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ABSTRACT
Myelofibrosis (MF) is characterized by chronic inflammation and hyper-activation of the JAK-STAT path-
way. Infections are one of the main causes of morbidity/mortality. Therapy with Ruxolitinib (RUX), a JAK1/2 
inhibitor, may further increase the infectious risk. Monocytes are critical players in inflammation/immunity 
through cytokine production and release of bioactive extracellular vesicles. However, the functional 
behavior of MF monocytes, particularly during RUX therapy, is still unclear. In this study, we found that 
monocytes from JAK2V617F-mutated MF patients show an altered expression of chemokine (CCR2, 
CXCR3, CCR5) and cytokine (TNF-α-R, IL10-R, IL1β-R, IL6-R) receptors. Furthermore, their ability to produce 
and secrete free and extracellular vesicles-linked cytokines (IL1β, TNF-α, IL6, IL10) under lipopolysacchar-
ides (LPS) stimulation is severely impaired. Interestingly, monocytes from RUX-treated patients show 
normal level of chemokine, IL10, IL1β, and IL6 receptors together with a restored ability to produce 
intracellular and to secrete extracellular vesicles-linked cytokines after LPS stimulation. Conversely, RUX 
therapy does not normalize TNF-R1/2 receptors expression and the LPS-driven secretion of free pro/anti- 
inflammatory cytokines. Accordingly, upon LPS stimulation, in vitro RUX treatment of monocytes from MF 
patients increases their secretion of extracellular vesicles-linked cytokines but inhibits the secretion of free 
pro/anti-inflammatory cytokines. In conclusion, we demonstrated that in MF the infection-driven response 
of circulating monocytes is defective. Importantly, RUX promotes their infection-driven cytokine produc-
tion suggesting that infections following RUX therapy may not be due to monocyte failure. These findings 
contribute to better interpreting the immune vulnerability of MF and to envisaging strategies to improve 
the infection-driven immune response.
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Introduction

Myelofibrosis (MF) is a clonal disorder of the hematopoietic 
stem/progenitor cell (HSPC). The molecular pathogenesis 
relates to driver mutations in 3 genes (namely: Janus Kinase 2 
(JAK2); Calreticulin (CALR); myeloproliferative leukemia virus 
oncogene (MPL)) causing hyper-activation of the JAK-STAT 
signaling pathway.1,2 More than half of patients with MF carry 
the JAK2V617F mutation. Beyond “driver” mutations, chronic 
inflammation is considered to be the MF hallmark.3–7 More 
recently, it has been demonstrated that cytokine overproduc-
tion in MF myeloid cells is driven by multiple signaling path-
ways (NF-kB and MAPK) beyond JAK-STAT.8 Consistently, 
NF-kB signaling is hyperactivated in MF and contributes to 
myeloproliferation and inflammation.8,9

Infections are one of the main causes of morbidity and 
mortality in MF, representing a cause of death in around 10% 
of the cases.10–13 Infections are mainly bacterial (78%); however, 
viral (11%) and fungal infections (2%) were recorded as well.10 

The increased risk of infections is thought to arise from dereg-
ulation of key mediators of the immune system.10–13 Specifically, 

numerical and/or functional abnormalities were documented in 
the monocyte/macrophage compartment, T-cells, natural killer, 
and myeloid-derived suppressor cells.10,14–21 We previously 
demonstrated that in MF there is a reduced ability of monocytes 
to differentiate into dendritic cells, decreased plasticity of Th17 
lymphocytes and functionally impaired Innate Lymphoid 
Cells.21

To further aggravate the clinical landscape, prior studies 
have demonstrated significant inhibitory effects in T cells, 
natural killer and dendritic cells function after exposure to 
JAK inhibitors.22–27 Therapy with Ruxolitinib (RUX), 
a JAK1/2 inhibitor, suppresses clonal myeloproliferation 
and release of proinflammatory cytokines, reducing spleno-
megaly and constitutional symptoms in around 50% of MF 
patients.28,29 Of note, due to the involvement of multiple 
signaling pathways beyond JAK/STAT, MF cytokine over-
production is reduced but not abrogated by JAK1/2 inhibi-
tion with RUX.8,9 Severe infections occur in patients treated 
with RUX and are mainly bacterial, especially in advanced 
stage of disease.10
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Monocytes are the first line of defense in recognition and 
clearance of pathogens and play an important role in the 
primary innate immune response and inflammation.30–32 

They are traditionally divided into 3 phenotypically and func-
tionally distinct populations based on differences in expression 
of CD14 and CD16.31 Recent studies elucidated the sequential 
differentiation of human monocyte subsets demonstrating that 
classical monocytes egress from the bone marrow into periph-
eral blood where they differentiate into intermediate and sub-
sequently non-classical monocytes.32 Therefore, chemokine- 
driven migration from the bone marrow toward peripheral 
blood and inflammatory/damaged tissues is a crucial mono-
cyte-related feature.

