight), and the 

inflammatory TLR/NFκB target PTX3 (green highlight). e. Biaxial plots showing 

production of TNF in monocytes basally (top) and after 4-hour incubation with 50ng/mL 

PAM3CSK4 (bottom). Monocytes from normal control blood are shown along with those 

from JAK2 V617F mutant MF patients MF20 and MF23. f. Biaxial plots showing 

production of CXCL8/IL-8 basally (top) and after 4-hour incubation with 5μg/mL R848 

(bottom). Monocytes from normal control blood are shown along with those from JAK2 
V617F mutant MF patients MF15 and MF16. g. Dose-response showing induction of TNF 

in response to R848. h. Dose-response showing induction of TGFβ in response to R848. 

Error bars in g-h = mean +/− SD.
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Figure 4. Differential myeloid cytokine induction by TPO and inhibition by ruxolitinib.
a. Biaxial graphs show cytokine production in Lin-CD34+ cells from JAK2 V617F mutant 

MF patients basally and after 4-hour incubation with 10ng/mL TPO. The positive gate 

corresponds to cytokine levels above 99% of the healthy control basal population from the 

same experiment (Supplementary Figure S12). b. viSNE plots show cytokine levels basally 

and induced by TPO in JAK2 V617F mutant MF patient MF15 (left) and CALR mutant MF 

patient MF13 (right). Arrows indicate cell populations producing cytokines CXCL8/IL-8, 

IL-10, and TNF. Bottom panels show CD14 labeling of monocytes. c. Biaxial graphs show 
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TNF in monocytes from healthy control LRS2 (above) and JAK2 V617F mutant MF patient 

MF20 (below) following 4-hour incubation conditions (left to right): basal, 5μM ruxolitinib, 

10ng/mL TPO, TPO plus ruxolitinib. The positive gate corresponds to cytokine levels above 

99% of the healthy control basal population. d. Sensitivity of MF overproduced cytokines to 

TPO, TLR ligands and ruxolitinib, shown as bar graph with differences in MF patient values 

(% positive, as in c) according to the following comparisons: PAM3CSK4, R848, or TPO 

minus basal, TPO minus (TPO + ruxolitinib), and basal minus ruxolitinib. The latter two 

comparisons illustrate inhibition of cytokine either TPO-induced or basal cytokine 

production by ruxolitinib. Error bars show mean +/− 95% CI. Colored bar above graph 

denotes separation of cytokines into groups based on reduction of basal cytokine levels by 

ruxolitinib (green versus blue) and sensitivity to TPO and TLR ligand stimulation and 

ruxolitinib inhibition (green/blue versus brown).
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Figure 5. Direct induction of monocyte expressed cytokines by TPO.
A, B: Heat maps comparing induction of CD14+ monocyte expressed cytokines by TPO, in 

monocytes within cryopreserved and stimulated PBMC cultures (a) versus isolated flow-

sorted CD14+ monocytes from the identical individuals (b). Original cryopreserved samples 

used for a, b were identical, and treatment with TPO was simultaneous (see Supplementary 

Methods). Heat maps illustrate the 90th percentile level of TPO-induced versus basal 

unstimulated cytokine expression, in ArcSinh ratio scale. PBMC from control LRS5 and 

JAK2 V617F mutant MF patients MF15 and MF23 were utilized. c-f: Biaxial contour plots 

Fisher et al. Page 24

Leukemia. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



show cytokine-positive gating in monocytes (Y axis = CD45, X axis = cytokine) for IL-8/

CXCL8 (c, d) and TNF (e, f); comparing unsorted monocytes from PBMC cultures (c, e) 

versus isolated flow-sorted monocytes (d, f), from control LRS5 and JAK2 V617F mutant 

MF patients MF15 and MF23. Percent of monocytes gated as cytokine positive is denoted by 

rectangle gate.
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Figure 6. Evidence for MPL expression on monocytic and megakaryocytic lineage cells.
a. Expression of CD110/MPL (Y axis) visualized by fluorescent flow cytometry versus side 

scatter (X axis) in CD14+ monocytes from two normal control bone marrow samples (N13 

and N17) and blood from three JAK2 V617F mutant MF patients (MF15, MF16, MF20). 