Following activation, monocytes can release soluble or extra-
cellular vesicles (EVs)-associated, either surface-bound or encap-
sulated, cytokines. However, the pattern of cytokines secretion 
was dependent on the infection stimuli.33 EVs, which are com-
posed of exosomes (30–150 nm) and microvesicles (200–-
1000 nm), are released from a broad variety of cells during 
homeostasis and cell activation with pleiotropic effects on signal-
ing among cells. EVs affect normal and malignant hemopoiesis34 

and are critical players in the regulation of inflammation and 
immunity.35,36 High serum levels of EVs have been detected in 
hematological malignancies including myeloproliferative neo-
plasms (MPN)37,38 and we recently described that circulating 
monocyte-derived EVs are increased in MF.39

Despite a key role in regulating inflammation and immune 
response, the role of monocytes in the pathogenesis of MF 
needs to be fully addressed. Moreover, the impact of RUX 
inhibition on monocyte behavior has been poorly investigated. 
Monocytosis may occur in patients with MF (around 15%) and 
is associated with poor outcome.40 Additionally, there are 
evidences that monocytes are overactivated,41,42 show inflam-
matory features,43 and represent the principal cellular source 
for most inflammatory cytokines after stimulation with PMA/ 
ionomycin.8

To increase knowledge of the pathogenesis of the inflam-
matory/immune microenvironment of MF and to address the 
role of monocytes within the infection-related inflammatory 
network, here we studied the in vitro and ex vivo functional 
behavior of monocytes from JAK2V617 F mutated MF patients 
after infectious stimulus and in the presence or absence of RUX 
inhibition.

Materials and methods

Patients characteristics and cells isolation

EDTA-anticoagulated peripheral blood (PB) was collected 
from JAK2V617F mutated MF patients (patients) before 
(n = 30) and after 6 months of RUX therapy (n = 20) and 
from age/sex-matched healthy donors (n = 30). Patients char-
acteristics are shown in Supplementary Table 1. Patients were 
at diagnosis or untreated for at least 3 months. The diagnosis of 
MF was made according to the WHO 2016 criteria. No patients 
were previously treated with Interferon-α. This study was 
approved by the local Ethical Committee and was performed 
according to the declaration of Helsinki. Patients/controls 
signed informed consent.

PB mononuclear cells (PBMCs) were separated by 
Lympholyte 1.077 g/cm3 gradient (Cedarlane; CL5020) strati-
fication, cryopreserved in liquid nitrogen and then thawed at 
37°C before testing. Of note, to minimize the influence of 
freezing/thawing, only thawed PBMCs with a survival rate > 
80% were used.

CD14+ monocytes isolation

Circulating CD14+ cells were immunomagnetically isolated 
from thawed PBMCs of MF patients (at baseline and after 
6 months of RUX therapy) and healthy donors using a com-
mercially available kit (CD14 Isolation kit, human; Miltenyi 
Biotec, Bologna, Italy) and purity (95 ± 3%) was routinely 
checked by flow cytometry.

Phenotype of monocytes

Total monocytes and subsets (Classical- CD14++/CD16−, 
Intermediate- CD14+/CD16+, Non-Classical-monocytes 
CD14+/CD16++) were phenotypically characterized by flow 
cytometry (chemokine receptors: C-C chemokine receptor 
type 2 (CCR2), C-X3-C motif chemokine receptor 1 
(CX3CR1), C-C chemokine receptor type 5 (CCR5); cytokine 
receptors: Tumor Necrosis Factor (TNF)-αR1, TNF-αR2, 
Interleukin (IL)10R, IL1βR, IL6R); activation markers: 
CD86, HLA-DR, CD40, CD163) in PBMCs from MF patients, 
at baseline and after 6 months of RUX therapy, and healthy 
donors (Gating Strategy is shown in Figure 1a; monoclonal 
antibodies panels for chemokine receptors, cytokine recep-
tors, and activation markers evaluation are shown in 
Supplementary Table 2). Results were expressed as percentage 
of positive cells and/or Mean Fluorescence Intensity (MFI). 
All flow cytometry analyzes were performed on a FACSs 
Canto II (BD Biosciences) and analyzed using FlowJo 
(FlowJo, LLC).

Functional assay of monocytes in the presence/absence of 
RUX therapy

To investigate the effects of RUX therapy, PBMCs from 
patients, at baseline and after 6 months of RUX therapy, and 
healthy donors were stimulated with lipopolysaccharides (LPS, 
100 ng/ml) in the presence of 5 ng/ml Brefeldin A (Sigma- 
Aldrich®) for 4 hours.44 After in vitro stimulation, PBMCs were 
incubated with anti-CD14 and anti-CD16 monoclonal antibo-
dies for 15 minutes at room temperature. Cells were then fixed/ 
permeabilized according to standard procedures (IntraPrep 
Permeabilizaton kit, Beckman Coulter® Life Sciences) and 
IL1β, IL6, IL10 and TNF-α producing monocytes were mea-
sured by intracellular flow cytometry analysis (Gating Strategy 
is shown in Figure 1a; monoclonal antibodies panel for the 
evaluation of intracellular cytokine production is shown in 
Supplementary Table 2). Results were expressed as percentage 
of positive cells. In parallel experiments, immunomagnetically 
isolated monocytes (106 per well) from patients/healthy donors 
were stimulated with LPS (100 ng/ml) on the same day. After 4/ 
24 hours, cell viability was tested by apoptosis assay (Annexin- 
V-FLUOS Staining Kit; Roche) and culture supernatants were 
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Figure 1. Circulating monocyte subsets before and after RUX therapy. Gating strategy for identification of human monocyte subsets (Classical-, Intermediate- and Non- 
Classical-monocytes), including (from left to right) live cells detection, doublet exclusion, size discrimination, selection of HLA-DR+ cells, exclusion of double-negative 
CD14−CD16− cells (selection of Total monocytes) and monocytes separation according to expression of CD14 and CD16 (a). Frequency of circulating monocyte subsets 
(Classical (b), Intermediate (c) and Non-Classical (d)-monocytes, according to CD14/CD16 expression) in PBMCs of healthy donors (HD; n = 30) and MF patients at 
baseline (MF baseline T0; n = 30) and after 6 months of RUX therapy (MF RUX (T6 m); n = 20). Bars represent the mean percentage of monocyte subsets in total CD14+/ 
HLA-DR+ monocytes ± S.E.M. (Kruskal-Wallis test and Friedman test, as appropriate; *p < .05; Mo = monocytes).
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obtained after centrifugation at 400 g, collected and stored with 
1% dimethylsulfoxide (DMSO) at −80°C for further analysis.

Functional assay of monocytes in the presence/absence 
of in vitro RUX treatment

To investigate the effects of RUX in vitro, circulating 
monocytes from MF patients and healthy donors have 
been immunomagnetically isolated. RUX was dissolved in 
DMSO and added to the culture media in concentrations 
varying from 0.2 to 10 µM, which corresponds to serum 
levels achieved in treated patients. In each case, equal 
amounts of DMSO were added as a control (vehicle). We 
analyzed by flow cytometry the effect of titrating doses of 
RUX (0.2–10 µM) (1) on the monocyte-derived pro-anti 
/inflammatory cytokines production (TNF-α, IL6, IL10, 
and IL1β) after 24 hours of incubation in the presence or 
absence of LPS (100 ng/mL); (2) on the surface-bound 
inflammatory cytokines expression of monocyte-derived- 
EVs in the supernatants of cultures in the presence or 
absence of LPS stimulation (24 hours).

Cytokine concentration of the monocyte cultures 
supernatants

Supernatants from monocytes cultures in the presence/ 
absence of LPS stimulation (4/24 hours) and before/after 
6 months of RUX therapy or with/without in vitro RUX 
treatment were harvested (centrifugation at 400 g) and 
frozen at −80°C with 1% of DMSO until assays were per-
formed. Cytokine concentration was determined by com-
mercially available MACSPlex Cytokine 12 Kit (Miltenyi 
Biotec, Bologna, Italy) for human IL6, TNF-α and IL10 
according to the manufacturer’s instruction. IL1β was 
determined by Human IL1 beta/IL1F2 Quantikine ELISA 
Kit (R&D Systems, Milan, Italy).

Flow cytometric analysis of the inflammatory cytokine’s 
expression on the surface of EVs from monocyte culture 
supernatants

Cytofluorimetric analysis and staining method were devel-
oped to study the expression of surface-attached pro/anti- 
inflammatory cytokines in EVs from monocyte culture 
supernatants in the presence/absence of LPS stimulation 
and before/after 6 months of RUX therapy or with/with-
out in vitro RUX treatment. Supernatants (50 μl) were 
incubated with anti-CD14 (5 μl), IL1β (5 μl), IL6 (5 μl), 
TNF-α (5 μl) and IL10 (5 μl) monoclonal antibody for 
30 minutes at room temperature and then EVs were ana-
lyzed by flow cytometry (Navios, Beckman Coulter, Milan, 
Italy) (Monoclonal antibodies panel for Cytokine-bound 
EVs evaluation is shown in Supplementary Table 2). To 
detect EVs the instrument was calibrated with MegaMix 
Beads (Stagò, Marseille, France). Fluorescence gated poly-
styrene beads of different sizes were used to determine the 
gates identifying big (500–900 nm), small (200–300 nm) 
and nano (100–160 nm) EVs. The Violet Side Scatter laser 
(VSSC) is used as a trigger signal to discriminate the 

noise. Our analysis was focused on big EVs which were 
identified by using size and ability to bind specific mono-
clonal antibodies. Matched isotype controls were used to 
select the cutoff. Using the defined gate for big EVs, all 
events positive for markers staining were recorded. The 
expression of the pro/anti-inflammatory cytokines was 
expressed as percentage of positive EVs.

Statistical analysis

Statistical analyses were performed with GraphPad (GraphPad 
Software Inc., La Jolla, USA). Data are expressed as mean ± 
SEM. P values were considered significant when ≤ 0.05 
(2-tailed). The differences between the groups were analyzed 
with Mann Whitney, Kruskal Wallis, one-way, and two-way 
ANOVA tests as appropriate.

Results

The profile of circulating MF monocyte subsets is altered 
and not affected by RUX therapy

We firstly analyzed the proportion of total/subsets mono-
cytes. Based on the expression of CD14/CD16, Classical- 
CD14++/CD16−, Intermediate-CD14+/CD16+ and Non- 
Classical-CD14+/CD16++ monocytes were investigated 
before and after RUX therapy (Figure 1). At baseline, only 
the mean percentages of Intermediate/Non-Classical MF 
monocytes (Figure 1c and d) were significantly increased/ 
reduced as compared with the normal counterparts 
(p < .05). Of note, no significant differences were observed 
between patients and healthy donors when total monocytes 
were analyzed (data not shown). RUX therapy did not 
significantly modify the monocyte subsets profile. These 
results demonstrate that the profile of circulating monocyte 
subsets is altered in MF at baseline and after RUX therapy.

Chemokine receptors repertoire of MF monocytes is 
altered but normalized by RUX therapy

To evaluate the differentiation program and migration ability, 
we then studied the expression of crucial chemokine receptors 
on total circulating monocytes and subsets from patients and 
healthy donors.