CD14+ monocytes were also gated as negative for 7AAD (viability marker), CD3, CD19, 

CD16, and CD61 (see Supplementary Methods). b, c: Visualization of all live cells from the 

same same experiment as a, potted by CD110/MPL (Y axis) versus CD14 (b) or CD61 (c), 

and colored by intensity of labeling for CD34. Note highest levels of CD110/MPL 
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expression in CD34+ high expressing cells (red outlined arrows) and high levels in CD34+/

intermediate cells also expressing CD14 (black outlined arrows in b) or CD61 (black 

outlined arrows in c). d. Biaxial contour plots illustrate phosphorylation of STAT3 (Y axis) 

and STAT5 (X axis) in gated monocytes as assayed by mass cytometry. Plots are shown for 

normal bone marrow controls N8 and N12 and JAK2 V617F mutant MF patients MF15 and 

MF16. Conditions shown (left to right) are basal unstimulated, 15 min with 10ng/mL TPO, 

and 1h with 5μM ruxolitinib. The quadrant gate shows the percent of cells identified as 

positive for pSTAT3 and/or pSTAT5. Basal STAT3,5 phosphorylation (compare MF15 and 

MF16 versus N8 and N12) may be a consequence of constitutive JAK2 kinase activity.10 e. 

Schematic illustrating the hypothesis that cytokine expression is induced by TPO in 

monocytes as in HSPC, directly via the TPO receptor MPL.
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Figure 7. Inhibition of TPO induced cytokine production by pevonedistat.
a, b: Responses to pevonedistat versus other stimuli in HEL cells. a. Biaxial plots showing 

p-p65/RELA (Y axis) versus total IκBα (X axis) in the following conditions (left to right): 

basal, 1h incubation with 1μM pevonedistat, 15 min incubation with 20ng/mL TNF, 1h 

incubation with 1μM pevonedistat followed by 15 min incubation with 20ng/mL TNF. 

Quadrant gate illustrates degradation of IκBα and phosphorylation of p65/RELA on S529. 

b. Biaxial plots showing phosphorylation of STAT3 (Y axis) and STAT5 (X axis) in the 

following conditions (left to right): basal, 1h incubation with 5 μM ruxolitinib, 1h incubation 
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with 1μM pevonedistat, 15 min incubation with 10ng/mL TPO, 1h incubation with 5 μM 

ruxolitinib followed by 15 min incubation with 10ng/mL TPO, 1h incubation with 1μM 

pevonedistat followed by 15 min incubation with 10ng/mL TPO. c. Biaxial plots showing 

CCL4/MIP-1β (X axis) versus CD45 (Y axis) in control (N32 BM and PB) versus MF20 

(JAK2 V617F mutant PMF) CD14+ blood monocytes. Conditions shown (left to right) 

correspond to the following 4-hour incubations: basal, 1μM pevonedistat, 10ng/mL TPO, 

1μM pevonedistat plus 10ng/mL TPO. d. Biaxial plots showing TNF (X axis) versus CD45 

(Y axis) in control (N31 BM) versus MF15 (JAK2 V617F mutant post ET, blood) CD14+ 

monocytes. The following 4-hour incubations are shown (left to right): basal, 10ng/mL TPO, 

1μM pevonedistat, 1μM pevonedistat plus 10ng/mL TPO.
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Figure 8. Reduction of basally elevated MF cytokine levels by signaling inhibitors.
a. Biaxial plots showing TNF (X axis) versus CD45 (Y axis) in CD14+ monocytes from 

healthy control (LRS3 PB, top row) and JAK2 V617F mutant MF patients MF2 and MF26 

(lower rows). The following 4-hour incubations are shown (left to right): basal, 1μM 

pevonedistat, 10μM trametinib, 1μM VX-745, 1μM JNKi8. b-c: Heat maps showing staining 

for 15 cytokines plus granzyme B, in ArcSihn ratio scale with values from inhibitor-treated 

cells normalized to basal (left column of each heat map). Columns left to right in each heat 

map represent 4-hour incubations conditions as in a. Abbreviations Pev = pevonedistat, 
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Tram = trametinib. b. Median cytokine levels in CD14+ monocytes (left) and Lin-CD34+ 

cells (right) from MF26 (JAK2 V617F mutant MF post PV). c. 90th percentile cytokine 

levels in CD14+ monocytes from JAK2 V617F mutant MF patients MF2 and MF26. d-g: 

Statistical representation of suppression of basal cytokine production by signaling inhibitors 

in monocytes. Percent of monocytes identified as expressing each cytokine shown (from 

biaxial plots, as in a) from healthy control (N=4) or MF patient (N=8; 6 JAK2 V617F 

mutant and 2 CALR mutant) blood samples. Results are shown for the cytokines TNF (d), 

CCL4/MIP1β (e), IL-8/CXCL8 (f) and IL-1RA (g). Error bars = mean +/− SEM. Statistical 

significance is shown between basal and inhibitor treated samples where identified by 

Wilcoxon sign-rank test (*, P<0.05; **, P<0.01).
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