At baseline, only the percentage of CCR2+ total MF monocytes 
was significantly increased as compared with the normal counter-
part (Figure 2a; p < .05). This is mainly due to a significant 
increased percentage of CCR2+ Intermediate and Non-Classical 
monocytes (Figure 2a; p < .01 and p < .001, respectively). 
Additionally, we detected a reduced percentage of CX3CR1+ Non- 
Classical monocytes only (Figure 2b; p < .01). No differences 
between patients and healthy donors were observed when the 
percentage of CCR5+ monocytes was analyzed (Figure 2c). 
Taking into consideration the MFI, CCR2 expression was signifi-
cantly increased in total monocytes and in both Intermediate and 
Non-Classical monocytes (Supplementary Figure 1a; p < .05). 
Conversely, CX3CR1 expression was reduced in Intermediate 
and Non-Classical monocytes only (Supplementary Figure 1b; 
p < .05, p < .01, respectively). CCR5 expression was reduced in 

4 M. BARONE ET AL.



all three monocyte subpopulations (Supplementary Figure 
1c; p < .05).

Interestingly, RUX therapy normalized the percentage 
of CCR2+ Intermediate and Non-Classical monocytes 
(Figure 2a; p < .05 and p < .01, respectively) and the 
percentage of CX3CR1+ Non-Classical monocytes only 
(Figure 2b; p < .05).

The analysis of the MFI revealed that RUX therapy restored 
CX3CR1 expression in both Intermediate and Non-Classical 
monocytes (Supplementary Figure 1b; p < .05) and CCR5 
expression in total monocytes as well as in all monocyte subsets 
(Supplementary Figure 1c; p < .05).

Collectively, these data demonstrated that in MF circulating 
monocytes show an altered phenotype. Interestingly, RUX 
therapy normalizes the expression of crucial chemokine 
receptors.

MF monocytes subsets show an abnormal cytokine 
receptors expression and RUX therapy partially modifies 
their repertoire

To evaluate how circulating monocytes sense the inflammatory 
microenvironment, we tested the expression of crucial pro/ 
anti-inflammatory cytokine receptors on patients and healthy 
donors.

Figure 3 showed a decreased percentage of TNF-αR1+ 

cells (A; p < .001) together with an increased percentage of 
TNF-αR2+ and IL10-R+ total MF monocytes (B and C; 
p < .01) as compared with the normal counterpart. The 
percentages of TNF-αR1+ cells were significantly reduced in 
all the monocyte subsets (Figure 3a; p < .001). Conversely, 
the percentages of IL10-R+ cells were significantly increased 
in all subsets (Figure 3b; p < .01 (Classical monocytes), 
p < .05 (Intermediate and Non-Classical monocytes)). No 

Figure 2. Chemokine receptors expression of monocytes before and after RUX therapy. Percentages of CCR2+ (a), CX3CR1+ (b) and CCR5+ (c) cells in total monocytes and 
of the three subsets (Classical-, Intermediate- and Non-Classical-monocytes) from PBMCs of healthy donors (HD; n = 30) and MF patients at baseline (MF baseline T0; 
n = 30) and after 6 months of RUX therapy (MF RUX (T6 m); n = 20) were analyzed. Bars represent the mean percentage of chemokine receptors-positive monocytes ± S. 
E.M. (Kruskal-Wallis test and Friedman test, as appropriate; *p < .05; **p < .01; ***p < .001; Mo = monocytes). Below, representative histograms of CCR2, CX3CR1 and 
CCR5 expression of the monocyte subsets of one MF patient (MF baseline (T0)) and one healthy donors (HD) are shown. Isotype control (black), Classical- (dark blue), 
intermediate- (blue) and Non-Classical-monocytes (light blue) are shown superimposed on each other.
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differences were observed regarding the percentage of TNF- 
αR2+ cells in monocyte subsets.

RUX therapy normalized the percentages of IL10-R+ 

Intermediate and Non-Classical monocytes (Figure 3c; 
p < .05) while the percentage of TNF-αR1+ and TNF-αR2+ 

monocytes was not affected.
Of note, the percentages of IL1β-R+ and IL6-R+ cells in 

total monocytes and monocyte subsets of patients were not 
significantly different from the normal counterparts (data 
not shown). However, as shown in Supplementary Figure 2, 
the analysis of the MFI revealed that total monocytes of MF 
patients showed a significantly increased expression of 
IL1β-R and IL6-R (p < .05) as compared with the normal 
counterparts. When monocytes subsets were analyzed, the 
IL1β-R MFI (Intermediate and Non-Classical monocytes; 
p < .05 and p < .001, respectively) and IL6-R MFI 
(Classical and Non-Classical monocytes; p < .05) were sig-
nificantly increased as compared with the normal counter-
parts. RUX therapy reduced the IL1β-R (MFI; total and 
Intermediate monocytes; p < .05) and IL6-R expression 
(MFI; total and Classical monocytes (p < .05) 
(Supplementary Figure 2) but the percentages of IL1β-R+ 

and IL6-R+ cells were not affected (data not shown).
To further evaluate the phenotype of MF monocytes before 

and after RUX therapy, we analyzed the expression of HLA- 

DR, CD86, CD40, and CD163 (both percentages and MFI). No 
significant differences were observed between healthy donors 
and MF monocytes and before and after RUX therapy (both 
percentages and MFI; data not shown).

These results demonstrate that, due to altered expression of 
crucial inflammatory cytokine receptors, MF monocytes may 
abnormally sense the inflammatory microenvironment. RUX 
therapy partially fails in restoring their cytokine receptors 
profile.

The ability of MF monocytes to produce cytokines under 
LPS stimulation is reduced and RUX therapy normalizes 
this pattern

Cytokine production represents the main mechanism used 
by monocytes to respond to the external stimuli. To inves-
tigate the ability of MF monocytes to produce inflammatory 
cytokines we ex vivo analyzed the percentages of IL1β, 
TNF-α, IL10, and IL6 producing monocytes with and with-
out LPS stimulation (4 hours) in PBMC from healthy 
donors and patients before and after 6 months of RUX 
therapy.

As shown in Figure 4, in the absence of LPS stimulation 
the mean percentages of IL1β+ (A), TNF-α+ (B), and IL6+ 

(C) cells were very low and no differences were observed 

Figure 3. Inflammatory cytokine receptors expression of monocytes before and after RUX therapy. Percentages of TNF-α-R1+ (a), TNF-α-R2+ (b), IL10-R+ (c) cells in total 
monocytes (identified by CD14 and HLA-DR expression) and of the Classical-, Intermediate- and Non-Classical-monocytes from PBMCs of healthy donors (HD; n = 30) 
and MF patients (n = 30) at baseline (MF baseline T0) and after 6 months of RUX therapy (MF RUX (T6 m); n = 20) is shown. Bars represent the mean percentage of the 
cytokine receptors-positive monocytes ± S.E.M. (Kruskal-Wallis test and Friedman test, as appropriate; *p < .05; **p < .01, ***p < .001; Mo = monocytes).
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between healthy donors and patients. LPS stimulation failed 
to increase the percentages of IL1β+, TNF-α+ and IL6+ 

monocytes in MF, which were therefore significantly 
reduced as compared with the normal counterparts 
(Figure 4a–d; p < .001). As IL10 is produced by monocytes 
only after 7/8 hours of stimulation with LPS,45 no IL10+ 

cells were detected after 4 hours of incubation in the pre-
sence/absence of LPS stimulation in MF and healthy donors 
monocytes (data not shown). Interestingly, RUX therapy 
restored the quote of IL1β+, TNF-α+, and IL6+ monocytes 
after LPS stimulation.

These data demonstrate an impaired ability of MF mono-
cytes to produce inflammatory cytokines in response to an 
infectious stimulus and show that RUX therapy restores nor-
mal cytokine production ability.

Monocytes from MF patients show reduced ability to 
secrete selected cytokines and in vitro RUX treatment 
inhibits their secretion

In parallel experiments, we tested the concentrations of 
selected pro/anti-inflammatory cytokines produced in the 
supernatants by isolated MF and healthy donor monocytes 
upon LPS stimulation and before and after RUX therapy or 
in vitro RUX treatment. As shown in Figure 5, the concentra-
tions of IL1β (Figure 5a), TNF-α (Figure 5b), IL6 (Figure 5c) 
and IL10 (Figure 5d) were significantly increased after LPS 
stimulation in the supernatants of healthy donor monocytes. 
Conversely, upon LPS stimulation, no significant differences 
were observed between stimulated and unstimulated MF 
monocytes. As a consequence, at baseline the concentrations 
of IL1β (Figure 5a; 4 and 24 hours; p < .001), TNF-α (B; 

Figure 4. Intracellular monocyte production of inflammatory cytokines before and after RUX therapy. Intracellular production of pro-inflammatory cytokines in total 
monocytes from PBMC of healthy donors (HD; n = 30) and MF (n = 30) PBMCs (at baseline (MF baseline T0) and after 6 months of RUX therapy (MF RUX (T6 m); n = 20) 
with or without LPS stimulation (4 hours) is shown. Above, representative histograms identify the IL1β (a), TNF-α (b) and IL6 (c) positive total monocyte of one healthy 
donors (HD) and one MF patient (at baseline (T0) and after 6 months of RUX therapy (T6 m)) in the presence or absence of LPS stimulation. Unstimulated (blue) and LPS- 
stimulated (light blue) monocytes are shown superimposed on each other. Below, bars represent the mean percentage of monocytes producing IL1β (A), TNF-α (B) and 
IL6 (C) ± S.E.M. (Two-way ANOVA test; ***p < .001).
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4 hours; p < .01), IL6 (C; 4 and 24 hours; p < .01) and IL10 (D; 
24 hours; p < .001) were significantly reduced in the super-
natants of MF monocytes as compared with the normal coun-
terparts. Of note, RUX therapy did not significantly modify the 
concentrations of the four selected cytokines in the superna-
tants of MF monocytes (Figure 5a–d).

We also functionally analyzed the in vitro ability of isolated 
MF (at baseline) and healthy donor monocytes to release 
cytokines upon LPS stimulation in the presence of titrating 
doses of RUX (0.2, 0.5, 1, 5, 10 µM). As shown in Figure 5, low 

dose RUX treatment (0.2, 0.5, 1 µM) significantly increased the 
concentration of TNF-α in the supernatants from healthy 
donors (Figure 5e) and MF (figure 5f) monocytes (p < .05, 
respectively). Conversely, high dose RUX (10 µM) significantly 
decreased the concentration of TNF-α in the supernatants 
from both healthy donors and MF monocytes (p < .05). 
Interestingly, RUX reduced the IL10 concentration in the 
supernatants from healthy donors (Figure 5g) and MF 
(Figure 5h) monocytes in a dose-dependent way. By contrast, 
IL1β and IL6 were not affected by RUX (data not shown).

Figure 5. Monocyte secretion of free inflammatory cytokines before and after RUX therapy or in vitro RUX treatment. Concentrations of crucial cytokines (IL1β, TNF-α, 
IL6, IL10) in the supernatants of immunomagnetically isolated monocytes from healthy donors (HD; n = 20) and MF patients at baseline ((MF baseline T0; n = 20) and 
after 6 months of RUX therapy (MF RUX (T6 m); n = 20) in vitro cultured for 4/24 hours in the presence or absence of LPS stimulation. Bars represent the mean 
concentration of IL1β (a), TNF-α (b), IL6 (c) and IL10 (d) ± S.E.M (Two-way ANOVA test; *p < .05, **p < .01, ***p < .001). “-LPS” represents the concentrations of cytokines 
after 4 or 24 hours without LPS. Panels (e-h) show the concentrations of crucial cytokines (TNF-α and IL10) in the supernatants of immunomagnetically isolated 
monocytes from healthy donors (HD; n = 20; panels E, G) and MF patients (n = 20; panels F, H) in vitro cultured for 24 hours in the presence or absence of LPS 
stimulation and titrating doses of RUX (0.2–10 µM). Bars represent the mean concentration of TNF-α and IL10 ± S.E.M (one-way ANOVA test; *p < .05, **p < .01, ***p  
< .001).

8 M. BARONE ET AL.



Of note, when we tested the viability of MF and healthy 
donor monocytes after 4/24 hours in the presence/absence of 
LPS stimulation, no significant differences were observed 
between MF and healthy donors monocytes. Additionally, 
RUX therapy/in vitro RUX treatment did not significantly 
influence the viability of MF and healthy donor monocytes 
(data not shown).

Collectively, these results indicate a reduced ability of MF 
monocytes to secrete inflammatory-related signals in response 
to an infectious stimulus. In vitro RUX treatment inhibits the 
cytokine secretion of both normal and MF monocytes.

The expression of cytokines on the surface of MF 
monocyte-derived EVs is reduced and RUX normalizes 
their profile

To investigate whether cytokine-bound EVs are produced by 
monocytes and whether RUX may affect their profile, we 
analyzed the presence of selected inflammatory cytokines on 
the surface of EVs produced by healthy donors and MF mono-
cytes (at baseline and after in vitro RUX treatment/RUX ther-
apy) in the supernatants after in vitro culture with/without LPS 
(Supplementary Figure 3). As shown in Figure 6(a–d), in the 
absence of LPS stimulation, no significant differences were 
observed between patients and healthy donors or before and 
after RUX therapy. When monocytes were stimulated with 
LPS, the percentages of IL1β, TNF-α, IL6, and IL10 positive 

EVs from MF patients were significantly decreased as com-
pared with the healthy donor counterpart (Figure 6a–d; 
p < .001). After in vitro RUX treatment and LPS stimulation, 
the percentages of IL1β, TNF-α, IL6, and IL10 positive EVs in 
the supernatants of isolated monocytes from MF patients at 
baseline significantly increased (Figure 7a–d). Similarly, albeit 
non-statistically significant, RUX treated patients showed the 
same trend toward increased percentages of cytokine-positive 
EVs (Figure 6a–d).

Collectively, these results demonstrate that the EVs-related 
inflammatory signals of MF monocytes are impaired and that 
RUX has the potential to normalize the EVs-bound cytokines 
repertoire.

Discussion

Monocytes are key components of the innate immune system 
and their function is principally based on cytokine production. 
CCR2, CX3CR1, and CCR5 are the main chemokine receptors 
involved in their recruitment in circulation and inflamed tis-
sues. They are differentially expressed on the 3 monocyte sub-
populations. CCR2, which plays a role in the mobilization of 
monocytes from bone marrow to peripheral blood, is primarily 
expressed by Classical monocytes and is progressively down-
regulated in the Intermediate and Non-Classical monocytes. 
Conversely, CX3CR1, which favors migration of circulating 
monocytes from peripheral blood toward inflamed/damaged 

Figure 6. Cytokine-positive EVs secretion of monocytes before and after RUX therapy. Gating strategy, based on beads calibration and size, for identification of 
monocyte-derived EVs (BIG EVs: 500–900 nm) by flow cytometry and representative dot plot of the IL1β, TNF-α, IL6 and IL10 positive EVs in the supernatants of 
monocytes from one healthy donors (HD) and one MF patient (at baseline (MF T0) and after 6 months of RUX therapy (MF T6 m) after LPS stimulation are shown (a). 
Histograms show the expression of surface-bound IL1β (b), TNF-α (c), IL6 (d) and IL10 (e) of EVs in the supernatants of immunomagnetically isolated monocytes from 
healthy donors (HD; n = 20) and MF patients at baseline (MF baseline T0; n = 20) and after 6 months of RUX therapy (MF RUX (T6 m); n = 20), in the presence/absence of 
LPS stimulation (24 hours). Bars represent the mean percentage of monocyte-derived cytokine-positive EVs ± S.E.M. (Two-way ANOVA test; ***p < .001).
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tissues, is upregulated in Intermediate and Non-Classical 
monocytes.32 CCR5, also involved in the recruitment of mono-
cytes in inflamed tissues, is expressed by all three subsets but 
mainly by Intermediate monocytes.31,46

Here we demonstrated that in JAK2V617 F mutated MF 
patients the monocyte differentiation program is dysregulated 
as referred to chemokine/cytokine receptors subsets profile. 
MF patients show an altered chemokine receptors profile due 
to a failed CCR2 downregulation and CX3CR1 upregulation. 
This suggests an impaired capacity of monocytes to migrate 
from peripheral blood into damaged tissues, as confirmed by 
a higher percentage of Intermediate monocytes in peripheral 
blood. Of note, RUX therapy normalized monocyte phenotype, 
suggesting that RUX-driven JAK1/2 inhibition, reducing 
plasma inflammatory cytokines, may indirectly support mono-
cyte differentiation and homing to inflamed/damaged tissues 
through CX3CR1 and CCR5 upregulation and CCR2 
downregulation.

MF patients also showed a higher percentage of circulating 
IL10-R+ and TNF-αR2+ monocytes while the percentage of 
TNF-αR1+ monocytes was reduced. It is interesting to note 
that RUX therapy reduced the percentages of IL10-R+ mono-
cytes but did not modify the percentages of TNF-αR1/2+ 

monocytes. Binding of IL10 to its receptor leads to JAK1- 
STAT3 pathway activation.47,48 Therefore, our results suggest 
that JAK/STAT pathway, along with a role in the IL10-R 
signaling, may be also involved in the IL10-R expression. 
Moreover, since RUX reduces their expression, it is likely that 

also the IL1β-R and IL6-R exposition is Indirectly linked by the 
JAK/STAT pathway.

We have also found that the cytokine production of unsti-
mulated MF circulating monocytes was superimposable to the 
normal counterparts, suggesting that steady-state monocytes of 
MF are not hyperactivated. Upon LPS stimulation, the intra-
cellular production and secretion of free pro/anti- 
inflammatory cytokines by monocytes of JAK2V617 F mutated 
MF patients were severely impaired.

Our findings are consistent with a prior study demonstrat-
ing that isolated circulating monocytes from MF fail to respond 
to LPS and the levels of pro-inflammatory cytokines such as 
IL23, IL12, and TNF-α remain very low or fail to increase in the 
case of IL8.43 Recently, Lai YH et al.49 showed that monocytes 
from MPN patients have a defective negative regulation in the 
Toll-like receptor (TLR) signaling pathway leading to unrest-
rained production of TNF-α after activation. Specifically, they 
demonstrated that monocytes do not respond to IL10 which 
negatively regulates TLR-induced TNF-α production. This dis-
crepancy might be related to the fact that they studied, in 
addition to MF, also Essential Thrombocythemia and 
Polycythemia Vera patients. Nevertheless, according to our 
study, they also demonstrated that, upon LPS stimulation, 
MPN patients appeared to be less responsive to inflammatory 
stimulus initially, as the percentage of TNF-α positive mono-
cytes were significantly decreased. Additionally, Fisher DAC 
et al.8 showed that 14 out of 15 cytokines, measured by mass 
cytometry, were found to be overproduced in MF patients after 

Figure 7. Cytokine-positive EVs secretion of monocytes in the presence or absence of in vitro RUX treatment. Surface-bound IL1β (a), TNF-α (b), IL6 (c) and IL10 (d)- 
positive EVs in the supernatants of immunomagnetically isolated monocytes from MF patients at baseline (n = 10) in the presence or the absence of LPS stimulation 
(24 hours) and titrating doses of in vitro RUX treatment or vehicle (DMSO) is shown. Bars represent the mean percentage of monocyte-derived cytokine-positive EVs ± S. 
E.M. (One-way ANOVA test; *p < .05).
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PMA/ionomycin stimulation, with the principal cellular source 
for most cytokines being monocytes. Keeping in mind our 
results with LPS stimulation, we can draw the conclusion that 
circulating MF monocytes may have the potential to produce/ 
secrete inflammatory cytokines; however, this varies according 
to the nature of the stimulus.

The reduced ability of MF monocytes to produce inflam-
matory cytokines in response to infectious stimuli (LPS) might 
have several explanations. First, it may be due, at least in part, 
to the reduced frequency of circulating TNF-αR1+ monocytes; 
this receptor mediates the autocrine capacity of the LPS- 
induced TNF to sustain the upregulation of pro- 
inflammatory cytokines. Indeed, a prior study has shown that 
the binding of TNF-α leads to a sustained upregulation of pro- 
inflammatory cytokines via TNF-αR1, and the binding through 
TNF-αR2 upregulates the anti-inflammatory cytokine (IL10), 
in the absence of any upregulation of pro-inflammatory 
cytokines.50 Since circulating inflammatory cytokines are ele-
vated in MF, this may explain why, although MF patients show 
high levels of TNF-αR2+ monocytes, they do not produce the 
anti-inflammatory IL10 in the presence of an infectious stimu-
lus. In addition, IL10-R overexpression in MF monocytes 
might play a crucial role as well. Prior experimental evidence 
demonstrated that IL10-R-targeted deletion in monocytes 
leads to enhanced susceptibility to an LPS-induced production 
of cytokines.51 Indeed, in our study, RUX therapy decreases 
IL10-R expression in MF monocytes and restores their intra-
cellular cytokine production under LPS stimulation. Of note, 
this mechanism could be the basis for the development of new 
therapeutic approaches targeting IL10-R (anti-IL10-R mono-
clonal antibodies). Finally, we cannot also rule out the hypoth-
esis that, in MF, monocytes might be exhausted by the 
continuous stimulus of the inflammatory microenvironment.

Moreover, we provided also evidence that, upon LPS stimu-
lus, the frequency of monocyte-derived EVs expressing surface 
pro-/anti-inflammatory cytokines is strongly reduced in MF 
patients.

Interestingly, RUX therapy promoted the LPS-driven intra-
cellular cytokines production of monocytes from MF patients 
but failed to normalize their ability to secrete free cytokines. 
Importantly, both in vitro RUX treatment and RUX therapy 
increased the proportion of cytokines-associated EVs released 
by MF monocytes in response to LPS stimulus. However, since 
the LPS-driven cytokines production of monocytes is mediated 
by the MyD88 signaling pathway,52 we can hypothesize that 
JAK1/2 inhibition might indirectly favor the MyD88 pathway 
activation and cytokines production.53 It is also likely that the 
decrease of plasma inflammatory cytokines levels after RUX 
therapy may promote MF monocyte function. Thus, RUX- 
linked JAK1/2 inhibition restores intracellular cytokine pro-
duction and promotes EV-driven inflammatory signaling of 
MF monocytes rather than free cytokines secretion, suggesting 
that the JAK-STAT pathway might be involved in the mechan-
isms of inflammatory cytokines secretion in monocytes. It is 
also likely that upon JAK1/2 inhibition, monocytes from MF 
patients preferentially secrete the EV-linked inflammatory 
cytokines instead of secreting free cytokines, being the former 
more advantageous. Indeed, as suggested by Fitzgerald et al., 

EV-entrapment/association can be a mechanism to protect 
cytokines from environmental degradation. In addition, EVs 
can facilitate delivery and targeting of cytokines to distant 
target cells by binding EV-surface cytokines to cells expressing 
specific cytokine receptors.33 Whether this is due to the fact 
that JAK1/2 inhibition promotes the expression of genes which 
are involved in vesiculation of inflammatory cytokines or to the 
fact that off-target JAK1/2 inhibition includes genes important 
for the secretion of free inflammatory cytokines remains 
a matter of speculation.

Although monocytes are the main cellular component in 
inflamed tissues, they are not the only cells responsible for 
the clearance of the infections. In this scenario, different 
cells of the innate and adaptive immunity are involved. 
Here we have shown that MF monocytes exhibit phenotypic 
and functional alterations that may contribute to the 
increased susceptibility to infections in MF. Furthermore, 
in our previous study,21 we demonstrated that MF mono-
cytes failed to fully differentiate in DCs showing 
a macrophage-like phenotype. This finding was supported 
by a reduced amount of circulating myeloid and plasmacy-
toid DCs. Our data on the reduced ability of MF monocytes 
to differentiate were consistent with those of Wang et al. 
showing an increased level of myeloid-derived suppressor 
cells in MPN and confirming that the increased release of 
immature myeloid cells leads to the reduction of differen-
tiated myeloid subsets like DCs.19

This study highlights that in MF, RUX-driven JAK1/2 inhibi-
tion leads to a partial restoration of the immune function of 
monocytes, enhancing their ability to produce/release cytokines 
in response to an infectious stimulus. However, other key players 
in the setting of infection clearance are negatively affected by 
JAK1/2 inhibition. DCs differentiation can be further exacerbated 
during RUX therapy as this drug affects normal monocytes differ-
entiation and DCs migration both in vitro and in vivo.25,54 The 
inhibition of IL-4 signaling (key factor for DC differentiation) by 
RUX is likely to drive the reduced differentiation capacity of 
monocytes into DCs. In line with this, mice with induced deletion 
of JAK2 have impaired DC but not macrophage compartment.54 

Also, Stalder R et al., evaluating the effects of tofacitinib (JAK1 
inhibitor) on monocyte-derived DCs, observed a reduced differ-
entiation of normal monocytes into immature DCs.55 

Macrophages have the potential to activate T cells but not at the 
same extent as DCs. Altogether, these findings suggest that the 
failure of T cell priming by DCs following RUX therapy might be 
one of the main risk factors responsible for an increased infection 
rate. T-helper cells are essential in the clearance of the infections 
and their differentiation and mechanism of action are strictly 
linked to the JAK/STAT pathway. In line with this, RUX therapy 
in MPN has been linked with inhibition of T-cell function, cyto-
kines secretion and with reduced number of circulating regulatory 
T cells.22,24,26 Additionally, JAK inhibition impairs NK (Natural 
killer) cell function in MPN. Specifically, RUX-treated patients 
show a reduction in NK cell numbers due to their reduced 
maturation capacity. Further, in vitro and in vivo results, show 
a reduction in cytokine-induced NK cell activation and a reduced 
killing activity associated with an impaired capacity to form lytic 
synapses with NK target cells.23
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On these bases, the RUX-mediated effect on DC, T, and NK 
cells may be the cause of the increased infection rates and possible 
long-term side effects associated with the treatment with RUX.

In conclusion, here we demonstrated that circulating mono-
cytes from JAK2V617F mutated MF patients are dysregulated 
and show a reduced in vitro ability to produce/secrete inflam-
matory cytokines in response to an infectious stimulus. These 
findings suggest that this monocyte dysfunction may favor 
altered immune surveillance against infectious complications. 
Importantly, RUX ameliorates their cytokines production and 
promotes the EVs-based inflammatory cytokine signaling. 
Therefore, infectious events in MF occurring following expo-
sure to RUX therapy may not be due to monocyte compart-
ment dysregulation. Our findings may have therapeutic 
implications because they contribute to better interpreting 
the immune vulnerability of MF and off-target efficacy of 
JAK1/2 inhibition to envisaging strategies aimed at facilitating 
the immunosurveillance in MF. Specifically, the IL10-R path-
way might be a novel therapeutic target to improve monocyte 
function and infection-driven immune response.
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